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Preface

It is well recognized today that hybrid electric vehicle (HEV) and electric vehicle (EV)
technologies are vital to the overall automotive industry and also to the user, in terms of
both better fuel economy and a better effect on the environment. Over the past decade,
these technologies have taken a significant leap forward. As they have developed, the liter-
ature in the public domain has also grown accordingly, in the form of publications in con-
ference proceedings and journals, and also in the form of textbooks and reference books.
Why then was the effort made to write this book? The question is legitimate. The authors
observed that existing textbooks have topics like drive cycle, fuel economy, and drive
technology as their main focus. In addition, the authors felt that the main focus of such
textbooks was on regular passenger automobiles. It is against this backdrop that the authors
felt a wider look at the technology was necessary. By this, it is meant that HEV technology
is one which is applicable not just to regular automobiles, but also to other vehicles such as
locomotives, off-road vehicles (construction and mining vehicles), ships, and even to some
extent to aircraft. The authors believe that the information probably exists, but not specifi-
cally in textbook form where the overall viewpoint is included. In fact, HEV technology is
not new – a slightly different variant of it was present many years ago in diesel–electric
locomotives. However, the availability of high-power electronics and the development of
better materials for motor technology have made it possible to give a real boost to HEV
technology during the past decade or so, making it viable for wider applications.

A textbook, unlike a journal paper, has to be reasonably self-contained. Hence the
authors decided to review the basics, including power electronics, electric motors, and
storage elements like batteries, capacitors, flywheels, and so on. All these are the main
constituent elements of HEV technology. Also included is a discussion on the system-
level architecture of the vehicles, modeling and simulation methods, transmission and
coupling. Drive cycles and their meaning, and optimization of the vehicular power usage
strategy (and power management), have also been included. The issue of dividing power
between multiple sources lies within the domain of power management. Power manage-
ment is an extremely important matter in any power system where more than one source
of power is used. These sources may be similar or diverse in nature: that is, they could
be electrical, mechanical, chemical, and so on; and even if they all could be similar,
they might potentially have different characteristics. Optimization involves a decision on
resource allocation in such situations. Some of these optimization methods actually exist
in and are used by the utility industry, but have lately attracted significant interest in
vehicular applications. To make the book relatively complete and more holistic in nature,
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xviii Preface

the topics of applications to off-road vehicles, locomotive, ships, and aircraft have been
included as well. In the recent past, the interface between a vehicle and the utility grid for
plug-in capabilities has become important, hence the inclusion of topics on plug-in hybrid
and vehicle-to-grid or vehicle-to-vehicle power transfer. Also presented is a discussion
on diagnostics and prognostics, the reliability of the HEV from a system-level perspec-
tive, electromechanical vibration and noise vibration harshness (NVH), electromagnetic
compatibility and electromagnetic interference (EMC/EMI), and overall life cycle issues.
These topics are almost non-existent in the textbooks on HEVs known to the authors. In
fact some of the topics have not been discussed much in the research literature either, but
are all very important issues. The success of a technology is ultimately manifested in the
form of user acceptance and is intimately connected with the mass manufacture of the
product. It is not sufficient for a technology to be good; unless a technology, particularly
the ones meant for ordinary consumers, can be mass produced in a relatively inexpensive
manner, it may not have much of an impact on society. This is very much valid for
HEVs as well. The book therefore concludes with a chapter on commercialization issues
in HEVs.

The authors have significant industrial experience in many of the technical areas covered
in the book, as reflected in the material and presentation. They have also been involved
in teaching both academic and industrial professional courses in the area of HEV and EV
systems and components. The book evolved to some extent from the notes used in these
courses. However, significant amounts of extra material have been added, which is not
covered in those courses.

It is expected that the book will fill some of the gaps in the existing literature and in
the areas of HEV and EV technologies for both regular and off-road vehicles. It will also
help the reader to get a better system-level perspective of these.

There are 15 chapters, the writing of which was shared among the three authors. Chris
Mi is the main author of Chapter 1, Chapter 4, Chapter 5, Chapter 9, and Chapter 10.
M. Abul Masrur is the main author of Chapter 2, Chapter 6, Chapter 7, Chapter 8,
Chapter 14, and Chapter 15. David Wenzhong Gao is the main author of Chapter 3,
Chapter 11, Chapter 12, and Chapter 13.

Since this is the first edition of the book, the authors very much welcome any input and
comments from readers, and will ensure that any corrections or amendments as needed
are incorporated into future editions.

The authors are grateful to all those who helped to complete the book. In particular, a
large portion of the material presented is the result of many years of work by the authors as
well as other members of their research groups at the University of Michigan–Dearborn,
Tennessee Technological University, and University of Denver. Thanks are due to the
many dedicated staff and graduate students who made enormous contributions and pro-
vided supporting material to this book.

The authors also owe debts of gratitude to their families, who gave tremendous support
and made sacrifices during the process of writing this book.

Sincere acknowledgment is made to various sources that granted permission to use
certain materials or pictures in this book. Acknowledgments are included where those
materials appear. The authors used their best efforts to get approval to use those materials
which are in the public domain and on open Internet web sites. Sometimes the original
sources of the materials (in some web sites in particular) no longer exist or could not be
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Preface xix

traced. In these cases the authors have noted where they found the materials and expressed
their acknowledgment. If any of these sources were missed, the authors apologize for that
oversight, and will rectify this in future editions of the book if brought to the attention of
the publisher. The names of any product or supplier referred to in this book are provided
for information only and are not in any way to be construed as an endorsement (or lack
thereof) of such product or supplier by the publisher or the authors.

Finally, the authors are extremely grateful to John Wiley & Sons, Ltd and its editorial
staff for giving them the opportunity to publish this book and helping in all possible ways.
Finally, the authors acknowledge with great appreciation the efforts of the late Ms. Nicky
Skinner of John Wiley & Sons, who initiated this book project on behalf of the publisher,
but passed away in an untimely way very recently, and so did not see her efforts come
to successful fruition.
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1
Introduction

Modern society relies heavily on fossil fuel-based transportation for economic and social
development – freely moving goods and people. There are about 800 million cars in the
world and about 250 million motor vehicles on the road in the United States accord-
ing to the US Department of Transportation’s estimate [1]. In 2009, China overtook
the United States to become the world’s largest auto maker and auto market, with out-
put and sales respectively hitting 13.79 and 13.64 million units in that year [2]. With
further urbanization, industrialization, and globalization, the trend of rapid increase in
the number of personal automobiles worldwide is inevitable. The issues related to this
trend become evident because transportation relies heavily on oil. Not only are the oil
resources on Earth limited, but also the emissions from burning oil products have led to
climate change, poor urban air quality, and political conflict. Thus, global energy system
and environmental problems have emerged, which can be attributed to a large extent on
personal transportation.

Personal transportation offers people the freedom to go wherever and whenever
they want. However, this freedom of choice creates a conflict, leading to growing
concerns about the environment and concerns about the sustainability of human use of
natural resources.

First, the world faces a serious challenge in energy demand and supply. The world
consumes approximately 85 million barrels of oil every day but there are only 1300
billion barrels of proven reserves of oil. At the current rate of consumption, the world
will run out of oil in 42 years [3]. New discoveries of oil reserves are at a slower pace
than the increase in demand. Among the oil consumed, 60% is used for transportation [4].
The United States consumes approximately 25% of the world’s total oil [5]. Reducing
oil consumption in the personal transportation sector is essential to achieve energy and
environmental sustainability.

Second, the world faces a great challenge from global climate change. The emissions
from burning fossil fuels increase the carbon dioxide (CO2) concentration (also referred
to as greenhouse gas or GHG emissions) in the Earth’s atmosphere. The increase in CO2
concentration leads to excessive heat being captured on the Earth’s surface, which leads
to a global temperature increase and extreme weather conditions in many parts of the
world. The long-term consequences of global warming can lead to rising sea levels and
instability of ecosystems.

Hybrid Electric Vehicles: Principles and Applications with Practical Perspectives, First Edition.
Chris Mi, M. Abul Masrur and David Wenzhong Gao.
 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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2 Hybrid Electric Vehicles

Gasoline and diesel fuel-powered vehicles are among the major contributors to CO2

emissions. In addition, there are other emissions from conventional fossil fuel-powered
vehicles, including carbon monoxide (CO) and nitrogen oxides (NO and NO2, or NOx)
from burning gasoline; hydrocarbons or volatile organic compounds (VOCs) from evap-
orated, unburned fuel; and sulfur oxide and particulate matter (soot) from burning diesel
fuel. These emissions cause air pollution and ultimately affect human and animal health.

Third, society needs sustainability but the current model is far from it. Cutting fossil fuel
usage and reducing carbon emissions are part of the collective effort to retain human uses
of natural resources within sustainable limits. Therefore, future personal transportation
should provide enhanced freedom, sustainable mobility, and sustainable economic growth
and prosperity for society. In order to achieve these, vehicles driven by electricity from
clean, secure, and smart energy are essential.

Electrically-driven vehicles have many advantages and challenges. Electricity is more
efficient than the combustion process in a car. Well-to-wheel studies show that, even if
the electricity is generated from petroleum, the equivalent miles that can be driven by
1 gallon (3.8 l) of gasoline is 108 miles (173 km) in an electric car, compared to 33 miles
(53 km) in an internal combustion engine (ICE) car [6–8]. In a simpler comparison, it
costs 2 cents per mile to use electricity (at US $0.12 per kWh) but 10 cents per mile to
use gasoline (at $3.30 per gallon) for a compact car.

Electricity can be generated through renewable sources, such as hydroelectric, wind,
solar, and biomass. On the other hand, the current electricity grid has extra capacity
available at night when usage of electricity is off-peak. It is ideal to charge electric
vehicles (EVs) at night when the grid has extra energy capacity available.

High cost, limited driving range, and long charging time are the main challenges for
battery-powered EVs. Hybrid electric vehicles (HEVs), which use both an ICE and an
electric motor to drive the vehicle, overcome the cost and range issues of a pure EV
without the need to plug in to charge. The fuel consumption of HEVs can be signif-
icantly reduced compared to conventional gasoline engine-powered vehicles. However,
the vehicle still operates on gasoline/diesel fuel.

Plug-in hybrid electric vehicles (PHEVs) are equipped with a larger battery pack and a
larger-sized motor compared to HEVs. PHEVs can be charged from the grid and driven a
limited distance (20–40 miles) using electricity, referred to as charge-depletion (CD) mode
operation. Once the battery energy has been depleted, PHEVs operate similar to a regular
HEV, referred to as charge-sustain (CS) mode operation, or extended range operation.
Since most of the personal vehicles are for commuting and 75% of them are driven only
40 miles or less daily [9], a significant amount of fossil fuel can be displaced by deploying
PHEVs capable of a range of 40 miles of purely electricity-based propulsion. In extended
range operation, a PHEV works similar to a HEV by using the onboard electric motor
and battery to optimize the engine and vehicle system operation to achieve higher fuel
efficiency. Thanks to the larger battery power and energy capacity, the PHEV can recover
more kinetic energy during braking, thereby further increasing fuel efficiency.
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1.1 Sustainable Transportation

The current model of the personal transportation system is not sustainable in the long
run because the Earth has limited reserves of fossil fuel, which provide 97% of all
transportation energy needs at the present time [10]. To understand how sustainable
transportation can be achieved, let us look at the ways energy can be derived and the
ways vehicles are powered.

The energy available to us can be divided into three categories: renewable energy,
fossil fuel-based non-renewable energy, and nuclear energy. Renewable energy includes
hydropower, solar, wind, ocean, geothermal, biomass, and so on. Non-renewable energy
includes coal, oil, and natural gas. Nuclear energy, though abundant, is not renewable
since there are limited resources of uranium and other radioactive elements on Earth. In
addition, there is concern on nuclear safety (such as the recent accident in Japan due to
earthquake and tsunami) and nuclear waste processing in the long term. Biomass energy
is renewable because it can be derived from wood, crops, cellulose, garbage, and landfill.
Electricity and hydrogen are secondary forms of energy. They can be generated by using
a variety of sources of original energy, including renewable and non-renewable energy.
Gasoline, diesel, and syngas are energy carriers derived from fossil fuel.

Figure 1.1 shows the different types of sources of energy, energy carriers, and vehicles.
Conventional gasoline/diesel-powered vehicles rely on liquid fuel which can only be
derived from fossil fuel. HEVs, though more efficient and consuming less fuel than
conventional vehicles, still rely on fossil fuel as the primary energy. Therefore, both
conventional cars and HEVs are not sustainable. EVs and fuel cell vehicles rely on
electricity and hydrogen, respectively. Both electricity and hydrogen can be generated
from renewable energy sources, therefore they are sustainable as long as only renewable
energy sources are used for the purpose. PHEVs, though not totally sustainable, offer
the advantages of both conventional vehicles and EVs at the same time. PHEVs can

Conventional

Hybrid

Electric

Plug-in

Fuel cell

Vehicle typesSources of energy Energy carrier

Electricity

Hydrogen

Oil

Coal

Renewable

Natural gas

Nuclear

Liquid fuel:
Gasoline/Diesel

Syngas

Figure 1.1 A sustainable transportation model (hc, hydrocarbon; co, carbon monoxide; nox,
nitrogen oxides; pm, particulate matter)
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Figure 1.2 Trends of world population and vehicles sold per year. (a) World population, in billion
barrels. (b) Passenger cars sold per year, in millions

displace fossil fuel usage by using grid electricity. They are not the ultimate solution for
sustainability but they build a pathway to future sustainability.

1.1.1 Population, Energy, and Transportation

The world’s population is growing at a rapid pace, as shown in Figure 1.2 [11]. At
the same time, personal vehicle sales are also growing at a rapid pace, as shown in
Figure 1.2 (www.dot.gov, also http://en.wikipedia.org/wiki/Passenger_vehicles_in_the_
United_States). There is a clear correlation between population growth and the number
of vehicles sold every year.

Fuel economy, as used in the United States, evaluates how many miles can be driven
with 1 gallon of gas, or miles per gallon (MPG). Fuel consumption, as used in most
countries in the world, evaluates the gasoline (or diesel) consumption in liters for every
100 km the car is driven (l per 100 km). The US Corporate Average Fuel Economy Stan-
dard, known as the CAFÉ standard, sets the fuel economy for passenger cars at 27.5 MPG
from 1989 to 2008 [12]. With an average 27.5 MPG fuel economy, an average 15 000
miles driven per year, and 250 million cars on the road, the United States would consume
136 billion gallons of gasoline per year. This is equivalent to 7 billion barrels of oil, or
0.5% of all the proven oil reserves on Earth.

China surpassed the United States in 2009 to become the second largest vehicle market
in the world, with more than 13 million motor vehicles sold in 2009. Growth has been
in double digits for five consecutive years. In 2009, overall vehicle sales dropped 20%
worldwide due to the global financial crisis, but China’s car market still grew by more
than 6%, along with its sustained economic growth of close to 10%. China used to be
self-sufficient in oil supplies, but is now estimated to import 40% of its oil consumption
(http://data.chinaoilweb.com/crudeoil-import-data/index.html).

In addition to industrialized countries such as Japan and Germany which have high
demand for oil imports, developing countries such as India and Brazil have also seen
tremendous growth in car sales in the past five years. These countries face the same chal-
lenges in oil demand and environmental aspects. Figure 1.3 shows crude oil consumption
and demand per day by country [13].

Figure 1.4 shows the history and projections of oil demand and production
(http://www.eia.doe.gov/steo/contents.html). Many analysts believe in the theory of peak
oil at the present time, which predicts that oil production is at its peak in history, and
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Figure 1.3 Average crude oil consumption per day by country in 2008, in million barrels. The
left column for each country is the production and the right column is the consumption [13]
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Figure 1.4 World oil demand and depletion history and projections

will soon be below oil demand. The gap generated by demand and production will cause
another and probably eventual energy crisis without careful planning beforehand.

1.1.2 Environment

Carbon emissions from burning fossil fuel are the primary source of GHG emissions that
lead to global environment and climate change. Figure 1.5 shows the fossil carbon emis-
sions from 1900 to the present time [14]. The most dramatic increase of GHG emissions
has happened in the last 100 years. Associated with the increase of GHG emissions is the
global temperature increase. Figure 1.6 shows the global mean land–ocean temperature
change from 1880 to the present, using the period of 1951–1980 temperature as the basis
for comparison (http://data.giss.nasa.gov/gistemp/graphs/).

As an example of how car emissions contribute to GHG emissions, Figure 1.7 shows
the emissions of a typical passenger car during a cold start. Modern cars are equipped with
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Figure 1.5 Global fossil carbon emissions from 1800 to 2004 [14]. On the right tip points, from
top to bottom: total CO2; oil; coal; cement production; and other. (Courtesy Oak Ridge National
Laboratory.)
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Figure 1.6 Global annual mean surface air temperature change. Data from http://data.giss.nasa.
gov/gistemp/graphs/. (Courtesy NASA.)

catalytic converters to reduce emissions from the car tailpipes/exhausts. But the catalytic
converter needs to heat up to approximately 350 ◦C in order to function efficiently. It has
been estimated that 70–80% of the total emissions occur during the first two minutes
after a cold start during a standard driving cycle.

1.1.3 Economic Growth

Economic growth relies heavily on energy supply. For example, from 1999 to 2009,
China’s economy attained an average growth rate of more than 10%. In the same period,
energy demand increased by more than 15% per year. In the early 1990s, China’s oil pro-
duction was sufficient to support its own economy, but by the year 2009, China imported a
large portion of its oil consumption, estimated at 40% (http://data.chinaoilweb.com/crude-
oil-import-data/index.html).

Figure 1.8 shows the energy consumption per capita, in kilograms of oil equivalent
[13]. It is evident that developing countries are still well below the level of the developed
countries. To reach sustainability, the global economy must embark on a new model.
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Figure 1.7 Typical emissions of a passenger car during cold starting (Shown in figure is the
total emissions in grams, which contains hc – hydrocarbon; co – carbon monoxide; nox – nitrogen
oxide; pm – particular matter)
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Figure 1.8 Energy consumption per capital in 2006 in kilograms of oil equivalent

1.1.4 New Fuel Economy Requirement

In 2009, the US government announced its new CAFÉ standard, requiring that all car
manufacturers achieve an average fuel economy of 35 MPG by 2020. This is equivalent
to 6.7 l/100 km. The new requirement is a major increase in fuel economy in the United
States in 20 years, and represents approximately a 40% increase from the current standard
as shown in Figure 1.9. This new legislation is a major step forward to effectively reduce
energy consumption and GHG emissions. To achieve this goal, a mixed portfolio is
necessary for all car manufacturers.

First, auto makers must shift from large cars and pickup trucks to smaller vehicles
to balance the portfolio. Second, auto makers must continue to develop technology that
supports fuel efficiency improvements in conventional gasoline engines. Lastly and most
importantly, auto makers have to increase HEV and PHEV production.
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Figure 1.9 Fuel economy evolution in the United States (CAFÉ requirements)

1.2 A Brief History of HEVs

EVs were invented in 1834, that is, about 60 years earlier than gasoline-powered
cars, which were invented in 1895. By 1900, there were 4200 automobiles sold
in the United States, of which 40% were electric cars (http://sites.google.com/site/
petroleumhistoryresources/Home/cantankerous-combustion).

Dr Ferdinand Porsche in Germany built probably the world’s first HEV in 1898,
using an ICE to spin a generator that provided power to electric motors located in the
wheel hubs (http://en.wikipedia.org/wiki/Ferdinand_Porsche). Another hybrid vehicle,
made by the Krieger Company in 1903, used a gasoline engine to supplement the
power of the electric motor which used electricity from a battery pack (http://www.
hybridcars.com/history/history-of-hybrid-vehicles.html). Both hybrids are similar to the
modern series HEV.

Also in the 1900s, a Belgian car maker, Pieper, introduced a 3.5 hp “Voiturette”
in which the small gasoline engine was mated to an electric motor under the seat
(http://en.wikipedia.org/wiki/Voiturette). When the car was cruising, its electric motor
was used as a generator to charge the batteries. When the car was climbing a grade,
the electric motor, mounted coaxially with the gas engine, helped the engine to drive
the vehicle. In 1905, a US engineer, H. Piper, filed a patent for a petrol–electric hybrid
vehicle. His idea was to use an electric motor to assist an ICE, enabling the vehicle to
achieve 25 mph. Both hybrid designs are similar to the modern parallel HEV.

In the United States, there were a number of electric car companies in the 1920s, with
two of them dominating the EV markets – Baker of Cleveland and Woods of Chicago.
Both car companies offered hybrid electric cars. However, the hybrid cars were more
expensive than gasoline cars, and sold poorly.

HEVs, together with EVs, faded away by 1930 and the electric car companies all
failed. There were many reasons leading to the disappearance of the EV and HEV. When
compared to gasoline-powered cars, EVs and HEVs:
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• were more expensive than gasoline cars due to the large battery packs used;
• were less powerful than gasoline cars due to the limited power from the onboard battery;
• had limited range between each charge;
• and needed many hours to recharge the onboard battery.

In addition, urban and rural areas lacked accessibility to electricity for charging electric
and hybrid cars.

The major progress in gasoline-powered cars also hastened the disappearance of the
EV and HEV. The invention of starters made the starting of gasoline engines easier, and
assembly line production of gasoline-powered vehicles, such as the Model-T by Henry
Ford, made these vehicles a lot more affordable than electric and hybrid vehicles.

It was not until the Arab oil embargo in 1973 that the soaring price of gasoline
sparked new interest in EVs. The US Congress introduced the Electric and Hybrid Vehicle
Research, Development, and Demonstration Act in 1976 recommending the use of EVs as
a mean of reducing oil dependency and air pollution. In 1990, the California Air Resource
Board (CARB), in consideration of the smog affecting Southern California, passed the
zero emission vehicle (ZEV) mandate, which required 2% of vehicles sold in California to
have no emissions by 1998 and 10% by 2003. California car sales have approximately a
10% share of the total car sales in the United States. Major car manufacturers were afraid
that they might lose the California car market without a ZEV. Hence, every major auto
maker developed EVs and HEVs. Fuel cell vehicles were also developed in this period.
Many EVs were made, such as GM’s EV1, Ford’s Ranger pickup EV (Figure 1.10),
Honda’s EV Plus, Nissan’s Altra EV, and Toyota’s RAV4 EV.

In 1993, the US Department of Energy set up the Partnership for Next Generation
Vehicle (PNGV) program to stimulate the development of EVs and HEVs. The partner-
ship was a cooperative research program between the US government and major auto
corporations, aimed at enhancing vehicle efficiency dramatically. Under this program,
the three US car companies demonstrated the feasibility of a variety of new automotive
technologies, including a HEV that can achieve 70 MPG. This program was cancelled
in 2001 and was transitioned to the Freedom CAR (Cooperative Automotive Research),

Figure 1.10 Ford Electric Ranger

www.FreeEngineeringbooksPdf.com



10 Hybrid Electric Vehicles

which is responsible for the current HEV, PHEV, and battery research programs under
the US Department of Energy.

Unfortunately, the EV program faded away by 2000, with thousands of EV programs
terminated by the auto companies. This is due partially to the fact that consumer
acceptance was not overwhelming, and partially to the fact that the CARB relaxed its
ZEV mandate.

The world’s automotive history turned to a new page in 1997 when the first modern
hybrid electric car, the Toyota Prius, was sold in Japan. This car, along with Honda’s
Insight and Civic HEVs, has been available in the United States since 2000. These early
HEVs marked a radical change in the types of cars offered to the public: vehicles that
take advantage of the benefits of both battery EVs and conventional gasoline-powered
vehicles. At the time of writing, there are more than 40 models of HEVs available in the
marketplace from more than 10 major car companies.

1.3 Why EVs Emerged and Failed in the 1990s, and What We Can
Learn from It

During the 1990s, California had a tremendous smog and pollution problem that needed
to be addressed. The CARB passed a ZEV mandate that required car manufacturers to sell
ZEVs if they wanted to sell cars in California. This led to the development of electric cars
by all major car manufacturers. Within a few years, there were more than 10 production
EVs available to consumers, such as the GM EV1, the Toyota RAV4, the Ford Ranger,
and so on.

Unfortunately, the EV market collapsed in the late 1990s. What caused the EV industry
to fail? The reasons were mixed, depending on how one looks at it, but the following
were the main contributors to the collapse of EVs in the 1990s:

• Limitations of EVs: These concerned the limited range (most EVs provided 60–100
miles, compared to 300 or more miles from gasoline-powered vehicles); long charging
time (eight or more hours); high cost (40% more expensive than gasoline cars); and
limited cargo space in many of the EVs available.

• Cheap gasoline: The operating cost (fuel cost) of cars is insignificant in comparison
to the investment that an EV owner makes in buying an EV.

• Consumers: Consumers believed that large sports utility vehicles (SUVs) and pickup
trucks were safer to drive and convenient for many other functions, such as towing.
Therefore, consumers preferred large SUVs instead of smaller efficient vehicles (partly
due to the low gasoline prices).

• Car companies: Automobile manufacturers spent billions of dollars in research, devel-
opment, and deployment of EVs, but the market did not respond very well. They were
losing money in selling EVs at that time. Maintenance and servicing of EVs were
additional burdens on the car dealerships. Liability was a major concern, though there
was no evidence that EVs were less safe than gasoline vehicles.

• Gas companies: EVs were seen as a threat to gas companies and the oil industry.
Lobbying by the car and gasoline companies of the federal government and the Cal-
ifornia government to drop the mandate was one of the key factors leading to the
disappearance of EVs in the 1990s.
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• Government: The CARB switched at the last minute from a mandate for EVs to
hydrogen vehicles.

• Battery technology: Lead acid batteries were used in most EVs in the 1990s. The
batteries were large and heavy, and needed a long time to charge.

• Infrastructure: There was limited infrastructure for recharging batteries.

As we strive for a way toward sustainable transportation, lessons from history will help
us prevent the same mistakes happening again. In the current context of HEV and PHEV
development, we must overcome many barriers in order to succeed:

• Key technology: That is, batteries, power electronics, and electric motors. In particular,
without significant breakthroughs in batteries and with gasoline prices continuing at low
levels, there will be significant obstacles for large-scale deployment of EVs and PHEVs.

• Cost: HEVs and PHEVs cost significantly more than their gasoline counterparts.
Efforts need to be made to cut component and system cost. When savings in fuel
can quickly recover the investment in the HEV, consumers will switch to HEVs and
PHEVs rapidly.

• Infrastructure: This needs to be ready for the large deployment of PHEVs, including
electricity generation for increased demand by PHEVs and increased renewable energy
generation, and for rapid and convenient charging of grid PHEVs.

• Policy: Government policy has a significant impact on the deployment of many
new technologies. Favorable policies include taxation, standards, consumer incentives,
investment in research, development, and manufacture of advanced technology products
will all have a positive impact on the deployment of HEV and PHEV.

• Approach: An integrated approach that combine high-efficiency engines, vehicle
safety, and smarter roadways will ultimately help form a sustainable future for personal
transportation.

1.4 Architectures of HEVs

A HEV is a combination of a conventional ICE-powered vehicle and an EV. It uses both
an ICE and an electric motor/generator for propulsion. The two power devices, the ICE
and the electric motor, can be connected in series or in parallel from a power flow point
of view. When the ICE and motor are connected in series, the HEV is a series hybrid in
which only the electric motor is providing mechanical power to the wheels. When the ICE
and the electric motor are connected in parallel, the HEV is a parallel hybrid in which
both the electric motor and the ICE can deliver mechanical power to the wheels.

In a HEV, liquid fuel is still the source of energy. The ICE is the main power converter
that provides all the energy for the vehicle. The electric motor increases system efficiency
and reduces fuel consumption by recovering kinetic energy during regenerative braking,
and optimizes the operation of the ICE during normal driving by adjusting the engine
torque and speed. The ICE provides the vehicle with an extended driving range therefore
overcoming the disadvantages of a pure EV.

In a PHEV, in addition to the liquid fuel available on the vehicle, there is also electricity
stored in the battery, which can be recharged from the electric grid. Therefore, fuel usage
can be further reduced.
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In a series HEV or PHEV, the ICE drives a generator (referred to as the I/G set). The
ICE converts energy in the liquid fuel to mechanical energy and the generator converts
the mechanical energy of the engine output to electricity. An electric motor will propel
the vehicle using electricity generated by the I/G set. This electric motor is also used to
capture the kinetic energy during braking. There will be a battery between the generator
and the electric motor to buffer the electric energy between the I/G set and the motor.

In a parallel HEV or PHEV, both the ICE and the electric motor are coupled to the
final drive shaft through a mechanical coupling mechanism, such as a clutch, gears, belts,
or pulleys. This parallel configuration allows both the ICE and the electric motor to drive
the vehicle either in combined mode, or separately. The electric moor is also used for
regenerative braking and for capturing the excess energy from the ICE during coasting.

HEVs and PHEVs can also have either the series–parallel configuration or a more
complex configuration which usually contains more than one electric motor. These con-
figurations can generally further improve the performance and fuel economy of the vehicle
with added component cost.

1.4.1 Series HEVs

Figure 1.11 shows the configuration of a series HEV. In this HEV, the ICE is the main
energy converter that converts the original energy in gasoline to mechanical power. The
mechanical output of the ICE is then converted to electricity using a generator. The electric
motor moves the final drive using electricity generated by the generator or electricity stored
in the battery. The electric motor can receive electricity directly from the engine, or from
the battery, or both. Since the engine is decoupled from the wheels, the engine speed can
be controlled independently of vehicle speed. This not only simplifies the control of the
engine, but, most importantly, can allow operation of the engine at its optimum speed to
achieve the best fuel economy. It also provides flexibility in locating the engine on the
vehicle. There is no need for the traditional mechanical transmission in a series HEV.
Based on the vehicle operating conditions, the propulsion components on a series HEV
can operate with different combinations:

• Battery alone: When the battery has sufficient energy, and the vehicle power demand
is low, the I/G set is turned off, and the vehicle is powered by the battery only.

Battery

Inverter Motor Mechanical
Transmission

Wheel

Wheel

Generator/
Rectifier

Engine

Mechanical
Electrical

Figure 1.11 The architecture of a series HEV
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• Combined power: At high power demands, the I/G set is turned on and the battery
also supplies power to the electric motor.

• Engine alone: During highway cruising and at moderately high power demands, the
I/G set is turned on. The battery is neither charged nor discharged. This is mostly due to
the fact that the battery’s state of charge (SOC) is already at a high level but the power
demand of the vehicle prevents the engine from turning, or it may not be efficient to
turn the engine off.

• Power split: When the I/G is turned on, the vehicle power demand is below the I/G
optimum power, and the battery SOC is low, then a portion of the I/G power is used
to charge the battery.

• Stationary charging: The battery is charged from the I/G power without the vehicle
being driven.

• Regenerative braking: The electric motor is operated as a generator to convert the
vehicle’s kinetic energy into electric energy and charge the battery.

A series HEV can be configured in the same way that conventional vehicles are con-
figured, that is, the electric motor in place of the engine as shown in Figure 1.11. Other
choices are also available, such as wheel hub motors. In this case, as shown in Figure 1.12,
there are four electric motors, each one installed inside each wheel. Due to the elimination
of transmission and final drive, the efficiency of the vehicle system can be significantly
increased. The vehicle will also have all-wheel drive (AWD) capability. However, con-
trolling the four electric motors independently is a challenge.

1.4.2 Parallel HEVs

Figure 1.13 shows the configuration of a parallel hybrid. In this configuration, the ICE
and the electric motor can both deliver power in parallel to the wheels. The ICE and the
electric motor are coupled to the final drive through a mechanism such as a clutch, belts,
pulleys, and gears. Both the ICE and the motor can deliver power to the final drive, either
in combined mode, or each separately. The electric motor can be used as a generator to
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Figure 1.12 Hub motor configuration of a series HEV
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Figure 1.13 The architecture of a parallel HEV

recover the kinetic energy during braking or absorbing a portion of power from the ICE.
The parallel hybrid needs only two propulsion devices, the ICE and the electric motor,
which can be used in the following mode:

• Motor-alone mode: When the battery has sufficient energy, and the vehicle power
demand is low, then the engine is turned off, and the vehicle is powered by the motor
and battery only.

• Combined power mode: At high power demand, the engine is turned on and the
motor also supplies power to the wheels.

• Engine-alone mode: During highway cruising and at moderately high power demands,
the engine provides all the power needed to drive the vehicle. The motor remains idle.
This is mostly due to the fact that the battery SOC is already at a high level but the
power demand of the vehicle prevents the engine from turning off, or it may not be
efficient to turn the engine off.

• Power split mode: When the engine is on, but the vehicle power demand is low
and the battery SOC is also low, then a portion of the engine power is converted to
electricity by the motor to charge the battery.

• Stationary charging mode: The battery is charged by running the motor as a generator
and driven by the engine, without the vehicle being driven.

• Regenerative braking mode: The electric motor is operated as a generator to con-
vert the vehicle’s kinetic energy into electric energy and store it in the battery. Note
that, in regenerative mode, it is in principle possible to run the engine as well, and
provide additional current to charge the battery more quickly (while the propulsion
motor is in generator mode) and command its torque accordingly, that is, to match
the total battery power input. In this case, the engine and motor controllers have to be
properly coordinated.

1.4.3 Series–Parallel HEVs

The series–parallel HEV shown in Figure 1.14 incorporates the features of both series and
parallel HEVs. Therefore, it can be operated as a series or parallel HEV. In comparison to
a series HEV, the series–parallel HEV adds a mechanical link between the engine and the
final drive, so the engine can drive the wheels directly. When compared to a parallel HEV,
the series–parallel HEV adds a second electric motor that serves primarily as a generator.
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Figure 1.14 The architectures of a series–parallel HEV
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Figure 1.15 The electrical four-wheel drive system using a complex architecture

Because a series–parallel HEV can operate in both parallel and series modes, the fuel
efficiency and drivability can be optimized based on the vehicle’s operating condition. The
increased degree of freedom in control makes the series–parallel HEV a popular choice.
However, due to increased components and complexity, it is generally more expensive
than series or parallel HEVs.

1.4.4 Complex HEVs

Complex HEVs usually involve the use of planetary gear systems and multiple elec-
tric motors (in the case of four/all-wheel drive). One typical example is a four-wheel
drive (4WD) system that is realized through the use of separate drive axles, as shown
in Figure 1.15. The generator in this system is used to realize series operation as well as to
control the engine operating condition for maximum efficiency. The two electric motors are
used to realize all-wheel drive, and to realize better performance in regenerative braking.
They may also enhance vehicle stability control and antilock braking control by their use.

1.4.5 Diesel Hybrids

HEVs can also be built around diesel vehicles. All topologies explained earlier, such
as series, parallel, series–parallel, and complex HEVs, are applicable to diesel hybrids.
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Figure 1.16 A parallel hydraulic hybrid vehicle (LP, Low Pressure)

Due to the fact that diesel vehicles can generally achieve higher fuel economy, the fuel
efficiency of hybridized diesel vehicles can be even better when compared to their gaso-
line counterparts.

Vehicles such as delivery trucks and buses have unique driving patterns and relatively
low fuel economy. When hybridized, these vehicles can provide significant fuel savings.
Hybrid trucks and buses can be series, parallel, series–parallel, or complex structured and
may run on gasoline or diesel.

Diesel locomotives are a special type of hybrid. A diesel locomotive uses a diesel engine
and generator set to generate electricity. It uses electric motors to drive the train. Even
though a diesel locomotive can be referred to as a series hybrid, in some architectures
there is no battery for the main drive system to buffer energy between the I/G set and
the electric motor. This special configuration is sometimes referred to as simple hybrid.
In other architectures, batteries are used and can help reduce the size of the generator,
and can also be used for regenerative energy capture. The batteries, in this case, can
also be utilized for short-term high current due to torque needs, without resorting to a
larger generator.

1.4.6 Other Approaches to Vehicle Hybridization

The main focus of this book is on HEVs, that is, electric–gasoline or electric–diesel
hybrids. However, there exist other types of hybridization methods that involve other
types of energy storage and propulsion, such as compressed air, flywheels, and hydraulic
systems. A typical hydraulic hybrid is shown in Figure 1.16. Hydraulic systems can
provide a large amount of torque, but due to the complexity of the hydraulic system, a
hydraulic hybrid is considered only for large trucks and utility vehicles where frequent
and extended period of stops of the engine are necessary.

1.4.7 Hybridization Ratio

Some new concepts have also emerged in the past few years, including full hybrid,
mild hybrid, and micro hybrid. These concepts are usually related to the power rating

www.FreeEngineeringbooksPdf.com



Introduction 17

of the main electric motor in a HEV. For example, if the HEV contains a fairly large
electric motor and associated batteries, it can be considered as a full hybrid. On the other
hand, if the size of the electric motor is relatively small, then it may be considered as a
micro hybrid.

Typically, a full hybrid should be able to operate the vehicle using the electric motor
and battery up to a certain speed limit and drive the vehicle for a certain amount of time.
The speed threshold is typically the speed limit in a residential area. The typical power
rating of an electric motor in a full hybrid passenger car is approximately 50–75 kW.

The micro hybrid, on the other hand, does not offer the capability to drive the vehicle
with the electric motor only. The electric motor is merely for starting and stopping the
engine. The typical rating of electric motors used in micro hybrids is less than 10 kW. A
mild hybrid is in between a full hybrid and a micro hybrid.

An effective approach for evaluating HEVs is to use a hybridization ratio to reflect
the degree of hybridization of a HEV. In a parallel hybrid, the hybridization ratio is
defined as the ratio of electric power to the total powertrain power. For example, a HEV
with a motor rated at 50 kW and an engine rated at 75 kW will have a hybridization
ratio of 50/(50 + 75) kW = 40%. A conventional gasoline-powered vehicle will have a
0% hybridization ratio and a battery EV will have a hybridization ratio of 100%. A series
HEV will also have a hybridization ratio of 100% due to the fact that the vehicle is
capable of being driven in EV mode.

1.5 Interdisciplinary Nature of HEVs

HEVs involve the use of electric machines, power electronics converters, and batteries, in
addition to conventional ICEs and mechanical and hydraulic systems. The interdisciplinary
nature of HEV systems can be summarized as in Figures 1.17. The HEV field involves
engineering subjects beyond traditional automotive engineering, which was mechanical
engineering oriented. Power electronics, electric machines, energy storage systems, and
control systems are now integral parts of the engineering of HEVs and PHEVs.

Energy
storage systems

Vehicle modeling
& simulation

Power electronics
& Electric machines

Thermal management
& Control

Regenerative
braking control

Vehicle control &
Power management

Vehicle dynamics
Vehicle design and

optimization

Figure 1.17 The general nature and required engineering field by HEVs
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In addition, thermal management is also important in HEVs and PHEVs, where the
power electronics, electric machines, and batteries all require a much lower temperature
to operate properly, compared to a non-hybrid vehicle’s powertrain components. Mod-
eling and simulation, vehicle dynamics, and vehicle design and optimization also pose
challenges to the traditional automotive engineering field due to the increased difficulties
in packaging the components and associated thermal management systems, as well as the
changes in vehicle weight, shape, and weight distribution.

1.6 State of the Art of HEVs

In the past 10 years, many HEVs have been deployed by the major automotive manufactur-
ers. Figure 1.18 shows HEV sales in the United States from 2000 to 2009, and predictions
(http://electricdrive.org/index.php?ht=d/Articles/cat_id/5514/pid/2549). Figure 1.19 shows
the US HEV sales breakdown by manufacturer. It is clear that HEV sales have grown sig-
nificantly over the last 10 years. In 2008, these sales had a downturn which is consistent
with conventional car sales that dropped more than 20% in 2008 from the previous year.
Another observation is that most HEV sales belong to Toyota, which manufactured the
earliest modern HEV, the Prius, and also makes most of the models available (including
the Lexus).

Table 1.1 shows the current HEVs available in the United States, along with a com-
parison to the base model of gasoline-powered cars (www.toyota.com, www.ford.com,
www.gm.com, http://www.nissanusa.com/, www.honda.com, www.chrysler.com). In the
case of the Toyota Prius, the comparison is made to the Toyota Corolla. It can be seen
that the price of HEVs is generally 40% more than that of their base models. The increase
in fuel economy in HEVs is also significant, in particular for city driving.
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Figure 1.18 Total HEVs sold in the United States from 2000 to 2009 (in thousands): left bar,
actual sales number; right bar, predicted**
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Figure 1.19 Breakdown of HEV sales by model** in the United States in 2009 (in thousands)

Figure 1.20 The Toyota Prius (2010 model)

1.6.1 The Toyota Prius

Toyota produced the world’s first mass-marketed modern HEV in 1997, the Prius, as
shown in Figure 1.20. The worldwide sales of the Prius exceeded 1 million units in 2009.
It uses a planetary gear set to realize continuous variable transmission (CVT). Therefore,
conventional transmission is not needed in this system. As shown in Figure 1.21, the
engine is connected to the carrier of the planetary gear while the generator is connected
to the sun gear. The ring gear is coupled to the final drive, as is the electric motor. The
planetary gear set also acts as a power/torque split device. During normal operations, the
ring gear speed is determined by the vehicle speed, while the generator speed can be
controlled such that the engine speed is in its optimum efficiency range.
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Table 1.1 Partial list of HEVs available in the United States

Manufacturer Model HEV Base Price HEV MPG Base MPG Increase
price model price increase in MPG (%)

(US $) (US $) (%) City Hwy City Hwy City Hwy

Toyota
Priusa 22 800 15 450 47.6 51 48 26 35 96 37
Camry 26 400 19 595 34.7 33 34 22 33 50 3
Highlander 34 900 25 855 35.0 27 25 20 27 35 12

Ford/Mercury

Fusion 27 950 19 695 41.9 41 36 22 34 86 6
Escape 29 860 21 020 42.1 34 31 22 28 55 11
Mariner 30 105 23 560 27.8 34 31 21 28 62 11
Milan 31 915 21 860 46.0 41 26 23 34 78 −24

Honda
Insightb 19 800 15 655 26.5 40 43 26 34 54 26
Civic 23 800 15 655 52.0 40 45 26 34 54 32

Nissan Altima 26 780 19 900 34.6 35 33 23 32 52 3

Lexus
RX 450h 42 685 37 625 13.4 32 28 18 25 78 12
GS 450h 57 450 54 070 6.3 22 25 17 24 29 4
LS 600h 108 800 74 450 46.1 20 22 16 23 25 −4

Tahoe 50 720 37 280 36.1 21 22 15 21 40 5GM GMC,
Chevrolet,
and
Cadillac
Saturnc

Yukon 51 185 38 020 34.6 21 22 15 21 40 5
Sierra 38 710 20 850 85.7 21 22 15 22 40 0
Malibu 22 800 21 825 4.5 26 34 22 33 18 3
Escalade 73 425 62 495 17.5 21 22 13 20 62 10
Silverado 38 340 29 400 30.4 22 21 13 17 69 24

Chrysler
Dodge

Aspend 44 700 40 000 11.8 18 19 15 20 38 6
Durangod 45 900 40 365 13.7 18 19 15 20 38 6

aComparison to Corolla.
bComparison to Civic.
cSaturn Brand vehicle including Vue and Saturn Aura are not offered.
dChrysler Aspen uses similar platform as Durango but is no longer offered.
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4-cyl. Gas
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Figure 1.21 The powertrain layout of the Toyota Prius (EM, Electric Machine; PM, Permanent
Magnet)
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Figure 1.22 The powertrain layout of the Honda Civic hybrid

The 6.5 Ah, 21 kW nickel metal hydride battery pack is charged by the generator during
coasting and by the propulsion motor (in generation mode) during regenerative braking.
The engine is shut off during low-speed driving.

The same technology has been used in the Camry hybrid, the Highlander hybrid, and
the Lexus brand hybrids. However, the Highlander and the Lexus brand hybrids add a
third motor at the rear wheel. The drive performance, such as for acceleration and braking,
can thus be further improved.

1.6.2 The Honda Civic

The Honda Civic hybrid has an electric motor mounted between the ICE and the CVT, as
shown in Figure 1.22. The electric motor either provides assistance to the engine during
high power demand, or splits the engine power during low power demand.

1.6.3 The Ford Escape

The Escape hybrid from the Ford Motor Company (Figure 1.23) is the first hybrid in
the SUV category. The Escape hybrid adopted the same planetary gear concept as the
Toyota system.

1.6.4 The Two-Mode Hybrid

The GM two-mode hybrid transmission was initially developed by GM (Alison) in 1996,
and later advanced by GM, Chrysler, BMW, and Mercedes-Benz with a joint venture
named Global Hybrid Cooperation in 2005. The GM two-mode hybrids (Figure 1.24) use
two planetary gear sets and two electric machines to realize two different operating modes,
namely, high-speed mode and low-speed mode. Detailed operation of the two-mode hybrid
will be discussed in Chapter 4.
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Figure 1.23 The Ford Escape hybrid SUV

Figure 1.24 The Chrysler Aspen two-mode hybrid

1.7 Challenges and Key Technology of HEVs

HEVs can overcome some of the disadvantages of battery-powered pure EVs and gasoline-
powered conventional vehicles. These advantages include optimized fuel economy and
reduced emissions when compared to conventional vehicles, and increased range, reduced
charging time, and reduced battery size (hence reduced cost) when compared to pure EVs.

However, HEVs and PHEVs still face many challenges, including higher cost when
compared to conventional vehicles; electromagnetic interference caused by high-power
components; and safety and reliability concerns due to increased components and com-
plexity, packaging of the system, vehicle control, and power management:

• Power electronics and electric machines: The subject of power electronics and elec-
tric motors is not new. However, the use of power electronics in a vehicle environment
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poses significant challenges. Environmental conditions, such as extreme high and low
temperatures, vibration, shock, and transient behavior are very different from what elec-
tric motors and power electronic converters have been used to. Challenges in power
electronics in a HEV include packaging, size, cost, and thermal management.

• Electromagnetic interference: High-frequency switching and high-power operation
of power electronics and electric motors will generate abundant electromagnetic noise
that will interfere with the rest of the vehicle system if not dealt with properly.

• Energy storage systems: Such systems are a major challenge for HEVs and PHEVs.
The pulsed power behavior and energy content required for the best performance are
typically difficult for conventional batteries to satisfy. Life cycle and abuse tolerance
are also critical for vehicle applications. At the present time, nickel metal hydride
batteries are used by most HEVs and lithium-ion batteries are targeted by PHEVs.
Ultracapacitors have also been considered in some special applications where power
demand is a major concern. Flywheels have also been investigated. The limitations of
the current energy storage systems are unsatisfactory power density and energy density,
limited life cycle, high cost, and potential safety issues.

• Regenerative braking control: Recovering the kinetic energy during braking is a
key feature of HEVs and PHEVs. However, coordinating regenerative braking with
the hydraulic/frictional braking system presents a major challenge as far as safety and
braking performance are concerned.

• Power management and vehicle control: HEVs involve the use of multiple propul-
sion components that require harmonious coordination. Hence, power management is
a critical aspect of vehicle control functions in a HEV. A optimized vehicle controller
can help achieve better fuel efficiency in a HEV.

• Thermal management: Power electronics, electric machines, and batteries all require
a much lower operating temperature than a gasoline engine. A separate cooling loop is
necessary in a HEV.

• Modeling and simulation, vehicle dynamics, vehicle design, and optimization: Due
to the increased number of components in a HEV, packaging of the components in the
same space is a challenge. Associated vehicle dynamics, vehicle design, and modeling
and simulation all involve major challenges.

1.8 The Invisible Hand–Government Support

Without government support, the HEV and PHEV may take longer to succeed in the mar-
ketplace due to their high cost and other limitations. As far as consumers are concerned,
there are two kinds of buyers of HEVs. One kind expects to save money over time by
saving fuel consumption; the other buys the hybrid because of environmental concerns.
The payback period, or the time it takes for the owner to recover the investment in a
HEV due to fuel savings, depends greatly on the price of gasoline.

Take the Toyota Prius as an example. This HEV is priced at $22 800 while the con-
ventional similar model, the Corolla, is only $15 450. The fuel savings are 96% in city
driving and 37% in highway driving. Assume an owner drives an average 10 000 miles
in the city and 5000 miles on the highway annually. Then the annual fuel consumption
for the base model and for the hybrid will be as follows:
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Conventional: 10 000 miles/26 MPG + 5000/35 MPG = 527 gallons
HEV: 10 000 miles/51 MPG + 5000/48 MPG = 300 gallons

At $2.50 per gallon, the fuel savings are $568 per year. In other words, it would take
13 years to make up the cost difference between the two vehicles. However, if gasoline
were to cost $6.5 per gallon, it would only take five years to recover the cost differences.

Consider the Ford Escape SUV as another example. This HEV is priced at $29 860
while the conventional model is priced at $21 020. Assume an owner drives an average
10 000 miles in the city and 5000 miles on the highway annually. Then the annual fuel
consumption for the base model and for the hybrid will be as follows:

Conventional: 10 000 miles/22 MPG + 5000/28 MPG = 633 gallons
HEV: 10 000 miles/34 MPG + 5000/31 MPG = 455 gallons

The total fuel saved is 178 gallons. At $2.50 per gal, the fuel savings are $455 per
year, so it would take 19 years to make up the difference. However, if gasoline were to
cost $6.5 per gallon, it would take 7.5 years to recover the cost difference.

Government incentives can make a difference in this scenario. Table 1.2 lists the tax
credits available on certain HEVs by the US federal government (http://www.irs.gov/
businesses/article/0,,id=223736,00.html). If we take the Ford Escape HEV as an example,
when the tax credit is considered the recovery time of investment would be 5 and 13
years, respectively, for gasoline prices of $6.5 and $2.5 per gallon.

A few states and metropolitan cities in the United States, such as California and Wash-
ington DC, allow access of HEVs to the high-occupancy-vehicle (HOV) lane. Due to the
fact that a significant amount of time can be saved by driving in the HOV lane, some
consumers are motivated to buy a HEV or PHEV for their daily commuting to save time.

Some other states, such as Colorado and California, have separate incentives in addition
to those from the federal government. A number of private companies such as Google,
Bank of America, STMicroelectronics, and Hyperion reward their employees for buying
or leasing a HEV. It is interesting to note that the motivation of the companies toward
such investment by their employees may be to allow them to spend time in the office
rather than in traffic.

In 2009, the US president announced funding to the amount of $2.4 billion for PHEV
development that supported 48 projects being undertaken by major car manufacturers
and automotive suppliers. The projects support the development of batteries and electric
drive components as well as the deployment of electric drive vehicles. The president of
the United States set the goal of reaching 1 million plug-in hybrids by 2015. Additional
incentives are in place for PHEV developers and consumers.

At the time of writing, China, Japan, the European Union, and many other coun-
tries around the world have initiated support for the development, demonstration, and
deployment of EVs, PHEVs, and associated battery and electric drive components.
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Table 1.2 Available tax credits for HEVs sold in the United States
(http://www.irs.gov/businesses/article/0,,id=223736,00.html)

Model year Make Model Credit amount ($)

2011 BMW Active Hybrid 750i 900
Active Hybrid Li 900
Active Hybrid X6 1550

2011 Cadillac Escalade Hybrid (2WD and 4WD) 2200

2011 Chevrolet Tahoe Hybrid C1500 2WD 2200
Tahoe Hybrid K1500 4WD 2200
Silverado Hybrid C15 2WD 2200
Silverado Hybrid K15 4WD 2200

2011 GMC Sierra Hybrid C15 2WD 2200
Sierra Hybrid K15 4WD 2200
Yukon Hybrid C1500 2WD 2200
Yukon Hybrid K1500 4WD 2200
Yukon Denali Hybrid K1500 4WD 2200

2011 Mercedes-Benz ML450 Hybrid 2200

2011 Nissan Altima Hybrid 2350

2011 Porsche Cayenne S Hybrid 1800

However, hybridization of vehicles is not the ultimate solution for sustainability, though
it builds the pathway to a sustainable future. The technology developed along this path-
way will allow the necessary transition from fossil fuel-based transportation to ultimate
electrification of the transportation sector.

Electrification alone will not suffice sustainability. There will be a need for a coordinated
effort along this critical path, including smarter urban planning, public transient systems,
high-speed rail networks, and smarter and safer vehicles and roads. There will also be a
need for a collective effort by multiple stakeholders. The power industry must increase
its renewable energy and cleaner energy generation. Governments will need to develop
fast rail transportation systems in and among dense metropolitan areas.
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2
Concept of Hybridization
of the Automobile

2.1 Vehicle Basics

2.1.1 Constituents of a Conventional Vehicle

Present-day engine-propelled automobiles have evolved over many years. Today’s
automobiles initially started with steam propulsion and later transitioned into ones based
on the internal combustion engine (ICE). The focus of this section will be on ICE
vehicles. So, the vehicles we use nowadays have diesel or gasoline (or petrol, as it is
called in countries outside North America) engines. The engine provides the power to
drive the vehicle. An illustration of an ICE is shown in Figure 2.1.

The engine has a chamber where gasoline or diesel is ignited, which creates a very
high pressure to drive the pistons. A piston is connected through a reciprocating arm to
a crankshaft, as shown in Figure 2.1. The crankshaft is connected to a flywheel which
is then connected to a transmission system. The purpose of the transmission system is
to match the torque speed profile of the engine to the torque speed profile of the load.
Figure 2.2 shows a simplified diagram of a transmission system connected to an engine
and a few intermediate devices.

The shaft from the transmission system is ultimately connected to the wheels through
some additional mechanical interfaces such as differential gears. The overall vehicular
system is shown in Figure 2.3 with the basic system-level constituent elements in a
present-day vehicle.

Figure 2.3a, b shows the cutaway views of a hybrid and a regular vehicle which indicate
the complexity and tight packaging of numerous components within the confines of a small
space in present-day automobiles.

2.1.2 Vehicle and Propulsion Load

The power generated from the engine is ultimately used to drive a load. In an automobile
this load includes the road resistance due to friction, uphill or downhill drive related

Hybrid Electric Vehicles: Principles and Applications with Practical Perspectives, First Edition.
Chris Mi, M. Abul Masrur and David Wenzhong Gao.
 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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Figure 2.1 Cutaway view of an ICE
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Figure 2.2 Transmission system and engine connected together

to the road profile, and the environmental effect of, for example, the wind, rain, snow, and
so on. In addition, some of the energy developed in the vehicle is wasted in overcoming
the internal resistance within the vehicle’s components and subsystems, none of which
are 100% efficient. Examples of such subsystems or components include the radiator fan,
various pumps, whether electrical or mechanical, motors for the wipers, window lift, and
so on. These items are just a few examples from a whole list of vehicular loads. The energy
lost in these devices is released eventually as heat and expelled into the atmosphere.
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(a) (b)

Figure 2.3 (a) Cutaway view of a Lexus RX 400h. (b) Cutaway view of a Lexus LS
400. (Courtesy Wikimedia, http://en.wikipedia.org/wiki/File:Lexus_RX_400h_cutaway_model.jpg;
http://commons.wikimedia.org/wiki/File:Lexus_Cutaway_LS_400.jpg.)

Normally “load” can be related to the amount of opposing force or torque. But a more
scientific definition of load comes from the fact that it is not defined by a single number or
numerical value. Load is a collection of a set of numbers defined by the speed–torque or
speed–force characteristics in the form of a table or graph, that is, through a mathematical
equation relating speed and torque. Similarly the engine is also defined by speed–torque
characteristics in the form of a table or graph, that is, through a mathematical equation.
The operating point of the combination of the engine and the load system together will
then be at the intersection of these characteristics. This situation is shown in Figure 2.4.

A complete vehicle or automotive system has various loads. Some of these are electrical
devices, and others are mechanical devices. The electrical loads are normally run at a low
voltage (nominally 12 V). The reason for this, i.e. running the non-propulsion loads at

Engine torque

Load torque
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T
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Figure 2.4 Load and engine characteristics of a vehicle
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low voltage, is primarily related to safety issues. There is an existing manufacturing
base for many of these non-propulsion loads (as indicated below), where it is easier to
take advantage of the situation and use the existing low-voltage components, rather than
transform the voltage system. Examples of these loads are:

• brakes – mechanical (hydraulic or low-voltage electrically assisted);
• air-conditioner – generally mechanical;
• radiator fan – can be belt driven mechanically (or low-voltage electrical);
• various pumps – can be mechanical (or low-voltage electrical);
• window lift – electrical;
• door locks – electrical;
• wipers – electrical;
• various lights – non-motor load, low-voltage electrical;
• radio, TV, GPS – non-motor, low-voltage electrical;
• various controllers – for example, engine controller, transmission controller, vehicle

body controller;
• and various computational microprocessors – non-motor, low-voltage electrical.

2.1.3 Drive Cycles and Drive Terrain

Since a vehicle will be driven through all kinds of road profiles and environmental condi-
tions, to exactly know beforehand about which loads the vehicle will encounter under all
circumstances is difficult. It is of course possible for one to perform experiments and place
sensors etc. to monitor the speed and torque of a vehicle, but to do so under all circum-
stances for all vehicle platforms is simply impossible. Hence, for the sake of engineering
studies, a few limited situations have been developed which more or less cover typical
road profiles and the terrains one can expect to encounter. Using a few of these profiles,
one can create or synthesize various arbitrary road profiles. Such profiles can involve
things like driving within a city, on a highway, across some special uphill or downhill
terrain, to name but a few. Drive cycles only provide time, and corresponding speed fluc-
tuations, and labels attached to these tell us what kind of drive cycle it is, for example,
city, highway, and so on. Drive cycle data by itself does not reveal the terrain; it is the
label attached to the data which tells what the drive cycle has undergone. One possible
drive cycle is shown in Figure 2.5 (www.epa.gov/oms/standards/light-duty/udds.htm).

So, if a vehicle goes through different driving situations, partly city, partly highway,
and so on, then one can obtain speed vs. time data by synthesizing multiple typical
drive cycles.

The question then arises about the ways to utilize the drive cycle information. Assume
that we want to know about the fuel economy of a particular vehicle X. It is not sufficient
to say that vehicle X does 25 MPG. We also need to say under what conditions this was
obtained. That is, whether it was under a city drive cycle, or highway drive cycle, and
so on. Then one can compare another vehicle Y against X, under similar drive cycle
conditions, and make a fair comparison.

As there are different kinds of drive cycles, that of a passenger car cannot be compared
against the drive cycle of a refuse truck or a postal mail vehicle, since they have very
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Figure 2.5 A typical automotive drive cycle. (Courtesy US EPA, www.epa.gov/oms/standards/
light-duty/udds.htm.)

different kinds of stop and go driving. Similarly the drive cycle of a heavy mining vehicle
cannot be compared with the above either. We will say more about this in a later chapter on
off-road vehicles. The bottom line is that drive cycles allow us to make a fair comparison
between vehicles, in terms of fuel economy in particular, and also in terms of performance.

Finally, it should be noted that a drive cycle concerns the road profile through which
a vehicle goes and hence is a situation external to the vehicle. However, the response
of a vehicle to a given drive cycle, in terms of fuel economy, will be different depending
on whether the vehicle is a regular ICE vehicle, fully electric vehicle (EV), hybrid electric
vehicle (HEV), and so on. Hence the discussion on drive cycles above applies to the other
types of vehicles as well, as discussed below.

2.2 Basics of the EV

2.2.1 Why EV?

Although these days people talk more about HEVs which have become very popular,
their underlying system is complex because it has two propulsion sources. A pure EV is
relatively simpler since it has only one source of energy, that is, a battery or perhaps a
fuel cell. Similarly its propulsion is performed by an electric motor and the need for an
ICE is not there. If the ICE is gone, the vehicle will not need any fuel injectors, various
complicated engine controllers, and all the other peripherals associated with the engine
and transmission. With a reduced parts count and a simpler system, it will be more reliable
as well.
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In addition, an EV is “virtually” a zero-emission vehicle (since nothing has technically
zero emissions in a true global sense). Of course, if one considers the ultimate source
of energy, by tracing the path backward from the battery to the utility industry, it will
be found that the location of pollution has been essentially shifted from the vehicle to
elsewhere. Furthermore, an EV is virtually quiet. In fact it can be so quiet that people
have even talked about introducing artificial noise in the vehicle so that they can hear
it, which is something important to know from a safety point of view. It should also
be recognized that if the battery or the fuel cell technology, the single weak link in
terms of technological maturity, were fully mature, that is, able to provide the necessary
power and energy within a compact size and weight, the HEV would probably not be
necessary. Obviously, the EV is on everyone’s wish list and can be considered to be the
real culminating point of automotive technology.

From a technical viewpoint, the EV has another benefit. In the ICE, which is a recip-
rocating engine, the torque produced is pulsating in nature. The flywheel helps smooth
the torque which would otherwise cause vibration. In the EV the motor can create a very
smooth torque and, in fact, it is possible to do away with the flywheel, thus saving material
and manufacturing cost, in addition to reducing weight. And finally, the efficiency of an
ICE (gasoline to shaft torque) is very low. The engine itself has about 30–37% efficiency
for a gasoline and about 40% for a diesel engine, but by the time the power arrives at
the wheel, the efficiency is just 5–10%. On the other hand, the efficiency of the electric
motor is very high, on the order of 90%. The battery and power electronics to drive the
motor also have high efficiency. If each of these components has an efficiency on the
order of 90%, by the time the battery energy leaves the motor shaft, the overall efficiency
will be something like 70%. This is still substantially higher than that in the ICE.

2.2.2 Constituents of an EV

As noted earlier, an EV is simpler than a HEV. Its basic system-level constituents are
shown in Figure 2.6.

The complete EV consists of not only the electric drive and power electronics for
propulsion, but also other subsystems to make the whole system work. In Figure 2.6, one
needs a battery (or a fuel cell) to provide the electrical energy. This is shown by the block
on the left which provides power to drive the electric motor. The motor is part of the
EV powertrain, labeled as EVPT on the right. For each of these items, battery or EVPT,
there is a controller. The battery controller can control the charging or discharging, and
similarly the EVPT controller will control the speed or torque of the motor by controlling
the power electronics. It should be realized that even though the blocks in the diagram are
shown to be at quite different positions, in reality they could be physically very close. The
reason is due to packaging and also, by positioning them nearby, it is possible to reduce
the high-current and high-voltage cable lengths. Similarly, although the controllers named
the FC controller (for Fuel Cell controller or battery controller) and the EVPT controller
are shown separately to indicate separate functionality, in reality they could be part of
the same physical box and could even share the same microprocessors to achieve their
functions. These aspects are subtle design issues involving cost and packaging. In addition,
there is a box shown as the “Interface.” This is the controller box that receives signals and
also power, both high voltage for propulsion and low voltage for certain specific devices
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Figure 2.6 System-level diagram of an EV. (From [1],  [2008] IEEE.)

which operate at low voltage, and then through the “interface” function channelizes them
to the EVPT motor or the high-voltage battery. Again, these function separation blocks
may be merged when physically integrating the system.

In addition to the above blocks, there are various other blocks, for example, the vehicle
controller, which can receive signals on the velocity of the vehicle, driver pedal position,
and so on, and make a decision whether additional torque is needed from the motor or
not. Based on that information it can send the signal to the EVPT controller with the
appropriate torque request. Similarly the brake controller can receive signals correspond-
ing to brake pedal position, vehicle velocity, and so on, and decide how much brake
force is needed. It can also receive signals like the battery’s state of charge and can
figure out whether the opportunity of regenerative braking is present. If it is possible,
it can then send signals to the EVPT controller to carry this out. All this illustrates the
importance of continuous flow of information and signals between various control blocks
and corresponding decision making in each subsystem.

Information transmission between various blocks is normally done through a controller
area network (CAN) bus. This is basically a type of computer network where a single wire
can contain multiple information or communication signals multiplexed together. Some
sort of protocol has to be used when multiple signals are to be shared. In other words,
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there is some sort of priority-based signal flow when trying to share the same physical
medium. For relatively slow signals, for example, to turn the door lock switch, one can
afford to wait, whereas for very important functions like braking and steering, which are
safety functions, the signals need to be transmitted immediately. There are some newer
protocols which can allow such activities. In addition, for safety-critical functions, it may
be necessary to have additional hardware-based backup communication mechanisms, so
as to avoid failures.

2.2.3 Vehicle and Propulsion Loads

There is a significant amount of commonality between the loads in an EV and a regular
automobile. Hence, just like a regular vehicle, some of these loads are electrical devices
and others are mechanical devices. As noted earlier, those loads which are electrical
normally run at a low voltage (nominally 12 V), with the exception of the propulsion load,
that is, the propulsion motor, which runs at a high voltage (several hundred volts). The
reason for this has to do with safety primarily. And, of course, the existing manufacturing
base for many of these non-propulsion loads can be used to advantage by using the
existing low-voltage components, rather than transforming the voltage system. Examples
of these loads are same as those noted in Section 2.1.2:

• propulsion or traction motor – high-voltage electrical load;
• brake motor (if a fully or partially electrical brake system is used) – low voltage;
• air-conditioner motor (if electrical) – low voltage;
• radiator fan (if electrical) – low voltage;
• various pumps (if electrical) – low voltage;
• window lift – low voltage;
• door locks – electrical;
• wipers – electrical;
• various lights – non-motor load, low-voltage electrical;
• radio, TV, GPS – non-motor, low-voltage electrical;
• various controllers, for example, engine controller, transmission controller, vehicle body

controller; and
• various computational microprocessors, digital signal processors (DSPs) – non-motor,

low-voltage electrical.

The above list more or less covers the various loads in the vehicle, including propulsion
loads. The propulsion load can be several kilowatts for a mild hybrid vehicle regenerative
braking system, up to say 50 kW or a few hundred kilowatts for propulsion in a hybrid
vehicle. The various pumps and fans can be only a few hundred or less watts, whereas
some small motors like door lock motors could be just a few tens of watts. Similarly the
lights can range from a few tens to about a hundred watts.

The above loads are fed by the battery, the generator, or a combination of the two.
We can also see from Figure 2.6 that the non-propulsion loads are fed by the low-voltage
battery. This low voltage can be derived either by a part of the main high-voltage bat-
tery system, or through the transformation of the high-voltage system by a DC–DC
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downconverter; it could even be a totally separate low-voltage battery with its own
generator system to charge it. In other words, more than one architecture is possible for the
low-voltage system.

2.3 Basics of the HEV

2.3.1 Why HEV?

In the previous section we discussed the architecture of a purely EV. As we saw, the EV
propulsion uses an electric motor for propulsion. The energy comes from the battery (or
perhaps a fuel cell). The battery bank in a pure EV can be quite large if the vehicle is
to go a few hundred miles on one full charge to begin with. The reason for this is that
battery technology, as it stands today, does not have a very high energy density for a
given weight and size, compared to a liquid fuel like gasoline. Although new batteries
like lithium-ion batteries have a much higher energy density than the existing lead acid
or nickel metal hydride batteries, it is still much lower compared to liquid fuel.

As noted earlier, the HEV is a complex system since it has two propulsion sources.
Comparatively a pure EV is simpler since it has only one source of energy, namely, a
battery or perhaps a fuel cell. In the EV the propulsion is produced by only the electric
motor and there is no ICE. This removes the need for fuel injectors, complicated engine
controllers, and all other peripherals. Hence, with a reduced parts count, the system is
simpler and more reliable.

Of course, there is an efficiency improvement in the HEV compared to the ICE, but it
will still be lower than in the EV. The overall efficiency will depend on the relative size
of the ICE and the electric propulsion motor power.

A variant of the HEV is found in locomotives and in very high powered off-road
vehicles. In a number of variants of such systems there is no battery. The ICE is used
to drive a generator which creates AC power. This power is translated to DC and then
to another AC power required to drive an electric motor. The problem with this system
is that the engine has to be run continuously to produce the electricity. The advantage
is that it does not need a battery. Furthermore, the ICE can be run at an optimal speed
to achieve the best possible efficiency. One problem with this system is that it does not
lend itself to regenerative energy recovery during braking. The battery helps regenerative
energy recovery by allowing storage and it can also be coordinated more optimally in
terms of when the ICE or the electric motor should be run. More on this will be presented
in a later chapter.

2.3.2 Constituents of a HEV

As noted earlier, an EV is simpler than a HEV. The basic system-level constituents for a
HEV are shown in Figure 2.7 [1].

As we can see, the only difference between this diagram and the one for the EV is that
this one has an additional subsystem called IC engine, along with the necessary interface
and the controller. Otherwise the two diagrams are identical.

All the other items and the discussion are the same as for the EV.
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Figure 2.7 System-level diagram of a HEV. (From [1],  [2008] IEEE.)

2.4 Basics of Plug-In Hybrid Electric Vehicle (PHEV)

2.4.1 Why PHEV?

The PHEV, as the name suggests, differs from a HEV only by the fact that it allows one
to plug in a cable running from the vehicle to a household utility wall socket at home
or elsewhere to charge the vehicle’s battery. To extend the flexibility of the system, it
is also possible in principle to use the engine and/or the battery system in the vehicle
to generate AC power and feed it back to the utility grid. Since plug-in allows a fair
amount of external utility system energy to drive the vehicle, it is helpful to use a larger
battery than in a regular HEV. A larger battery is not a required part of the PHEV, but
having one definitely benefits fuel economy and also increases the range of the vehicle
when fully charged. In a HEV, using a much larger battery may not necessarily be the
optimal choice in terms of design, since the ICE is always capable of kicking in, when
the battery needs to be charged. People sometimes think that a large battery is mandatory
for a PHEV, which may not be the case. How large the battery can be depends on the
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packaging space available in the vehicle. If the battery size is small, then the benefits
from the PHEV will be merely incremental, whereas if it is too big then it can be very
expensive and will take longer to recharge from the utility system. Note also that the
household utility system may have some limitations on how much current it can sustain
in charging a battery system, hence some safeguards are necessary for the plug-in. Since
the cost of utility energy at present is much lower than the price of gasoline, it makes
sense to use the PHEV, where possible.

2.4.2 Constituents of a PHEV

The same diagram as before, that is, Figure 2.5, applies to a PHEV. The only difference is
that it now has an extra connecting socket in the vehicle, from where a lead can be pulled
out and plugged into the wall utility outlet. Obviously, when the vehicle is connected
to a utility outlet, its propulsion motor is not needed and neither is the ICE, as far as
turning the wheels is concerned. However, the vehicle may still need to use auxiliary loads
(normally low-voltage loads at 12 V), the air-conditioner (can be low voltage as well), or
the heater and some lights. Hence it is appropriate to deliver those loads at low voltage.
If fast charging of the battery is necessary, it will also be appropriate to run the ICE and
use the propulsion motor as a generator, or have a separate generator for this purpose.
Depending on the scheme used, changes in the gear train system are called for. Even
though the whole process of interconnection between the utility and the PHEV system is
simple in principle, there are quite a few considerations to be taken into account, as will
be obvious from the possible architecture for such a vehicle shown in Figure 2.8.

From Figure 2.8 it is apparent that in order to charge the battery, one path goes directly
from the wall outlet to the battery, through a transformer isolation and a rectifier or
DC–DC converter combination. This situation is directly involved with the plug-in part
of the system. The bottom part of the figure shows that the charging process is done
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Figure 2.8 A possible architecture for the plug-in hybrid vehicle and home outlet interface
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by either driving a standalone alternator, or using the propulsion motor itself run as a
generator, ultimately charging the battery. Of course, it is understood that, when plugged
in, the vehicle is stationary and the wheels are not moving. Even though the process
indicated in the bottom part of Figure 2.8 is not involved with directly with the plug-in,
an overall power management process has to coordinate both the plug-in and the ICE,
since there may be a situation when fast charging becomes necessary, and both the plug-in
and the ICE (in generation mode) need to run concurrently. Finally, note the inclusion
of a bidirectional converter in the plug-in part of the figure. This covers the possibility
that in future the utility regulations may allow power to be fed back into the utility grid
from the vehicle, assuming it has enough power to do so. This issue is not an immediate
consideration within the automotive industry at present. However, the possibility may in
fact help use the vehicle as an emergency generator to light a home in case there is a
utility power failure.

2.4.3 Comparison between the HEV and PHEV

Fundamentally the only difference between the HEV and PHEV is related to the upper
part of Figure 2.8, where the wall outlet is used to charge the battery. The size of the
battery may be substantially different. In addition, as indicated above, the plug-in system
has to be properly coordinated with the rest of the charging process and the overall power
management in the vehicular system.

2.5 Basics of Fuel Cell Vehicles (FCVs)

2.5.1 Why FCV?

The FCV architecture is most closely related to the pure EV. If the power source in the EV
is replaced by a fuel cell system, then potentially it could replace the battery in the EV.
Even in a HEV with an ICE, if the electrical energy source for propulsion were replaced
by a fuel cell, it could still be classified as a FCV, though in reality it would be a HEV.
Of course, as discussed in other parts of this book on the fuel cell, it needs chemical
energy in the form of either hydrogen gas which can be directly used as fuel, or natural
gas with appropriate reformers. It is also possible to have certain other kinds of liquid
fuels along with reformers so that the fuel can be transformed to hydrogen. In such cases
it is possible do the hydrogen reformation and creation, and hydrogen consumption, by
the fuel cell simultaneously, so that no additional storage for the hydrogen is necessary.
Without reformers and conversion and use as it is produced, the hydrogen has to be stored
in a tank. As long as sufficient fuel is present, the cell will run. Note that the fuel cell
does not run on its own initially, and some warm-up is necessary. For that purpose a
relatively small battery can be used, but as soon as the fuel cell is started, it will be
self-sustaining and the initial energy drawn from the battery to warm up the fuel cell can
soon be replenished. Advantages of the fuel cell are that it is virtually pollution free and
quiet. But at present the technology has still to mature before it can replace the existing
ICE-based hybrid vehicles.
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2.5.2 Constituents of a FCV

The same figure which was used for the EV applies here. It can be seen from Figure 2.6
that the high-voltage source is already labeled as either a battery or fuel cell. The
constituent elements are, therefore, identical to the EV.

2.5.3 Some Issues Related to Fuel Cells

One of the problems with the fuel cell is that it is a unidirectional device, that is, it can
deliver power output, but, unlike a battery or ultracapacitor, it cannot receive any power
back. Obviously then, the fuel cell has to be ruled out for any regenerative efforts in a
vehicle. This implies that a battery or an ultracapacitor has to be introduced in order to
gain a regenerative capability. It is not just for regenerative braking that a storage battery
or an ultracapacitor is necessary; such storage elements also serve as mechanism by which
the fuel cell can be started. This is important for both series and parallel hybrid vehicles.
The battery or ultracapacitor has to be designed to meet such a starting current capability
for at least half a minute, if not for longer. In addition, based on the typical drive cycle
of the vehicle, an assessment has to be made about the regenerative needs of the vehicle
during braking and the size of the battery or ultracapacitor should be large enough for
the worst case scenario.

The second problem with the fuel cell is its sensitivity in terms of individual cell voltage.
This gives an indication of the health of the fuel cell condition. If the cell voltages show a
difference, that can indicate a problem. Fuel cells generally cannot handle large transients,
hence a battery often helps reduce the size of fuel cell needed and protects it during large
transients in the dynamic process.

The fuel cell, not the cell per se but rather the whole module, along with all the
peripheral devices like a compressor, water disposal mechanism, and warming system,
together lead to a relatively low overall system efficiency.

Reference
1. Masrur, M.A. (2008) Penalty for fuel economy – system level perspectives on the reliability of hybrid electric

vehicles during normal and graceful degradation operation. IEEE Systems Journal , 2 (4), 476–483.
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3
HEV Fundamentals

3.1 Introduction

Hybrid electric vehicles (HEVs) are vehicles that combine an internal combustion engine
(ICE) with an electrical traction system. It usually consists of either two or more sources
of energy storage devices or two or more power sources onboard the vehicle. HEVs are
synonymous with vehicles that offer high fuel economy and lower emissions when com-
pared to conventional gasoline vehicles. Hybrid vehicles combine the ICE and electrical
traction machine in an efficient way so as to utilize the most desirable characteristics
of both. In HEVs, the ICE is mainly used for steady state operation while the electric
machine powertrain is mainly used for dynamic operation. Some of the advantages offered
by HEVs are as follows:

• Efficiency-improving technology such as regenerative braking which is not available
in conventional vehicles.

• Less engine idling and efficient engine operation leading to better fuel economy.
• Better drivability since electric motor characteristics better match the road load.
• Potential to reduce the emission of greenhouse gases.
• Reduced fossil fuel consumption.

HEVs can be classified based on the configuration of the drivetrain as series hybrid,
parallel hybrid, series–parallel hybrid, complex hybrid, and plug-in hybrid. In this chapter,
the fundamentals involving series and parallel hybrids will be the focus since advanced
hybrids are covered in other chapters.

In general, when we design a HEV, we need to select the ratings for the propulsion
engine, traction electric motor, generator, and energy storage based on the desired vehicle
performance. After the initial design, we need to verify if the vehicle performance specifi-
cations are met. The design usually requires a modeling and simulation program and may
take several iterations before final design. Thus in this chapter, we will mainly discuss
vehicle road load modeling, how to specify vehicle performance and fuel economy, and
two design examples for series hybrid and parallel hybrid vehicles.

Hybrid Electric Vehicles: Principles and Applications with Practical Perspectives, First Edition.
Chris Mi, M. Abul Masrur and David Wenzhong Gao.
 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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3.2 Vehicle Model

In this section, the vehicle is modeled as a road load. The vehicle and the associated
forces are illustrated in Figure 3.1 [1].

Consider a vehicle of mass Mv , moving at a velocity v , up a slope of angle α (in
degrees). The propulsion force for the vehicle to move forward is termed the tractive
force or driving force Fte. This force has to overcome rolling resistance Frr , aerodynamic
drag Fad , the climbing resistance force Frg (the component of the vehicle’s weight acting
down the slope), and the force to accelerate the vehicle (the acceleration force), if the
velocity is not constant. The first three terms are summed together and labeled the road
load force FRL. The base road load force or simply road load is as follows:

FRL = Frr + Fad + Frg (3.1)

The rolling resistance is produced by the hysteresis of the tire at the surface with
the roadway. Under most circumstances, rolling resistance depends on the coefficient of
rolling friction between the tire and the road Cf , the normal force FN due to the vehicle’s
weight Mvg, and the gravitational acceleration g. However, if the vehicle is at rest and
the force applied to the road is not great enough to overcome the rolling resistance, then
the rolling resistance must exactly cancel out the applied tractive force to keep the vehicle
from moving. Thus, the equation for rolling resistance is

Frr = −Fte if v = 0 and Fte < Cf Mvg cos
( απ

180◦
)

Frr = −Cf Mvg cos
( απ

180◦
)

otherwise
(3.2)

The aerodynamic drag depends on the air density ρ (kg/m3), coefficient of drag Cd ,
frontal area of the vehicle A, and the vehicle speed v. The equation for the aerodynamic
drag is as follows:

Fad = 0.5ρCdAv2 sgn(v) (3.3)

where
sgn(v) = +1 if v > 0

= −1 if v < 0
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Figure 3.1 Vehicle model
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The force due to the road grade depends on the mass of the vehicle Mv , road angle in
degrees α, and gravitational acceleration g. The equation for this force is

Frg = −Mvg sin
( απ

180◦
)

(3.4)

The road load curves of a vehicle for varying road angles are shown in Figure 3.2. The
vehicle parameters are listed in Table 3.1. It can be observed that the road load increases
with the velocity and with road angle.
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Figure 3.2 Road load characteristics for road angle α = 0◦ –4◦

Table 3.1 Parameters for simulated vehicle

Parameters Value Unit

Vehicle mass 1767 kg
Gravity 9.81 m/s2

Rolling friction 0.015 –
Air density 1.225 kg/m3

Aerodynamic drag coefficient 0.35 –
Frontal area 1.93 m2

Wheel inertia 3.2639 kg/m2

Wheel radius 0.2794 m
Headwind speed 0 m/s
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The acceleration force is the force needed to accelerate the vehicle, governed by
Newton’s second law. This force will provide the linear acceleration of the vehicle,

Facc = Mva = Mv

dv

dt
(3.5)

Thus, the total tractive effort is the sum of all the above forces:

Fte = Frr + Fad + Frg + Facc (3.6)

The vehicle’s velocity is calculated by integrating the vehicle’s acceleration with the
starting value set to 0 km/h at t = 0 seconds. It is equal to

V = 1

Mv

t∫
t=0

(
Fte − Frr − Fad − Frg

)
dt (3.7)

In the case of an ICE-driven vehicle, the vehicle tractive force comes from the engine
shaft torque. So, the axle torque and engine torque are related by the following:

Taxle = (TICE ) (GRtrans)
(
GRdiff

)
(ηtrans)

(
ηdiff

)
(3.8)

where T denotes torque, GR denotes gear ratio, η denotes efficiency, subscript “trans”
denotes transmission, and subscript “diff ” denotes differential. Thus, the tractive force is

Fte = Taxle

tire radius
(3.9)

In the case of series hybrid vehicles, the tractive force comes from traction motor
shaft torque; in the case of parallel hybrid vehicles, the tractive force comes from the
summation of torque produced by the ICE and electric traction motor.

3.3 Vehicle Performance

For any vehicle design, the performance constraints to be met must be defined first. These
constraints are different depending on the vehicle type and size. From the powertrain
point of view, typical performance specifications include initial acceleration, cruise speed,
maximum speed, gradability, drive range, and so on. Acceleration rate is the minimum
time required to accelerate the vehicle from 0 to a specified speed such as 40, 60, or
80 mph. Sometimes acceleration rate from a lower speed to a higher speed is specified; for
example, from 40 to 60 mph. Maximum acceleration is limited by maximum tractive power
and roadway condition. The gradability is the maximum grade that a vehicle can move
along at a certain speed with the maximum tractive force available from the powertrain.
Drive range refers to the distance, in miles or kilometers, that a vehicle can travel with a
full tank of fuel and/or fully charged batteries before refueling or recharging. Satisfactory
drive range of an electric vehicle (EV) or HEV is crucial for market acceptance.

The US PNGV’s (Partnership for a New Generation of Vehicle’s) performance goal for
mid-size vehicles is as follows:

• 0–60 mph: ≤12 seconds
• 40–60 mph: ≤5.3 seconds
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Figure 3.3 The FHDS and FUDS drive cycles

• 0–85 mph: ≤23.4 seconds
• Maximum speed: 85 mph
• Maximum grade at 55 mph: 6.5%.

Drive cycles are standard vehicle speed versus time profile for testing vehicle perfor-
mance, fuel economy, and emissions. For example, the Federal Highway Driving Schedule
(FHDS) and Federal Urban Driving Schedule (FUDS) are plotted in Figure 3.3.

The required power for operating a vehicle can be calculated from the driving cycles,
depending on the mass of the vehicle. For example, the required power for driving a
vehicle with a total weight of 1380 kg under US06 driving cycle is shown in Figure 3.4.
US06, the aggressive driving cycle, was proposed by the US Environmental Protection
Agency (EPA) to measure fuel economy and emissions. The positive power is due to
acceleration while the negative power is due to deceleration. Part of the negative power
corresponding to braking can be recovered through regeneration in the HEV.

Different drive cycles in different areas all over the world are used to test dynamic
performance and fuel economy of different types of vehicles. At present, the drive cycles
mostly come from Europe, North America, and Japan. China is also developing its own
drive cycles based on Chinese road systems.

Listed in Table 3.2 are eight example drive cycles [2]: CYC_HWFET, CYC_HWFET_
MTN, CYC_NYCTRUCK, CYC_NYGCT, CYC_NEWYORKBUS, CYC_UDDS_HDV,
CYC_BEIJINGBUS, and CYC_CONSTANT.

From the data shown in Table 3.2, each drive cycle has different characteristics. But
in general, the idle time percentage, number of stops, and time percentage in a particular
speed zone affect fuel economy the most. For example, in the UDDS_HDV drive cycle,
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Figure 3.4 (a) The US06 drive cycle and (b) vehicle required electric power under US06 driving
cycle
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Table 3.2 The characteristics of example driving cycles

Drive cycle Idle time (percentage Stops Time percentage in
of total time) specific speed zone

CONSTANT 4 0 ≤16 km/h 100%
NYGCT 68.3 5 ≤5 km/h 82%
NEWYORKBUS 67.3 11 ≤6 km/h 75%
NYCTRUCK 52.1 20 ≤12 km/h 70%
HWFET_HTN 0.7 1 ≥70 km/h 85%
HWFET 0.7 1 ≥70 km/h 85%
UDDS_HDV 33 14 ≤20 km/h 80%
BEIJINGBUS 59.1 23 ≤20 km/h 85%

a vehicle has 14 stops and starts, 33% idle time, and runs at a lower speed of 20 km/h or
less during 80% of the driving time period.

The fuel economy refers to how many miles a vehicle can travel with the consumption
of per unit of fuel. One common unit is miles per gallon or MPG. For EVs or HEVs,
miles per gallon gasoline equivalent (MPGGE) is used to measure how many miles a
vehicle can travel with the consumption of energy equivalent to the amount released from
combustion of 1 gallon of gasoline. Fuel economy of HEVs also depends on the drive
cycles. Thus, sometimes, composite fuel economy or combined fuel economy is used. For
example, composite fuel economy can be computed as the weighted average of the state
of charge (SOC) balanced fuel economy values during the city drive cycle and highway
drive cycle, as given below [3]:

Composite fuel economy = 1
0.55

City_FE
+

0.45

Hwy_FE

(3.10)

where City_FE and Hwy_FE denote the city and highway fuel economy values,
respectively.

Based on the vehicle road load modeling in the previous section, we can perform
a parametric design study for vehicle design. For example, we can see how vehicle
performance is affected by changing the values for Cf , A, Cd , and Mv .

3.4 EV Powertrain Component Sizing

In this section, several examples are given to illustrate fundamental concepts and methods
for EV component sizing.

As discussed earlier, when we size the powertrain of an EV, we must ensure sufficient
tractive force for the vehicle to:

• accelerate from zero speed to a certain speed within a required time limit;
• overcome wind resistance force if headwind speed is non-zero;
• overcome aerodynamic force;
• overcome rolling resistance;
• climb a certain slope (grade).
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Example 3.1: As an example, let us find the approximate rating of an EV power-
train with a vehicle weight of 1364 kg. First, let us determine the forces needed to
accelerate at 4.47 m/s2, assuming that aerodynamic, rolling, and hill-climbing force
counts for an extra 10% of the needed acceleration force.

Fte = 1.1 × mass × acceleration

= 1.1 × 1364 × 4.47 m/s2

= 6704 N

Then, let us determine the average power needed to accelerate the vehicle from
0 to 96.5 km/h (60 mph):

Energy required = mass × V 2/2

= 1364 × (26.8 m/s)2/2

= 489839 J

Time required for the vehicle to accelerate from 0 to 96.5 km/h is

Time = (26.8 m/s2)/(4.47 m/s2)

= 6 s

Average power = force × distance/seconds = energy/time

≈ 81.7 kW (peak power Pmax = Fte × V ≈ 180 kW)

Example 3.2: Let us determine the tractive force needed for a 1364 kg vehicle to
accelerate to 96.5 km/h in 10 seconds, assuming a constant acceleration. The total
power required for acceleration is

Acceleration a = V/t = 26.8/10 = 2.68 m/s2

Force Fte = mass × acceleration = 1364 × 2.68 m/s2 = 3657 N

Final power = Fte × V = 3657 × 26.8 = 98 kW (at a speed of 60 mph)

In this example, a constant acceleration is assumed. In real life, the acceleration near
60 mph will be greatly reduced. Therefore, the actual power needed to accelerate
the vehicle is much less than 98 kW:

Average power = final power/2 = 49 kW
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Example 3.3: Assume that the vehicle accelerates according to a sine wave
(Figure 3.5, top plot) to a final speed of 60 mph and ignore all other resistances.
Let us find the tractive force needed for the 3000 lb vehicle to accelerate.

V =
∫

adt =
∫

am sin ωtdt = −(am/ω) cos ωt |t0 = am(1 − cos ωt)/ω

Vfinal = 60 mph = 60 × 1608/3600 = 26.8 m/s

am(1 − cos π)/ω = 26.8 (ωt = π at 10 s, ω = 0.314)

∴ am = 0.314 × 26.8/2 = 4.2 m/s2

a = 4.2 sin 0.314t

F = mass × a = 3000/2.2 × 4.2 sin 0.314t = 5727 sin 0.314t

P = FV = 5727 sin 0.314t × 4.2(1 − cos 0.314t)/0.314

= 76 sin 0.314t − 38 sin 0.628t

Pmax ≈ 90 kW

P is also illustrated in Figure 3.5, bottom plot, where the two terms in P are
plotted separately.

Acceleration

am

10s Time (seconds)

38sin (0.628t)

76sin (0.314t)

Power (kW)
Pmax

Time (sec)

10

Figure 3.5 Vehicle acceleration and power

www.FreeEngineeringbooksPdf.com



50 Hybrid Electric Vehicles

Example 3.4: In this example, we will compare the resistive and the acceleration
forces of a vehicle. The acceleration force was computed in Example 3.2 where the
acceleration force is 3657 N (accelerate to 60 mph in 10 seconds). The vehicle mass
is 1364 kg.

1. Aerodynamic force: Consider the vehicle with the following:

(a) Aerodynamic drag coefficient 0.109

(b) Air density 1.16 kg/m3

(c) Frontal area 1.543 m2 (or 16.6 ft2)

Then the aerodynamic force at 60 mph (96 km/h) is

Fad = 0.5 × 1.16 × 0.109 × 1.543 × 26.82 = 70 N

2. Rolling resistance: Consider the vehicle with a rolling coefficient of 0.02. Thus
the rolling resistance force is

Frr = 0.02 × 1364 × 9.8 = 270 N

3. Hill-climbing resistance: Consider the vehicle with a grade of 0.5◦. Thus the
hill-climbing force is

Frg = mg × sin α = 1364 × 9.8 × sin 0.5◦ = 117 N

The total resistance force on the highway is (except for acceleration)

FRL = Fad + Frr + Frg = 70 + 270 + 117 = 457 N

Pr = FRLV = 457 × 26.8 m/s = 12.3 kW(at top speed)

Note that the dragging force accounts only Pr /Pmax = 12.3 kW/98 kW = 12.5% of
the total tractive force.

Further, note that the power required for a vehicle to cruise on a highway at
60 mph is only about 6% of the power needed to accelerate the vehicle from 0 to
60 mph in 10 seconds. Since most electric motors can be designed to overload for
a short time, a motor can be designed at much lower ratings.

Note also that an electric motor can have an efficiency (including controller) of
over 90%, while an engine only has an efficiency less than 30%. Furthermore,
an ICE does not have the transient overload capability as does a motor. This
is why the rated power of ICE is usually much higher than required for high-
way cruising.

Now let us briefly look at the braking in an EV. Energy is wasted during brak-
ing in conventional vehicles, but the braking energy can be partially recovered
in EVs and HEVs. Consequently, the performance of the antilock brake system
(ABS) can be improved in HEVs/EVs and traction control is easier to achieve
in HEVs/EVs.
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Let us compute the energy expected when bringing a 1364 kg vehicle to a halt
from a speed of 60 mph in 10 seconds:

Energy = 1/2 × mass × V 2 = 1/2 × 1364 × (26.8 m/s)2

= 489709 J = 0.136 kWh

Using an average speed of 30 mph, the vehicle will travel 44 ft/s or 440 ft in
10 seconds. Assuming an average drag force of 100 lbf, the drag loss is

100 × 4.455 × 440/3.28 = 59762 J = 0.0166 kWh

The energy that can potentially be recovered is 0.136 – 0.0166 = 0.1194 kWh.

The design of the complete propulsion system is a complex issue involving numerous
variables, constraints, considerations, and judgment, which is beyond the scope of this
book. The power and energy requirement from the powertrain is determined from a given
set of vehicle cruising and acceleration specifications. EV/HEV design is an iterative
process and requires many engineers from multiple disciplines to collaborate to meet
design goals. Thus:

• Electrical and mechanical engineers design the electric motor for the EV or the com-
bination of electric motor and ICE for HEVs.

• Power electronics engineers design the power conversion circuit which links the energy
source with the electric motor.

• Control engineers working in conjunction with the power electronics engineers develop
the propulsion control system.

• Electrochemists and chemical engineers design the energy source based on the energy
requirement and guidelines of the vehicle manufacturer.

3.5 Series Hybrid Vehicle∗

In the series hybrid powertrain, as illustrated in Figure 3.6, the mechanical output from the
ICE is converted into electrical energy using a generator and the electrical energy is either
used to charge the battery or is bypassed from the battery to the electric traction motor
which propels the wheels. With respect to power electronics components, an AC–DC
converter for charging the batteries and a DC–AC inverter for traction motor propulsion
are required. In a series configuration, the engine is decoupled from the road load so
the engine will not undergo abrupt changes in operating conditions and will have little
idling time, thus emissions are reduced and this is better for the environment. Some other
advantages of series hybrids are flexibility in the location of the engine–generator set
and simplicity in design. However, three propulsion components are needed: the ICE,
generator, and motor. This results in a longer chain of energy transmission and so the

∗  [2005] IEEE. Reprinted, with permission.
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Figure 3.6 Series HEV powertrain

efficiency of series hybrids is generally lower than parallel hybrids. The motor must be
designed for the maximum sustained power that the vehicle may require, such as when
climbing a high grade. Nevertheless, the vehicle operates below the maximum power
most of the time. All three drivetrain components need to be sized for maximum power
for long-distance, sustained, and high-speed driving, otherwise the batteries will discharge
fairly quickly, leaving the ICE to supply all the power through the generator. An example
application for a series hybrid is in locomotive drives.

The fuel cell EV is one type of series hybrid and will be used as a design example for
it [4]. In the fuel cell EV, the energy storage devices can be batteries or ultracapacitors or
both. The fuel cell system supplies the base power while the battery/ultracapacitor supplies
peak power for fast acceleration and captures the braking energy for regeneration. The
hybridization degree is defined as

HD = PESS

PESS + Pf c

(3.11)

where PESS is the power of the energy storage device and Pfc is the fuel cell power. An HD
of 0 corresponds to a pure fuel cell vehicle, and an HD of 1 corresponds to a pure EV such
as a battery electric vehicle (BEV). In a hybrid fuel cell powertrain, a good control strategy
is necessary to manage the power flow considering the largely different characteristics of
each component. The two types of hybrid fuel cell powertrains to be studied are illustrated
in Figure 3.7(a) and (b). The operating modes of this series hybrid include: (i) battery or
ultracapacitor-alone mode in which the fuel cell is turned off; (ii) fuel cell-alone mode;
(iii) combined mode in which both the fuel cell and energy storage provide power to the
road load; (iv) fuel cell power split mode in which the fuel cell provides power for the
vehicle road load and charging the battery or ultracapacitor; and (v) regenerative braking
mode in which energy storage recuperates part of the braking energy.

To compare the fuel economy and performance of the two types of fuel cell hybrid
powertrains, four fuel cell hybrid vehicles are designed in ADVISOR. The first design
case in ADVISOR is the default fuel cell vehicle with a battery and is used as a baseline
vehicle (input file name: FUEL_CELL_defaults_in). The hypothetical small car is roughly
based on a 1994 Saturn SL1 vehicle with the main data listed in Table 3.3. The fuel cell
is the type of ambient pressure hydrogen fuel cell system. A one-speed gearbox is used
for the transmission. The powertrain controller uses the hybrid with a thermostat control
strategy as defined in ADVISOR [3, 5]. In brief, the fuel cell is controlled to be off when
the energy storage SOC achieves a predetermined upper limit and is controlled to be on
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Figure 3.7 Configurations of fuel cell hybrid powertrains

Table 3.3 Assumed parameters for the vehicle

Parameters Value Unit

Vehicle glider mass, m 592 kg
Gravity, g 9.81 m/s2

Rolling resistance coefficient, fr 0.009 –
Transmission efficiency, ηt 0.92 –
Air density, ρa 1.2 kg/m3

Aerodynamic drag coefficient, Cd 0.335 –
Frontal area, Af 2.0 m2

Wheel radius 0.282 m
Average electrical accessory load 700 W
Vehicle cargo mass 136 kg
Electric motor mass 91 kg
Fuel cell system mass 223 kg

when the SOC drops below a predetermined lower limit. The designs of the fuel cell and
energy storage are described in more detail below.

In the hybrid powertrain, the fuel cell supplies the base power, Pe, to meet the vehicle
power requirement for cruising and/or driving on a road with a grade [6, 7]:

Pe = (mgfr + 1
2ρaCdAf V 2 + mgi)V

1000ηtηem

(3.12)

where m is the vehicle total mass (assumed to be 1380 kg), i is the road grade, and ηem is
the motor average efficiency (assumed to be 0.90). Then, by calculation, Pe is 13.1 kW at
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a cruising speed of 60 mph (96 km/h) on a flat road; Pe is 42.1 kW at a maximum speed
of 95 mph (152 km/h) on a flat road; and Pe is 50.0 kW if the maximum grade at 55 mph
is 10%. This determines the size of the fuel cell for steady driving.

The maximum total electric power required for vehicle acceleration from 0 to 60 mph
in 11 seconds is [8]

Ptot =

(
mgfr + 1

2paCdAf V 2 + mδ
dv

dt

)
V

1000ηtηem

, (3.13)

where δ is the mass factor (assumed to be 1.035). The maximum Ptot is computed to
be 124.8 kW.

Based on the above calculation, the net peak power of the fuel cell system is designed
to be 50 kW and the battery size at least 75 kW (including electrical accessory load). A
Westinghouse 75 kW (continuous) AC induction motor/inverter with a peak efficiency of
0.92 is used in the powertrain.

In summary, the four design cases are:

• Case 1 (baseline): 25 modules of lead acid (Hawker Genesis 12 V, 26 Ah 10EP VRLA)
batteries are used; battery peak power is 86.35 kW; total vehicle mass is 1380 kg.

• Case 2: 85 cells of Maxwell ultracapacitors are used; ultracapacitor peak power is
86.0 kW; total vehicle mass is 1140 kg (the same hybridization degree as Case 1).

• Case 3: 170 cells of ultracapacitors are used (twice those in Case 2); ultracapacitor
peak power is 172.0 kW; total vehicle mass is 1174 kg.

• Case 4: 50 modules of lead acid battery are used (twice those in Case 1); battery peak
power is 172.8 kW; total vehicle mass is 1655 kg.

As a double check, the total required electric power under the US06 driving cycle
for Case 1 is given in Figure 3.4(b). Note that the maximum total power required is
about 105 kW at a time instant near 300 seconds. This is close to (but smaller than)
the above maximum Ptot of 124.4 kW. So our design does satisfy the vehicle road load
power requirement.

The assumptions for the battery and ultracapacitor are given in Table 3.4 [3, 9]. The
peak power, energy storage capacity, weight, and cost of the two types of fuel cell hybrid
powertrains are compared in Table 3.5.

Note that the designed fuel cell vehicles have large power rating energy storage devices
because the fuel cell vehicle is a series hybrid [10]. Thus, the fuel cell system can
be considered as an auxiliary power unit, which is controlled to run at its optimum
efficiency region.

Table 3.4 Energy storage system assumptions

Weight per Specific power Specific energy Cost
cell (kg) (W/kg) (Wh/kg) ($/kW)

Battery 11 314.6 28.4 10
Ultracapacitor 0.408 2500 6 15
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Table 3.5 Energy storage system comparison

Peak power HD Energy storage Weight Cost
(kW) capacity (kWh) (kg) ($)

Case 1 (battery) 86.4 0.63 7.81 275 864
Case 2 (ultracapacitor) 86.4 0.63 0.21 35 1296
Case 3 (ultracapacitor) 172 0.78 0.42 71 2580
Case 4 172.8 0.78 15.62 550 1728

In the simulation studies, energy management strategies (series thermostat control strat-
egy [11]) remain the same in all cases. The highest desired SOC is 0.8; the lowest desired
SOC is 0.4. The initial SOC for the battery and ultracapacitor is set to the same value
(0.7) for all cases. The simulations are run under three different driving schedules: UDDS
(Urban Dynamometer Driving Schedule), HWFET (Highway Fuel Economy Test), and
US06 (aggressive driving cycle). The fuel economy in terms of MPGGE for the four
cases is compared in Table 3.6. The MPGGE is calculated based on the lower heating
value of gasoline (42.6 kJ/g), density of gasoline (749 g/l), and total energy consumption
from the energy storage system. The detailed definition of MPGGE is given in [3].

From the numbers in the table, Case 2 with an ultracapacitor has a higher fuel economy
than Case 1. Increasing the modules of the ultracapacitor from Case 2 to Case 3 does not
increase fuel economy (the difference is small). Increasing the modules of batteries from
Case 1 to Case 4 decreases fuel economy.

The simulated vehicle performance is listed in Table 3.7. Specifically, the performance
indices include the times for the vehicle to accelerate from 0 to 60 mph, from 40 to 60 mph,
and from 0 to 85 mph; the maximum achievable speed; and the maximum sustainable
grade at 55 mph. The last row also lists the PNGV performance constraints for a mid-size
car [9]. From the numbers given, Case 1 has a better performance than Case 2. Increasing
the modules of the ultracapacitor from Case 2 to Case 3 greatly improves the vehicle
performance. As a result, the fuel cell–ultracapacitor hybrid (Case 3) has a much better
performance than the baseline fuel cell–battery hybrid (Case 1). Increasing the modules
of batteries from Case 1 to Case 4 also improves the vehicle performance.

From the simulation results in Tables 3.6 and 3.7, with the same hybridization degree
(0.63), the fuel cell–ultracapacitor hybrid vehicle’s fuel economy is higher by about
30% than its battery counterpart, but the performance is worse. If more ultracapacitors
are used with a hybridization degree of 0.78, the vehicle performance can be improved
tremendously, while the fuel economy is maintained roughly at the same high level.

Overall, the fuel cell–ultracapacitor hybrid is better since ultracapacitors can more
effectively assist the fuel cell to meet transient power demand. If more ultracapacitors

Table 3.6 Fuel economy (MPGGE)

Case 1 Case 2 Case 3 Case 4

UDDS (four cycles, 29.8 miles (47.7 km)) 58.5 75.8 73.3 50.9
HWFET (four cycles, 41 miles (66 km)) 78.7 84.4 83.2 74.7
US06 (four cycles, 32 miles (51 km)) 58.7 64.1 63.1 56.8
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Table 3.7 Simulated vehicle performance

0–60 mph 40–60 mph 0–85 mph Maximum speed Maximum grade
(s) (s) (s) (mph) at 55 mph (%)

Case 1 11.1 5.8 22 97.6 9.8
Case 2 19.2 13.6 44.5 95.0 12.0
Case 3 6.9 3.2 36 95.1 11.7
Case 4 8.2 4.0 16 97.2 8.0
PNGV constraints ≤12 ≤5.3 ≤23.4 85 6.5

are added, the performance is improved, while the fuel economy remains high. Although
battery modules can also be increased for a fuel cell–battery hybrid, only the performance
can be improved, while the fuel economy will be decreased as shown by Case 4. The
battery has a higher specific energy than an ultracapacitor. But in a charge-sustaining
hybrid powertrain, this is not necessarily an advantage since the range is determined by
the fuel tank volume. As demonstrated in this chapter, higher specific power character-
istics of ultracapacitors are a big advantage for hybrid fuel cell powertrains, which can
enhance both the fuel economy and vehicle acceleration performance. In addition, the
characteristics of allowing a wide variation of SOC also enable the ultracapacitor to more
effectively assist the fuel cell to meet the vehicle power demand and to help achieve a
better performance and higher fuel economy.

3.6 Parallel Hybrid Vehicle

In a parallel hybrid powertrain, more than one energy source can provide propulsion
power. In this hybrid system, the ICE and the motor are coupled in many possible ways.
The propulsion force may be supplied by the ICE alone, by the electric motor alone,
or both. The electric motor can operate as an electric generator to charge the battery
during regenerative braking or when the ICE output power is greater than the required
power at the wheels. A smaller ICE and a smaller motor can be selected to obtain a
similar performance in the non-hybrid counterpart. Parallel hybrids can offer lower cost
as compared to series hybrids. However, one disadvantage is that the former need a
complex control system. In a parallel hybrid vehicle, the ICE and the electric motor can
separately provide the propulsion force. Figure 3.8 shows a block diagram for one possible
parallel hybrid vehicle, which is a “through the road” four-wheel-drive hybrid.

ENGINE CLUTCH GEARBOX REAR WHEEL

ENERGY STORAGE SYSTEM MOTOR/ GENERATOR FRONT WHEEL

Figure 3.8 “Through the road” parallel hybrid powertrain
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Based on the location of the gearbox or transmission, the parallel hybrid can be further
classified as follows:

1. Pre-transmission parallel hybrid: This is also known as the engine–transmission–
motor system. In this system, the gearbox is located on the main drive shaft after the
torque coupler; as a result, the gear speed ratios apply on both the engine and the
electric motor. Power flow is summed at the gearbox. Also the torque from the motor
is added to the torque of the engine at the gearbox input shaft.

2. Post-transmission parallel hybrid: This is also known as the engine–motor–
transmission system. In this system, the gearbox is located before the torque coupler
as a result, gearbox speed ratios apply only on the engine. In this system, the torque
from the motor is added to the torque of the engine at the gearbox output shaft.

3. “Through the road” parallel hybrid: This belongs to the class of parallel hybrids.
The ICE-based powertrain propels one axle and the electric traction motor propels
another axle. The design of the hybrid powertrain is simplified since the above two
powertrains are decoupled.

3.6.1 Electrically Peaking Hybrid Concept

The electrically peaking hybrid (ELPH) concept was proposed by the HEV Research
Group from Texas A&M University, and is a parallel control strategy. The electric traction
motor is controlled to accommodate the acceleration and deceleration power while the
ICE is controlled to provide the average power of the vehicle load. The main goal of
this control strategy is to operate the ICE in the high-efficiency torque–speed region and
thus increase ICE fuel economy while reducing harmful emissions. Also, the battery SOC
is maintained within a predetermined range by this control strategy during the vehicle
driving period [12].

In this section, the design of a parallel hybrid vehicle is given as an example. The
design is done in a hierarchical manner starting at the system level and ending at the
component level. The system design starts by defining the performance constraints to be
met, such as the initial acceleration, cruise velocity, maximum velocity, gradability, and
so on. The system is designed so as to meet the above criteria with minimum power. The
performance specification for the present vehicle is given below:

• Acceleration: from 0 to 100 km/h in 16 seconds.
• Gradability: 5◦ at 100 km/h and maximum 25◦ at 60 km/h.
• Speed: 160 km/h (ICE only), 140 km/h (electric motor only).

The parameters and constants used in the calculations are given in Table 3.1. In
this design, a single gear ratio and ideal loss-free gears are chosen for simplicity. The
primary energy source in the parallel hybrid is decided based on the energy management
strategy used. In this design example, the ELPH control strategy is implemented.
Component sizing is selected in such a way that the battery SOC can be controlled
within a predetermined range.

In the first step of this design, the power ratings of the ICE and the electric motor are
estimated based on vehicle performance requirements or specifications. First, an electric
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Figure 3.9 Example tractive force and vehicle velocity curve corresponding to electric traction
motor

motor is designed based on ELPH strategy, which meets both the acceleration and the road
load requirements. The motor operates in three regions as shown in Figure 3.9 according
to the different vehicle speed range. The motor is a variable frequency induction-type
motor [13]. The first region, called the constant torque/force region, extends from 0 to the
rated motor speed (vrm), corresponding to the motor rated power. From the base speed up
to the maximum speed (vn), the motor runs in the constant power region. The motor runs
in the natural mode if it is operated beyond vn. The torque decreases roughly according
to the inverse of speed squared in this high-speed region. Note that the natural mode is
not shown in the figure and vrv represents the vehicle’s rated speed. Generally, the motor
is operated in the constant torque region for rapid acceleration. The corresponding motor
efficiency plot is shown in Figure 3.10. The following motor loss constants are assumed
in plotting the motor efficiency: copper losses kc = 1.5, iron losses ki = 0.1, windage
losses kw = 0.0001, and motor constant losses = 20 [13].

The differential equation describing the performance of the hybrid vehicle is given by

a = dv

dt
= Fte − FRL

Kmm
(3.14)

where F and FRL are the motive and road load forces, respectively. Assuming the road
load to be 0 for simplicity and Km = 1, then the above equation becomes

a = dv

dt
= F

m
(3.15)

A vehicle with a mass of 1767 kg moving with an acceleration of 1.7361 m/s2 requires
an average force of 3067.7 N at the tire/road interface, approximately 857 N m at the
wheels. Note that this is the torque required to accelerate the vehicle, not to overcome
the base load. It can be seen from Figure 3.11 that the vehicle meets the acceleration
performance of 0–100 km/h in 16 seconds.
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Figure 3.12 Motor power requirement to meet 0–100 km/h in 16 seconds

The power requirement to meet the acceleration performance is given in Figure 3.12,
at approximately 95 kW.

Integrating the above acceleration equation for a time period of tf and for a final
velocity of vrv , we get

m

Vrv∫
0

dv

F
=

tf∫
0

dt (3.16)

The left integral can be separated into two integrals, one for a constant torque region and
one for a constant power region,

m

Vrm∫
0

dv

Pm/vrm

+ m

Vrv∫
Vrm

dv

Pm/v
= tf (3.17)

Solving for Pm gives

Pm = m

2tf

(
v2

rm + v2
rv

)
(3.18)

The fact that the power requirement will be minimum if the motor is operated in the
constant power region can be obtained from this equation. To find the minimum power,
we take the derivative of Pm with respect to vrm and set the derivative to 0. This will
yield the solution

vrm = 0 (3.19)

Therefore, if the motor is accelerating from 0 to vrv in tf seconds in the constant power
region alone, the power requirement is minimum; in fact, this power is half of the required
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power when the motor is operated entirely in the constant torque region. The motor power
dependence on the motor rated speed is shown in Figure 3.13. It can be seen that the
power required decreases as the constant power region increases and it is minimum when
the motor is completely operated in the constant power region. The effect of extending
the constant power range is shown in Figure 3.14. Defining the constant power range
ratio as vrm/vrv , it can be seen from Figure 3.14 that, with a ratio of about 1:4, the
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decrease in the required Pm for a certain tf becomes less significant. Here, a ratio of 1:1
corresponds to the purely constant torque region. Note here that as the constant power
range is increased, the torque required increases as shown in Figure 3.9. So, a trade-off
has to be made between motor power and motor torque depending upon the requirements.
Note also that the previous discussion for the required motor power is obtained based
on neglecting the road load force. When this road load force is included, we have the
following equation:

m

Vrm∫
0

dv

(Pm/vrm) − FRL

+ m

Vrv∫
Vrm

dv

(Pm/v) − FRL

= tf (3.20)

It can be seen from Figure 3.12 that a 95 kW motor is needed to meet the acceleration
performance. But the power requirement should also meet the maximum vehicle
velocity requirement. The motor power demand with vehicle speed for different grade
angles is shown in Figure 3.15. The following equation is used in plotting Figure 3.15
with ηt = 0.92:

Pe = v

1000ηt

(
Cf mg + 0.5ρCdAf v2 + mg sin

απ

180◦
)

(3.21)

where ηt is the transmission efficiency.
The power demand required depends on the maximum vehicle speed and the maximum

road angle to be climbed. In our case, the requirement is 140 km/h (ICE alone) and
160 km/h (electric motor alone); then from Figure 3.15 the power requirement of the
motor is about 38 kW. Note here that the power required to meet the maximum speed of
the vehicle is less than the power required to meet the acceleration performance. In order
to meet both requirements, a motor power of 95 kW is chosen.
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Figure 3.15 Vehicle power demand at zero acceleration with vehicle speed at different road grades
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3.6.2 ICE Characteristics

A 55 kW ICE’s torque–speed and power–speed characteristics with different throttle
angles of 80◦ and 90◦ are shown in Figure 3.16. This plot is obtained by using a two-
dimensional lookup table [14].

Figure 3.16 clearly indicates that, for high-torque outputs, the ICE must be operated
at moderate speeds. Also, the efficiency of the ICE (not shown in the figure) is high at
moderate speeds. In the ELPH control strategy, the ICE needs to be sized so as to provide
the road load power and to recharge the batteries. From Figure 3.15, to achieve 160 km/h
on ICE alone the power needed is 45 kW. If we assume an extra power demand of 10 kW
for hotel loads such as air-conditioner, lighting, and other auxiliary loads, then the size
of the ICE needs to be at least 55 kW.

3.6.3 Gradability Requirement

So far, two vehicle components, the motor and ICE, are designed to meet the acceleration
and maximum speed requirements. Now, let us double check gradability requirements.
Figure 3.17 shows the required vehicle power at grade angles of 0◦, 5◦, 10◦, 15◦, 20◦,
and 25◦.

It can be seen from Figure 3.17 that approximately 60 kW and 140 kW are required
to meet the gradability requirements of 100 km/h at 5◦ grade and 60 km/h at 25◦ grade,
respectively. The available power from the vehicle is the sum of available powers from
both the traction motor and ICE. The available power of the vehicle is 150 kW (95 kW
from the motor and 55 kW from the ICE). Thus, the available power is greater than the
two gradability power requirements. Hence, these requirements are met by our design.
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Figure 3.17 Vehicle power demand curves with respect to vehicle velocity and grade angle

3.6.4 Selection of Gear Ratio from ICE to Wheel

In this design, a single gear ratio was assumed for simplicity. Here, we relax the single
ratio specification and find out the required gear ratio from engine to drive wheel. Gears
are mechanical devices used to gain a mechanical advantage through an increase in torque
or reduction in speed. Gear ratio is the ratio of the ICE speed (rad/s) multiplied by the
tire radius (m) with respect to the vehicle speed (m/s). In Figure 3.18, the vehicle power
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Figure 3.18 Gear ratio from ICE to drive wheel (the curve with ‘+’ marks represents ICE power
and the curve without ‘+’ marks represents vehicle power)
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demand curve (Figure 3.15) at zero road grade is plotted on the same graph as the engine
power curves (Figure 3.16) at 90◦ throttle angle under different gear ratios [8]. The
ratio curve on which these two curves touch each other, satisfying the maximum speed
constraint and the available ICE power, corresponds to the minimum gear ratio required
to meet the performance constraints. It can be seen from Figure 3.18 that a gear ratio of
3.4 is required to sustain a speed of 140 km/h in ICE-only operating mode.

In a similar fashion, the gear ratio of the electric motor to drive wheel can be determined.

3.7 Wheel Slip Dynamics

In this section, vehicle wheel slip dynamics is briefly discussed. As the power delivered to
the wheels increases, vehicle acceleration eventually becomes limited by traction power.
In power-limited acceleration, the vehicle reaches its maximum acceleration because the
engine cannot deliver any more traction power. In acceleration with limited traction, the
engine can and does deliver more power, but the traction force from the tires to the road
surface cannot be further increased, resulting in limited acceleration. This is due to the
nonlinear characteristics of the coefficient of friction between the tire and road surface.
A schematic of a single-wheel braking model and the corresponding free body diagram
is shown in Figure 3.19 [15].

In this figure, the normal force z balances the vehicle weight Fz. Fx is the tire reaction
force, which is produced by the friction between the tire and road surface. This tire reaction
force will cause a torque that drives the wheel forward with an angular velocity ω. On the
contrary, the braking torque Tb counteracts Fx and slows down the wheel’s forward rota-
tional motion. The dynamic motion equations can be written following Newton’s laws:

m
dv

dt
= −Fx (3.22)

J
dω

dt
= rFx − Tb sgn(ω) (3.23)

0 = Z − Fz (3.24)

Fx = −m

Fz = mg

Z

Tb
w

n

Figure 3.19 Model of quarter car forces and torques
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where

v = longitudinal speed at which the wheel moves along the vehicle
ω = angular velocity of the wheel

Fz = vehicle weight force
Z = normal force due to road reaction force

Fx = tire reaction force due to friction
r = wheel radius
J = wheel inertia

Tb = braking torque.

The tire friction force is given by

Fx = Fzµ (λ, µH , α) (3.25)

where the friction coefficient µ is a nonlinear function of λ, µH , and α; λ is longitudinal
tire slip; µH is the friction coefficient between the tire and road; and α is the slip angle
of the wheel.

If the tire friction force exceeds the force given by the above equation, the tire slips
excessively and enters dynamic friction, where the coefficient of friction decreases dra-
matically, that is, it brakes traction.

The longitudinal slip is defined by

λ = v − ωr

v
(3.26)

which quantifies the normalized difference between the vehicle speed v and the linear
speed at the radius of the wheel corresponding to the wheel rotational speed ω. If λ= 0,
the wheel is in free motion with no friction force between the tire and road surface. If
λ = 1, the wheel is in a locked condition without any rotational motion (ω = 0) and thus
only sliding friction is present.

The longitudinal tire friction force is usually obtained by curve-fitting road test data.
The so-called magic formula of Pacejka gives a good representation of the longitudinal
friction characteristic [16, 17], as expressed by the following equation:

y(x) = D sin(C arctan(Bx − E(Bx − arctan(Bx)))) (3.27)

The function parameters B , C , D , and E are determined based on curve-fitting. A
more simple dependence of the friction coefficient as a function of slip can be given by
unimodal friction characteristics [18]

µ(λ) = 1.18(1 − e−10λ) − λ/2 (3.28)

An example friction coefficient as a function of slip is shown in Figure 3.20. In the
figure, the curve of the friction coefficient (µ) can be divided into two regions: to the
left of 0.3, where the friction coefficient increases as slip value increases; and to the right
of 0.3, where the friction coefficient decreases until the wheel locking condition (λ= 1)
as slip value increases. Note that the curve in Figure 3.20 is different for different road
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conditions such as dry asphalt, wet asphalt, gravel, and packed snow [18]. Understandably,
the friction coefficient is much higher for dry asphalt than for snow.
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4
Advanced HEV Architectures
and Dynamics of HEV Powertrain

There are various hybrid powertrain architectures which are in use. The general goals
of a hybrid transmission design are to realize the different operating modes of a hybrid
vehicle system, such as the capability to run motor-alone mode, engine-alone mode,
combined mode, power split mode, regenerative braking mode, and stationary charging
operations. In addition, it is important to be able to control engine power and speed during
hybrid operations so that better fuel economy and lower emissions can be achieved for all
ranges of vehicle speeds and power demands. Lastly, the system design should be easy to
implement and control, and bear low overall cost. This chapter discusses the principles of
a few advanced hybrid electric powertrain architectures. These architectures include the
popular GM two-mode hybrid and its variations, dual-clutch-based hybrid, Tsai’s hybrid,
Zhang’s hybrid, Renault hybrid, and Timken hybrid.

The steady state operating modes and torque/speed relationships are presented
first. Then, the HEV powertrain dynamics will be briefly discussed for the Toyota
hybrid transmission.

4.1 Principle of Planetary Gears

Many hybrids in the marketplace today use a planetary gear train to replace the tra-
ditional automatic transmission such as continuous variable transmission (CVT). The
engine, motor, and generator together form a type of transmission that can provide electric
continuous variable transmission, known as e-CVT.

A planetary gear train has one or more planetary gears orbiting around a sun gear or
central axis of the train. Therefore, there is a moving axis in planetary gear trains (carrier).
A pictorial representation of a planetary train is shown in Figure 4.1. As can be seen,
there are three axes in total: the sun axis, planet carrier axis, and ring axis. The possible
relative motions among these axes make planetary gear trains very interesting.

Among the three shafts of a planetary gear train, any shaft can be treated as the input
shaft or output shaft. Hence, a combination will be either two input shafts and one output

Hybrid Electric Vehicles: Principles and Applications with Practical Perspectives, First Edition.
Chris Mi, M. Abul Masrur and David Wenzhong Gao.
 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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1

2

3

4

Figure 4.1 A planetary gear train: 1, the sun gear; 2, the planetary gear; 3, the arm or planet
carrier; and 4, the ring gear

shaft, or one input shaft and two output shafts. In some applications, one of the gear sets
is grounded so that only one input and one output is available.

To understand the speed/torque relationships inside a planetary gear train, we can first
look at the relationship between a simple set of gears. The linear velocity of the edge of
a wheel relative to its center is defined as follows:

V = ωr (4.1)

In simple gears, two wheels are put in contact with each other. The two wheels will
travel at the same linear speeds. Hence, the speed relationship of the two wheels is

ω1

ω2
= r2

r1
(4.2)

The relationship between a gear’s radius and a gear’s tooth number can be written as
2πri = pNi , where N is the tooth number and p is the pitch (arc distance between two
adjunct teeth). If gear i and gear j are in contact, then they must have the same circular
pitch p in order to transfer the movement.

Therefore, we have

ri

rj

= Ni

Nj

(4.3)

This expression is valid for any gear with an angular movement with respect to one point.
For the planetary gear train shown in Figure 4.2, there are two contact points: point A
between the sun gear and the planet gear; and point B between the planet gear and the
ring gear. The linear velocities of the contact points can be obtained using two different
paths for each point:

For point A:

va = ωsrs (4.4)

va = ωprp − ωcra (4.5)
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Figure 4.2 The operation of a planetary gear train

For point B:

vb = ωrrr (4.6)

vb = ωprp + ωcra (4.7)

The directions of the various components’ rotation have been chosen so that the move-
ment of the planetary train is feasible. Thus, we have the following two equations:

ωsrs = ωprp − ωcra (4.8)

ωrrr = ωprp + ωcra (4.9)

After manipulation, we get
ωrrr = ωsrs + 2ωcra

But ra = rr − rp and 2rp + rs = rr , so ra = (rr + rs)/2. Therefore, we get

ωrrr = ωsrs + ωc(rs + rr ) (4.10)

In order to make use of the expression easier, the clockwise direction will be considered
positive and the anticlockwise direction negative. As can be seen in the above figure, not
all the angular velocities have the same direction. So, we can rewrite the above equation
by including the correct reference direction:

ωrrr = −ωsrs + ωc(rs + rr ) (4.11)

Since

2πri = pNi (4.12)

we have

ωrNr + ωsNs = ωc(Ns + Nr) (4.13)
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or

Nr

Ns + Nr

ωr + Ns

Ns + Nr

ωs = ωc (4.14)

As mentioned earlier, two inputs are required before a planetary gear set can be uniquely
analyzed. If a gear is grounded, its velocity is zero; nevertheless this zero velocity con-
stitutes one of the input values.

4.2 Toyota Prius and Ford Escape Hybrid Powertrain

The Toyota Prius and the Ford Escape use similar powertrain transmissions as shown in
Figure 4.3 as well as in Figure 1.23. There are an engine, two electric machines, and a
planetary gear train in the transmission. The engine is connected to the carrier, electric
motor MG1 is connected to the ring gear as well as the final drive, and the generator
MG2 is connected to the sun gear. Hence, the speed and torque relationships are

ωe = Nr

Nr + Ns

ωm + Ns

Nr + Ns

ωg (4.15)

where ωe, ωm, and ωg are the speed of the engine, the motor, and the generator,
respectively.

Since there is no clutch, the planetary gear is always running whenever the vehicle is
moving. It can be seen from the above equation and the diagram of the powertrain that
the speed of the motor is directly proportional to the linear speed of the vehicle through
the radius of the front tires and the final drive ratio. The ring gear speed and the motor
speed are identical.

There are four different operating modes:

• Mode 0: Launch and backup – the motor is powered from the battery; the vehicle is
driven by the motor only:

ICE EMEMEMEMEM

Power splitPower split

G

Battery

Final Drive

EM

Tout = N2

N1
ωm (4.16)
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• Mode 1: Cruising, or e-CVT mode 1:

ICE

G

Battery

Final Drive

EM

Power split

Tr = Nr

Nr + Ns

Te (4.17)

Tg = Ns

Nr + Ns

Te (4.18)

Tout = N2

N1
Tr (4.19)

Tm = 0 (4.20)

• Mode 2: Sudden acceleration, e-CVT mode 2:

ICE

G

Battery

Final Drive

EM

Power split

Tr = Nr

Nr + Ns

Te (4.21)

Tg = Ns

Nr + Ns

Te (4.22)

Tout = N2

N1
(Tr + Tm) (4.23)
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OUTPUT
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Battery

Figure 4.3 The Toyota Prius transmission

• Mode 3: Regenerative braking – the motor MG1 is operating as a generator to produce
electricity to charge the battery and at the same time provide braking torque to the final
drive. This operation is the reverse of launch and backup operation.

During normal operation (e-CVT or acceleration mode), the speed of the engine is
controlled by the torque on the generator. Basically, the generator power is adjusted so that
the engine turns at the desired speed. Hence, by adjusting the generator speed, the engine
can operate at a relatively constant speed while the vehicle is driven at different speeds.

In the Prius, the engine is limited from 0 to 4000 rpm. The motor is limited by a small
negative revolution per minute for reverse and up to 6000 rpm (∼103 mph or 165 km/h).
The generator is limited to ±5500 rpm. The ring gear and sun gear each have 78 and 30
teeth respectively. The four planetary gears each have 23 teeth. The final drive ratio is
3.93 and the wheel radius is 0.287 m. Hence, ωe = 0.7222ωm + 0.2778ωg .

The control strategy is as follows. For a given vehicle speed, and a desired output
power determined by the drive cycle, or driver inputs, the desired operating point of the
engine can be determined based on the maximum efficiency curve of the engine. From
the vehicle speed and engine speed, the desired generator speed can then be calculated.
The generator speed is regulated through the inverter by controlling the output power
of the generator (either as generator or motor). Motor torque is determined by looking
at the difference between the total vehicle torque demand and the engine torque that
is delivered to the ring gear. The battery provides power to the motors along with the
electricity generated by the engine.

Example 4.1: Consider a planetary gear train-based transmission with an engine
(carrier) providing 100 kW at 2000 rpm optimum operating point. The ring gear has
72 teeth and the sun gear has 30 teeth. The final drive ratio is 3.7865, and the
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wheel radius 0.283 m. (i) For a vehicle speed of 45 mph or 20.6 m/s, the power
demand under heavy acceleration at this speed is 120 kW. Find the speed and
power for each component, assuming no losses. (ii) For a vehicle speed of 70 mph,
or 32.7 m/s, when cruising the power demand is 70 kW. Calculate the speed and
power of each component.

Solution:

ωe = Nr

Nr + Ns

ωr + Ns

Nr + Ns

ωs = 0.706ωr + 0.294ωs

1. At 45 mph, the ring gear (same as motor speed) is calculated from the above to
be 2632 rpm. Therefore, the sun gear (generator) speed needs to be 482 rpm in
order to operate the engine at 2000 rpm:

Tc(engine) = Pengine/ωengine(carrier) = 477 Nm

Tr(Ring_gear) = Nr

Nr + Ns

Tc = 0.706 × 477 = 337 Nm

Ts(generator) = Ns

Nr + Ns

Tc = 0.294 × 477 = 140 Nm

Pc(engine) = 100 kW

Pr(Ring_gear) = Trωr = 337 × 2 × π × 2632/60 = 92.9 kW

Ps(generator) = Tsωs = 140 × 2 × π × 482/60 = 7.1 kW

Pc(engine) = Pr + Ps

Pvehicle = 120 kW

Pm(motor) = Pvehicle − Pr = 27.1 kW

Pbat = Pm − Ps = 20 kW

2. At 70 mph, the ring gear (same as motor speed) is calculated from the above to
be 4080 rpm. Therefore, the sun gear (generator) speed needs to be −2995 rpm
in order to operate the engine at 2000 rpm:

Tc(engine) = Pengine/ωengine(carrier) = 477 Nm
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Tr(Ring_gear) = Nr

Nr + Ns

Tc = 0.706 × 477 = 337 Nm

Ts(generator) = Ns

Nr + Ns

Tc = 0.294 × 477 = 140 Nm

Pc(engine) = 100 kW

Pr(Ring_gear) = Trωr = 337 × 2 × π × 4080/60 = 144 kW

Ps(generator) = Tsωs = 140 × 2 × π × (−2995)/60 = −44 kW

Pvehicle = 70 kW

Pm(motor) = Pvehicle − Pr = −74 kW

Pbat = Pm − Ps = −30 kW

4.3 GM Two-Mode Hybrid Transmission

The GM two-mode hybrid electric powertrain (or transmission) is shown in Figure 4.4
[1, 2]. This powertrain consists of two planetary gear sets P1 and P2; two electric
machines MG1 and MG2; and three clutches C1, C2, and C3. The powertrain is capable
of providing e-CVT for both high-speed and low-speed operations, hence two-mode. The
two-mode concept can be referred and compared to the Toyota and Ford hybrid electric
vehicle powertrain whose operation is limited to only one mode. In principle, two-mode
operation can provide more flexibility for transmission control, increase drivability,
improve vehicle performance, and improve fuel economy.

The GM two-mode hybrid transmission was initially developed by GM (Alison) in
1996, and later advanced by GM, Chrysler, BMW, and Mercedes-Benz in a joint venture
named Global Hybrid Cooperation in 2005.

4.3.1 Operating Principle of the Two-Mode Powertrain

In the GM two-mode hybrid transmission, the engine is connected to the ring gear of
planetary gear P1 through clutch C1. Electric machine MG1 is connected to the sun gear
of P1. The carrier of P1 is connected to the final drive through the output shaft. MG2 is
connected to the sun gear of planetary P2. The carrier of P2 is also connected to the output
shaft. There is a dual-position clutch that connects either the ring gear of P2 to ground, or
the ring gear of P2 to the shaft of MG1. Through control of C2 and C3, different operating
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Figure 4.4 GM two-mode hybrid transmission

modes can be realized. The engine in this system can be kept at the best speed and torque
combinations to achieve the best fuel economy by controlling the input/output of the two
electric machines. The engine may be stopped or idle during vehicle launch and backup,
as well as at low power demand. At cruising conditions, the engine efficiency is further
enhanced by cylinder deactivation, also known as Active Fuel Management (GM) or the
Multi-Displacement System (Chrysler). Note that this discussion is generic and may not
be the same as those implemented in a real vehicle by the automobile manufacturers.

In the following derivations, ω is the angular velocity, T is torque, N is the number
of teeth of a gear, and P is power. Subscript s stands for sun gear, r for ring gear, c for
planetary carrier, 1 for planetary gear set 1, 2 for planetary gear set 2, g for motor/generator
1, or MG1, m for motor/generator 2, or MG2, and out is for output or final drive.

4.3.2 Mode 0: Vehicle Launch and Backup

During vehicle launch and backup, the system is operating in motor-alone mode (Mode 0).
C2 is open and C3 is engaged to ground the ring gear of P2. In this mode, there are two
possibilities for engine operation, either off or idle at cranking speed (approximately
800 rpm) by adjusting MG1 speed. MG1 torque is not transmitted to the final drive. MG2
provides the needed torque to launch the vehicle forward or backward. Figure 4.5 shows
the power flow during launch and backup. The speed/torque relationships are

ωout = Ns2

Ns2 + Nr2
ωm (4.24)

Tout = Ns2 + Nr2

Ns2
Tm (4.25)

In the final implementation, C1 was eliminated. Therefore, the engine is always
connected to the ring gear of P1. Since the carrier of P1 is always connected to the

www.FreeEngineeringbooksPdf.com



78 Hybrid Electric Vehicles

Battery MG2 P2

MG1 P1

Final Drive
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Figure 4.5 Power flow during launch and backup

final drive, MG1 needs to be controlled so that the engine is either at zero or at a
certain speed:

ωg = Ns1 + Nr1

Ns1
ωc1 − Nr1

Ns1
ωe (4.26)

If the engine is maintained at 800 rpm without fuel injection, there are still friction
losses but the engine can be ignited at any time without delay. If the engine is controlled
to be at zero speed, then MG1 will need to be controlled so that the ring gear of P1
reaches 800 rpm before the engine can be started. In this case, the engine is controlled by
cylinder deactivation.

4.3.3 Mode 1: Low Range

Mode 1 is also called the low-range or low-speed mode. In this mode, C1 is engaged,
C2 is open, and C3 is engaged. The second planetary gear works as a speed reduction
gear for MG2. Figure 4.6 illustrates the mechanical connections of the transmission. The
engine may be controlled by partial cylinder deactivation to further save fuel and reduce
emissions based on vehicle power demand. The torque and speed relationships during
steady state operations can be expressed as

Tg = Ns1

Nr1
Te (4.27)

ωc1 = Nr1

Ns1 + Nr1
ωe + Ns1

Ns1 + Nr1
ωg (4.28)

ωout = ωc2 = ωc1 = Ns2

Ns2 + Nr2
ωm (4.29)

Tout = Nr1 + Ns1

Nr1
Te + Ns2 + Nr2

Ns2
Tm (4.30)

The different operations in Mode 1 can be described as follows:

1. Engine alone (CVT 1): MG2 is off (freewheel) and MG1 can be either in motoring
mode or in generating mode. When MG1 is in motoring mode, P1 acts as a speed
coupling mechanism to couple the speed of the engine and MG1. When MG1 is in
generating mode, engine power is split between the final drive and MG1 with power
generated by MG1 charging the battery. Since the battery can quickly be charged fully,
this mode is generally brief.
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P1 P2

MG1 MG2

Figure 4.6 Low range

2. Combined mode (CVT 2): MG2 is turned on to assist the driving. P2 acts as a
torque coupling mechanism to add the torque of the engine (P1 carrier portion) and
MG2. If needed, both MG1 and MG2 can work in motoring mode to maximize the
driving torque.

3. Power split mode (CVT 3): MG2 is in generating mode to charge the battery. MG1
can be either motoring or generating.

4.3.4 Mode 2: High Range

Mode 2 is also called the high-range or high-speed mode. C1 is engaged, C2 is engaged,
but C3 is open. In this mode, the sun gear of P1 is connected to the ring gear of P2 through
MG1, that is, MG1, S1, and R2 will have the same speed. Figure 4.7 shows the mechanical

Engine

Battery

OUTPUT

P1 P2

MG1 MG2

Figure 4.7 High range
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connections of the transmission in Mode 2. In this operating mode, the engine is generally
kept at a constant speed to achieve the best fuel economy. MG1 and MG2 are controlled
in either motoring or generating mode depending on the vehicle speed and power demand.
The torque and speed relationships during steady state operation are as follows:

Tg = Ns1

Nr1
Te + Nr2

Ns2
Tm (4.31)

ωc1 = Nr1

Ns1 + Nr1
ωe + Ns1

Ns1 + Nr1
ωg (4.32)

ωc2 = Nr2

Ns2 + Nr2
ωg + Ns2

Ns2 + Nr2
ωm (4.33)

ωc2 = ωc1 (4.34)

ωr2 = ωs1 = ωg (4.35)

Tfd = Nr1 + Ns1

Nr1
Te + Ns2 + Nr2

Ns2
Tm (4.36)

Similar to Mode 1, the engine may be controlled by partial cylinder deactivation to
further save fuel and reduce emission based on vehicle power demand.

4.3.5 Mode 3: Regenerative Braking

During regenerative braking, C1 is open, C2 is open, and C3 is engaged to ground the ring
gear of P2 (Mode 3). The engine and MG1 are off or freewheel. MG2 provides the needed
braking torque for the vehicle and, at the same time, stores regenerative braking energy
in the onboard battery. Figure 4.8 shows the power flow during regenerative braking. The
speed/torque relationship is

ωm = Ns2 + Nr2

Ns2
ωout (4.37)

Tm = Ns2

Ns2 + Nr2
Tout (4.38)

Hydraulic/frictional braking may be controlled in coordination with regenerative brak-
ing to maximize the braking torque and/or maintain vehicle stability and prevent wheel
locking. In this case, MG2 only provides a portion of the braking torque.

4.3.6 Transition from Mode 0 to Mode 3

In general, transition is performed at a condition that can minimize mechanical disturbance
to the overall vehicle system. The vehicle is generally launched by MG2 with the engine

MG2 P2 Final DriveBattery

Figure 4.8 Power flow in regenerative braking
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off (Mode 0). MG1 is turned on before transitioning to Mode 1 such that the engine speed
reaches approximately 800 rpm. Transition from Mode 0 to Mode 1 is characterized by the
engine turning on. This typically happens when the power demand reaches a certain limit
such that MG2 is no longer capable of providing the needed torque. The power demand is
a combination of vehicle speed, acceleration demand, vehicle load, and road conditions.

Transition from Mode 1 to Mode 2 happens when the sun gear of P1 and the ring gear
of P2 reach the same speed. In other words, since the ring gear of P1 is grounded (zero
speed), transition from Mode 1 to Mode 2 will happen when the sun gear of P1 or MG1
reaches zero speed. Similarly, transition from Mode 2 to Mode 1 also happens when the
speed of MG1 reaches zero.

Transition from Mode 1 to Mode 3, or Mode 2 to Mode 3, is triggered by a braking
request from the driver (brake pedal is pressed).

Example 4.2: Both planetary gear sets have 30 teeth for the sun gear and 70 teeth
for the ring gear. The engine is kept at 800 rpm in Mode 0, ramped up from 800 to
2000 rpm in Mode 1, and kept at 2000 rpm in Mode 2. The wheel radius is 0.28 m.
Vehicle speed V is in kilometers per hour and ranges from −40 to 160 km/h. The
final drive gear ratio (including axle) is 3.3.

Solution: The final drive speed is a function of vehicle speed V:

ωout = (V × 1000/3600/0.28) × 3.3 × 60/2π = 31.2 V(rpm)

In Mode 0, the engine is kept at 800 rpm and the speed of the ring gear of P2 is
zero. Therefore,

ωm = Ns2 + Nr2

Ns2
ωc2 = 3.33ωout

ωe = 800 rpm

ωg = Ns1 + Nr1

Ns1
ωc1 − Nr1

Ns1
ωe = 3.33ωout − 2.33ωe

In Mode 1, the engine speed will ramp up from 800 to 2000 rpm. Note that the
engine can be turned on or kept idling. Engine on/off is determined by vehicle
power demand. The speed relationships are the same as in Mode 0.

When the speed of the sun gear of P1 reaches zero, the vehicle will shift from
Mode 1 to Mode 2. In Mode 2, the engine speed is kept at 2000 rpm. The speed
relationships are

ωe = 2000 rpm

ωg = Ns1 + Nr1

Ns1
ωc1 − Nr1

Ns1
ωe = 3.33ωout − 2.33ωe

ωm = Ns2 + Nr2

Ns2
ωc2 − Nr2

Ns2
ωr2 = 3.33ωout − 2.33ωg
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Figure 4.9 shows the speeds of the system: engine, MG1, MG2, and final drive.
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Figure 4.9 Speed relationships of the two-mode transmission in Example 4.2

Example 4.3: Planetary gear set 1 has 35 teeth for the sun gear and 65 teeth for
the ring gear. Planetary gear set 2 has 30 teeth for the sun gear and 70 teeth for the
ring gear. The engine is kept at 0 rpm in Mode 0, ramped up from 0 to 3000 rpm
in Mode 1, and kept at 3000 rpm in Mode 2. The wheel radius is 0.28 m. Vehicle
speed V is in kilometers per hour and ranges from −40 to 160 km/h. The final drive
gear ratio (including axle) is 3.

Solution: The final drive speed is a function of vehicle speed V :

ωout = (V × 1000/3600/0.28) × 3.3 × 60/2π = 31.2 V(rpm)

In Mode 0, the engine is kept at 0 rpm and the speed of the ring gear of P2 is
zero. Therefore,

ωm = Ns2 + Nr2

Ns2
ωc2 = 3.33ωout

ωg = Ns1 + Nr1

Ns1
ωc1 = 2.86ωout

In Mode 1, the engine speed will ramp up from 0 to 3000 rpm. Note that the
engine can be turned on or kept idling. Engine on/off is determined by vehicle
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power demand. The speed relationships are

ωm = Ns2 + Nr2

Ns2
ωc2 = 3.33ωout

ωg = Ns1 + Nr1

Ns1
ωc1 − Nr1

Ns1
ωe = 2.86ωout − 1.86ωe

When the speed of the sun gear of P1 reaches zero, the vehicle will shift from
Mode 1 to Mode 2. In Mode 2, the engine speed is kept at 3000 rpm. The speed
relationships are

ωe = 3000 rpm

ωm = Ns2 + Nr2

Ns2
ωc2 − Nr2

Ns2
ωr2 = 3.33ωout − 2.33ωg

ωg = Ns1 + Nr1

Ns1
ωc1 − Nr1

Ns1
ωe = 2.86ωout − 1.86ωe

Figure 4.10 shows the speeds of the system: engine, MG1, MG2, and final drive.
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Figure 4.10 Speed relationships of the two-mode transmission in Example 4.3

4.4 Dual-Clutch Hybrid Transmissions∗

There are a few variants of automatic transmissions such as automated manual transmis-
sion (AMT), CVT, and dual-clutch transmission (DCT). Each of these technologies has

∗  [2009] IEEE. Reprinted, with permission, from 2009 IEEE VPPC Conference
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Table 4.1 Qualitative comparison of automatic and manual
transmissions

Aspects Automatic Manual Desired
transmission transmission transmission

Cost Expensive Lower Low
Efficiency Moderate High High
Ease of use Easy Hard Easy
Comfort Good Poor Good

its own penetration levels in different regions of the world (North America, Europe, or
Japan). The advantages of DCT include high efficiency, low cost, and driving comfort.
Conservative estimates peg DCT technology to be around 10% of the global market by
2015. Table 4.1 compares the advantages and disadvantages of CVT, AMT, and DCT.

DCT technology is well suited for high-torque diesel engines and high-revving gas
engines alike. Some of the major drivers for DCT include:

• flexible and software tunability;
• gear ratio flexibility the same as that of manual lay shaft transmissions allowing greater

compatibility with any engine characteristic.

4.4.1 Conventional DCT Technology

A typical DCT architecture has a lay shaft with synchronizers used for maximum effi-
ciency. It also has launch clutches (either wet or dry) used with electronics, along with
mechanical or hydraulic actuation systems to achieve the automatic shifting. Lay shaft
transmissions yield an efficiency of 96% or better as compared to 85–87% efficiency of
automatic transmissions [3, 4].

Figure 4.11 shows the diagram of a DCT-based transmission. It is a typical setup often
found in all of the latest vehicle models with a DCT. It consists of two coaxial shafts
each having the odd and even gears. It is tantamount to having two transmissions, hence
the name.

In a DCT system, the two clutches are connected to two separate sets of gears. The odd
gear set is connected to one of the clutches and the even gear set to the other clutch. It is
necessary to preselect the gears to realize the benefits of the DCT system. Accordingly,
the off-going clutch is released simultaneously as the on-coming clutch is engaged. This
gives an uninterrupted torque supply to the driveline during the shifting process. This
preselection of gears can be implemented using either complicated controllers such as
fuzzy logic or simple ones such as selections based on the next anticipated vehicle speed.

4.4.2 Gear Shift Schedule

Initially, when the vehicle starts, gear N1i is synchronized. Therefore, engine torque is
transmitted to the final drive through gears N1i and N1m. Vehicle speed increases as
the odd clutch engages. When vehicle speed reaches a certain threshold, gear N2i is
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Figure 4.11 Dual-clutch transmission. Note that the reverse gear is omitted in the diagram

synchronized. As the even clutch engages (the odd clutch disengages), engine torque is
shifted from gear N1i to N2i. Hence engine torque is transmitted through gear N2i and
N2m. As vehicle speed increases, N3i is synchronized. Then the odd clutch would engage
and the even clutch would disengage. This process will continue until the vehicle speed
becomes stable (from N3i to N4i, from N4i to N5i, and from N5i to N6i).

During downshift, the process is reversed. For example, assume initially that N4i is
synchronized and the even clutch is engaged. During downshift, N3i is synchronized
before the even clutch opens. When the even clutch disengages and the odd clutch engages,
engine torque is transferred from N4i to N3i. Similarly, N2i would be synchronized before
the even clutch engages.

Since all transitions in a DCT are managed by gear synchronizers and two clutches,
there is no need for a torque converter in DCT. The transitions (gear shifting and torque
shifting) are very smooth. Control of the synchronizers and clutches, or shift controller, is
computerized in the vehicle. The shift controller decides the upshifts or the downshifts of
the transmission as per the gear shift schedule as shown from left to right in Figure 4.12.
This controller intelligently preselects the higher or the lower gear depending on the
current and desired vehicle velocity.

4.4.3 DCT-Based Hybrid Powertrain

The diagram for a DCT-based hybrid powertrain is shown in Figure 4.13 [5]. The trans-
mission is a six-speed AMT. The hybrid powertrain consists of two motors with each
coupled mechanically onto the two shafts using a standard gear reduction. Due to the
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Figure 4.13 Hybrid powertrain based on dual-clutch transmissions. Reverse gear is not needed
due to the fact that the motors can be used to back up the vehicle
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presence of the motor/generator, the vehicle can be reversed without the reverse gear.
The odd shaft houses gears 1, 3, and 5, and the even shaft houses gears 2, 4, and 6. The
two motors can also be operated as generators as needed by the hybrid control strategy.

4.4.4 Operation of DCT-Based Hybrid Powertrain

The DCT-based hybrid powertrain shown in Figure 4.13 has seven operating modes when
the vehicle is in motion and one additional operating mode for standstill charging.

4.4.4.1 Motor-Alone Mode

The vehicle is always launched in the motor-only mode unless the battery’s state of charge
(SOC) is below the minimum level. In this mode the gears are selected according to the
shift logic controller. The vehicle operates in this mode up to a maximum speed defined
by the controller, provided the SOC is greater than the minimum SOC for the battery as
per the system design. Since the engine does not operate in this mode, the dual clutches
are disengaged to prevent any backlash to the engine. Either motor can be used for the
launch and backup of the vehicle. The equations for this mode are

ωo = ωm

igiaim
(4.39)

To = iaigim × Tm (4.40)

4.4.4.2 Combined Mode

This mode is selected when a high torque is required for situations such as sudden
acceleration or climbing a grade. This mode is also selected if the vehicle speed becomes
more than the maximum speed defined by the controller in the motor-alone mode. Both
the engine and the motor provide the propulsion power to the drive shaft. Depending on
the vehicle speed, the transmission shift controller selects the proper dual clutch and the
gears. The power flow is shown in Figure 4.14. The equations for this mode are

ωo = ωm

igiaim
= ωe

igia
(4.41)

To = igiaimTm + igiaTe (4.42)

4.4.4.3 Engine-Alone Mode

This mode involves the engine as the only source of propulsion. The engine controller
ensures that the engine transmits power to the lowest possible gear ratio such that the
engine remains in the best efficiency window. The equations for this mode are

ωo = ωe

igia
(4.43)

To = iaig × Te (4.44)
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Figure 4.14 Power flow in the combined mode

4.4.4.4 Regenerative Braking Mode

The motor is coupled to the output shaft through gears and it can function as a generator
as well. It is used to recover the energy during braking to charge the battery. Depending
on the current clutch that is used, the controller decides which motor is to be operated in
this mode. In case the motor torque is not sufficient to brake the vehicle, a conventional
braking system is used to supplement the braking demand.

The equations for this mode are

ωin = ωm

imigia
(4.45)

Tin = −imiaig × Tm (4.46)

4.4.4.5 Power Split Mode

This mode is used to charge the battery when the vehicle is in motion. The controller
decides on this mode if the engine supplies more power than that required to drive the
vehicle. The excess power is then used to charge the battery. The motor on the same lay
shaft that drives the output shaft is selected to act as the generator to charge the battery.
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The motor controller selects the correct motor depending on the shaft that is transmitting
the power to the final drive. The equations for this mode are

ωo = ωm

iaimig
= ωe

iaig
(4.47)

To = iaigTe − Tm (4.48)

4.4.4.6 Standstill Charge Mode

This mode can be used to crank-start the engine or charge the battery when the vehicle
is in standstill position. The controller opts for this mode when the battery SOC is lower
than the minimum SOC level permitted by the design. This is the only operating mode
when the engine is cranked and the vehicle is in standstill position. Since the vehicle is
not moving and no power is transmitted to the drive train, all the gears are disengaged
for safety. The kinematic equations for this mode are

ωo = 0 (4.49)

Te = Tmim (4.50)

ωe = ω

im
(4.51)

4.4.4.7 Series Hybrid Mode

This mode offers a very interesting option for the DCT-based hybrid powertrain. The
engine is operated in a region near its sweet spot (by adaptively changing the gear ratios)
so that the torque generated from the engine is used by one of the motors to generate
electricity. This electricity is then used by another motor on the other shaft to drive
the vehicle. This therefore gives an option of having the DCT-based hybrid powertrain
operating as a series hybrid. The kinematic equations for this mode are

ωo = ωm

iaimig
(4.52)

To = Tmimigia (4.53)

4.5 Hybrid Transmission Proposed by Zhang et al .∗

An alternate hybrid transmission was proposed to use one electric motor, a planetary
gear set, and four fixed gears to realize automated transmission and CVT for a parallel
hybrid, as shown in Figure 4.15 [6]. The design is based on the concept of AMTs. It uses
a combination of lay shaft gearing and planetary gearing for power transmission. The
lay shaft gears on the input shaft and the motor shaft freewheel unless engaged by the
shifter–synchronizer assemblies. The carrier of the planetary gear train is connected with
the input shaft that picks up the engine torque. The sun is connected with the motor shaft

∗  [2006] ASME. Reprinted, with permission, from IASME Journal of Mechanical Design
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Figure 4.15 Hybrid transmission proposed by Zhang et al.

if so engaged. One motor is used either as the driving assisting unit or as the generator
in charging and regenerative braking operations. Mode switching and gear shifting are
realized by shifters actuated by computer and controlled step motors as in an AMT. The
hybrid system has five operating modes for vehicle driving and one standstill mode for
emergency or convenience operations. The six operating modes and the related kinematics
are described in the following.

4.5.1 Motor-Alone Mode

The vehicle is always launched in the motor-alone mode. In this mode, the motor shaft
is engaged by the shifter and power is transmitted to the final drive by the motor gears.
Vehicle backup is realized by reversing the motor rotation. All other gears freewheel in
this mode. The operating parameters for the engine and the motor in this mode are related
by the following equations:

ωo = ωm

im
(4.54)

To = imTm (4.55)

where ωo and ωm are the angular velocities of the output shaft and the motor respectively,
To and Tm are the output torque and the motor torque respectively, and im is the motor
gear ratio.
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4.5.2 Combined Power Mode

The combined mode is used when high power is required in situations such as accelerating
and hill climbing. In this mode the motor shaft and one of the lay shaft pairs are engaged.
One of the four available gears as shown in Figure 4.15 can be selected according to
the vehicle operating condition. The motor and the engine operate at speeds that are
mechanically linked by the gear ratios to drive the vehicle jointly, with the operating
parameters related as follows:

ωo = ωe

ik
= ωm

im
(4.56)

To = ikTe + imTm (4.57)

where ωe and Te are the angular velocity and the torque of the engine respectively, and
ik (with k = 1–4) is the gear ratio of the lay shaft gear pairs.

4.5.3 Engine-Alone Mode

The engine-alone mode is the most efficient mode for highway cruising. In this mode,
a lay shaft gear pair with low gear ratio is engaged to transmit the engine torque to the
output shaft with the motor shaft in neutral. The vehicle runs like a conventional vehicle
in this mode. The operating parameters are linked by the lay shaft gear ratio:

ωo = ωe

ik
(4.58)

To = ikTe (4.59)

4.5.4 Electric CVT Mode

The electric CVT mode provides two degrees of freedom for vehicle operation control
that allows optimization of engine operation for best fuel economy. In this mode, the
engine drives the vehicle and powers the generator for battery charging at the same time.
The sun gear of the planetary gear train is coupled to the motor shaft by the shifter and
the fourth lay shaft gear is coupled to the ring gear. The operating parameters of the
system are governed by the characteristics of the planetary gear train as follows:

ωm = Ns + Nr

Ns

ωe − Nr

Ns

i4ωo (4.60)

Tm = Ts = Ns

Ns + Nr

T (4.61)

To = Tri4 = Nr

Ns + Nr

i4Te (4.62)

where N r and N s are the number of teeth of the ring gear and sun gear, respectively;
Tr and Ts are the ring gear torque and sun gear torque which are distributed from the
engine torque at a constant proportion. The output torque To and the angular velocity
ωo are determined by the vehicle driving condition. The engine torque and the torque
provided to the generator are determined by optimizing the engine efficiency. In the
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electric CVT mode, the engine speed ωe is optimized at the point for the highest efficiency
corresponding to the required torque. The generator speed ωm is controlled such that the
engine speed and torque are optimized.

4.5.5 Energy Recovery Mode

In the energy recovery mode, the motor is coupled to the output shaft through the motor
gear pair by the shifter and functions as a generator. The relations for the operating
parameters are the same as that in the motor-alone mode, with the power flow reversed.

4.5.6 Standstill Mode

In this mode, the motor is engaged by the shifter to the sun gear and the parking locker is
applied to lock the output shaft (ring gear). The lay shaft gears freewheel. This mode can
be used to crank-start the engine or use the engine to charge a low battery at standstill.
It can also be used as a generator for household electricity or other conveniences if a
bidirectional power converter is provided. The parameters are

ωe = Ns

Nr + Ns

ωm (4.63)

Tm = Ns

Nr + Ns

Te (4.64)

4.6 Renault IVT Hybrid Transmission

In the Renault infinite variable transmission (IVT) as shown in Figure 4.16, there are two
electric motors MG1 and MG2, two planetary gears sets P1 and P2, but no clutches [7].
MG1 is connected to the sun gear of P1; MG2 is connected to the sun gear of P2; the
engine is connected to the carrier of P2 as well as the ring gear of P1; the carrier of P1 and
the ring gear of P2 are coupled together and connected to the final drive. The system is
capable of providing infinite variable transmission by controlling the two electric motors
to match the vehicle speed while optimizing operation of the engine.

Since there are no clutches, there is only one operating mode. The steady state
torque–speed relationships are as follows:

ωe = ωc2 = Nr2

Ns2 + Nr2
ωo + Ns2

Ns2 + Nr2
ωmg2 (4.65)

ωo = ωc1 = Nr1

Ns1 + Nr1
ωe + Ns1

Ns1 + Nr1
ωmg1 (4.66)

To = Tr2 + Tc1 = Nr2

Ns2 + Nr2
Te + Nr1 + Ns1

Ns1
Tmg1 (4.67)

Tmg2 = Ns2

Ns2 + Nr2
Te (4.68)

Tmg1 = Nr2

Nr2
Te (4.69)
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Engine

OUTPUT

P1 P2

MG2MG1

Battery

Figure 4.16 Renault two-mode transmission

4.7 Timken Two-Mode Hybrid Transmission

The Timken hybrid powertrain shown in Figure 4.17 is also a two-mode hybrid system [8].
The transmission contains two electric motors, MG1and MG2; two planetary gears, P1
and P2; two clutches, C1 and C2; and two locks, B1 and B2.

The engine is connected to the ring gear of P1; MG1 is connected to the sun gear of P1
and via a clutch (C2) to the ring gear of P2; MG2 is connected to the sun gear of P2; the
carrier of P2 is connected to the output shaft; the carrier of P1 is connected through C1
to the output shaft, or can locked by B1. By controlling the two clutches and two locks,
the system can operate in high range or low range based on vehicle operating conditions.

Engine

Battery

OUTPUT

P1P2

C2
B2

B1

C1

MG2 MG1

Figure 4.17 Timken two-mode transmission
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4.7.1 Mode 0: Launch and Reverse

The vehicle can be launched by MG2. In this mode, B2 locks the ring gear of P2. MG2
torque is transferred through the sun gear of P2 to the carrier of P2. Since the sun gear of
P1 is coupled to the ring gear of P2, the sun gear of P1 is also locked. In this case, the car-
rier of P1 needs to be locked by B1 so that the engine is stalled as well. The equations are

ωmg2 = ωs2 = Ns2

Ns2 + Nr2
ωo (4.70)

To = Ns2 + Nr2

Ns2
Tmg2 (4.71)

4.7.2 Mode 1: Low-Speed Operation

In this mode, B2 locks the ring gear of P2; C1 engages the engine, as shown in Figure 4.18.
The operation of this mode is exactly the same as the GM two-mode hybrid.

4.7.3 Mode 2: High-Speed Operation

In high-speed operation, C1 engages the carrier of P1; C2 engages MG1 (Figure 4.19).
The sun gear of P1, the ring gear of R2, and MG1 will have the same speed. This mode
is also the same as the GM two-mode hybrid powertrain.

4.7.4 Mode 4: Series Operating Mode

The powertrain can also operate in series mode by locking the carrier of P1 and ring gear
of P2. In this mode (Figure 4.20), engine power is delivered to MG1 through the sun

OUTPUT

Engine

P1P2

B2

MG2 MG1

Battery

Figure 4.18 Low-speed mode of the Timken two-mode transmission
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P1P2

MG2 MG1

Battery

Figure 4.19 High-speed mode of the Timken two-mode transmission

Engine

Battery

OUTPUT

P1P2

MG2 MG1

Figure 4.20 Series operating mode of the Timken two-mode transmission

gear of P1 (with the carrier locked). The electricity generated by MG1 will be delivered
to MG2 which drives the sun gear of P2 which in turn drives the carrier of P2 with the
ring gear locked. The torque-speed equations are

ωo = ωc2 = Ns2

Ns2 + Nr2
ωmg2 (4.72)

ωmg1 = −Nr1

Ns1
ωe (4.73)
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To = Nr2 + Ns2

Ns2
Tmg2 (4.74)

Tmg1 = Ns1

Nr1
Te (4.75)

4.7.5 Mode Transition

Similar to any other hybrid powertrain, the transition between different modes needs to
happen at the moment when mechanical disturbance to the system can be minimized.
For example, with the carrier of P1 locked to B1, the engine can be started by MG1.
In order to engage the carrier of P1 with the final drive shaft, first B1 needs to be
released; then the speed of MG1 will be controlled such that C1 will accelerate to the
same speed as the final drive shaft; and then C1 will engage the carrier of P1 to the final
drive shaft. Similarly, in order to engage the ring gear of P2 to the sun gear of P1 (and
MG1), the sun gear speed of P1 and MG1 is first brought down to zero and then C2
is engaged.

4.8 Tsai’s Hybrid Transmission

In the hybrid system proposed by Tsai as shown in Figure 4.21, the transmission includes
one electric motor, two clutches, two planetary gear sets, and two locks [9, 10].

There are 14 different combinations of operating modes based on the different config-
urations of the clutches and locks, but there are only seven valid modes:

C1 C2 B1 B2 State Additional modes

0 0 0 0 None —
0 0 0 1 None —
0 0 1 0 Motor alone Engine idle, generator/regen.
0 0 1 1 None —
0 1 0 0 Engine + motor Motor, generator/regen.
0 1 0 1 Engine alone Motor stationary
0 1 1 0 None —
0 1 1 1 None —
1 0 0 0 Engine alone/CVT Generator/charging
1 0 0 1 Engine + motor Motor stationary
1 0 1 0 Engine + motor Motor, generator/regen.
1 0 1 1 None —
1 1 0 0 Engine + motor Motor, generator/regen.
1 1 0 1 None —
1 1 1 0 None —
1 1 1 1 None —

From [9].  [2001] ASME. Reprinted, with permission, from ASME Journal of Mechanical
Design .
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MGEngine

OUTPUT

P1

P2

Figure 4.21 A multimode hybrid transmission proposed by Tsai et al.∗ [9] ( [2001] ASME.
Reprinted, with permission, from ASME Journal of Mechanical Design .)

The speed/torque relationships can be written in two conditions, that is, C1 engage or
C2 engage.

When C1 engages (B1 freewheel)

ωe = Ns1

Ns1 + Nr1
ωm + Nr1

Ns1 + Nr1
ωo (4.76)

To = Nr1

Ns1 + Nr1
T (4.77)

Tm = Ns1

Ns1 + Nr1
Te (4.78)

When C1 engages (B1 lock)

ωe = Ns1

Ns1 + Nr1
ωm + Nr1

Ns1 + Nr1
ωo (4.79)

ωo = Ns2

Ns2 + Nr2
ωm (4.80)

To = Nr1

Ns1 + Nr1
Te + Ns2 + Nr2

Ns2
Tm (4.81)

When C2 engages

ωo = Ns2

Ns2 + Nr2
ωm + Nr2

Ns2 + Nr2
ωe (4.82)

Ns2 + Nr2

Nr2
Te = Ns2 + Nr2

Ns2
Tm (4.83)

∗ The permission is from Figure 4.21, and the table before Figure 4.21
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When C1 and C2 engage

ωo = ωm = ωe (4.84)

To = Tm = T (4.85)

4.9 Hybrid Transmission with Both Speed and Torque Coupling
Mechanism

The hybrid configuration proposed by Ehsani et al. in [11] uses one electric motor, three
clutches, and two locks to achieve both speed coupling and torque coupling functions
(Figure 4.22) [11]:

• Mode 0: Vehicle launch and backup (motor-alone mode), and regenerative braking. C1
open, C2 closed, C3 open, L1 closed, and L2 open. Only the motor torque is transmitted
to the final drive. The sun gear of the planetary gear is locked. The torque/speed
relationships are

ωout = Nr

Ns + Nr

ωm (4.86)

Tout = Ns + Nr

Nr

Tm (4.87)

• Mode 1: Engine-alone mode. C1 closed, C2 open, C3 open, L1 open, L2 closed. In
this mode, the motor is off – only the engine is transferring torque to the final drive.
The ring gear is locked. The torque/speed relationships are

ωout = Ns

Ns + Nr

ωe (4.88)

Tout = Ns + Nr

Ns

Te (4.89)

Engine OUTPUT

C1

L2

C2

C3

L1

MG

Figure 4.22 A hybrid transmission proposed in [11]
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• Mode 2: Low-speed mode. C1 closed, C2 open, C3 closed, L1 open, L2 closed. In
this mode, the engine torque and the motor torque are added to provide the maximum
drivetrain torque for acceleration needs. The ring gear is locked and the motor torque
is added to the engine shaft. The torque/speed relationships are

ωout = Ns

Ns + Nr

ωe (4.90)

ωm = N1

N2
ωe (4.91)

Tout = Ns + Nr

Ns

(
Te + N1

N2
Tm

)
(4.92)

• Mode 3: Combined and power split mode (CVT). C1 closed, C2 closed, C3 open,
L1 open, L2 open. In this mode, the motor and the engine output are coupled to
the planetary gear on the sun gear and ring gear, respectively. The output and input
relationships are

ωout = Ns

Ns + Nr

ωe + Nr

Ns + Nr

ωm (4.93)

Tout = Ns + Nr

Ns

Te = Ns + Nr

Nr

Tm (4.94)

The vehicle could be running between Mode 2 and Mode 3 during highway cruising.
Mode transition in this transmission is complicated. In order to reduce mechanical

disturbance, the locks have to be engaged at zero speed and the clutches have to be
engaged when the two sides of the gears have similar speeds.

4.10 Toyota Highlander and Lexus Hybrid, E-Four-Wheel Drive

The Toyota Highlander and Lexus hybrid vehicles feature an electric four-wheel drive,
or e-four, with the front wheels driven by a planetary gear-based hybrid powertrain,
and the rear wheels driven by an electric motor. The generalized schematics are shown
in Figure 4.23.

In the above scheme, the engine is connected to the carrier of the planetary gear set,
the generator is connected to the sun gear, and the ring gear is connected to the final drive
of the front axle. The total powertrain torque available during any driving condition is

Tout = Nr

Ns + Nr

Te + N1

N2
Tm1 + N3

N4
Tm2 (4.95)

The generator torque is

Tg = Ns

Ns + Nr

Te (4.96)
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Figure 4.23 Schematics of electric four-wheel-drive hybrid system

The power relationship, when neglecting losses, is

Pout = Pm1 + Pm2 + Pr (4.97)

Pe = Pr + Pg (4.98)

Pm1 + Pm2 = Pg + PB (4.99)

A simplified version of the e-four is shown in Figure 4.24 with the goal of reducing
the overall system cost (http://reviews.cnet.com/suv/2006-toyota-highlander-hybrid/1707-
10868_7-31352761.html). In comparison to the above configurations, this configuration
has significant cost advantage and is simple to fabricate and manufacture, because it does
not involve any modification to the front axle design. However, this design does not allow
flexibility of engine speed control. Besides, the system is not very efficient during power

Battery Mechanical
Transmission

Wheels

TransmissionEngine
Mechanical

Transmission

Wheels

Motor

Mechanical
Electrical

Figure 4.24 Hybrid powertrain with separate driving axles
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split mode operation, because engine power needs to be transferred through the vehicle
body to the rear axle and then to the electric motor. The total torque of the powertrain is

Tout = keTe + kmTm (4.100)

where k e and k m are the gear ratios of the engine transmission and motor transmission,
respectively.

4.11 CAMRY Hybrid

In the Camry hybrid (Figure 4.25), there are two planetary gear sets. The engine, generator,
and planetary gear set 1 are configured the same way as in the Prius, that is, the engine
is coupled to the carrier, and the generator is coupled to the sun gear. However, the ring
gear is connected to a counter gear which is also connected to the ring gear of the motor
speed reduction planetary gear. The motor is connected to the sun gear of planetary gear
set 2, and the carrier of planetary gear set 2 is grounded. The multifunction gear connects
the counter gear and the final drive.

The ring gear speed can be calculated from the vehicle speed:

ωr = N2

N1

N4

N3
ifdV (4.101)

The engine and generator satisfy

ωe = Nr1

Nr1 + Ns1
ωr + Ns1

Nr1 + Ns1
ωg (4.102)

OUTPUT

Engine

Battery

MG2MG1

Figure 4.25 Toyota Camry hybrid transmission
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The motor and the ring gear satisfy

ωr = −Ns2

Nr2
ωm (4.103)

The torque at the final drive is

Tout =
(

Nr2

Ns2
Tm + Nr1

Nr1 + Ns1
Te

)
N2

N1

N4

N3
ifd (4.104)

4.12 Chevy Volt Powertrain

The Chevy Volt from GM (Figure 4.26) has been described as an extended range electric
vehicle, or EREV. The exact powertrain configuration is not yet public. However, a num-
ber of sources have suggested that the Volt employs two electric motors and a planetary
gear set, along with the engine and three clutches [12, 13]. The Volt is equipped with
a 16 kWh lithium-ion battery pack, a 125 kW induction motor, and a 1.4 l four-cylinder
engine. The initial driving range of 25–50 miles (40–80 km) can be achieved by using
energy from the onboard battery, and additional driving range can be achieved by using
gasoline.

In the Volt’s transmission, MG1 is the main drive motor which is connected to the
sun gear of the planetary system. The ring gear can be grounded through clutch C3, or
connected to MG1 by engaging clutch C2. The carrier is connected to the final drive.
The engine can be connected to MG1 through clutch C1. MG1 can be either connected
to the engine to become a generator through C1, or connected to the ring gear to become
a motor through C2.

The operation of the system can be described as follows:

• Mode 1: Single-motor driving mode. In this mode, MG1 drives the sun gear with the
ring gear locked by C3. The torque of the motor is transmitted through the carrier to
the final drive. The engine and MG2 are idle. All driving power is provided by the

OUTPUT

MG1 MG2
C1

C2

C3

Battery

Engine

Figure 4.26 The Chevy Volt transmission
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battery. This mode is suitable for launch, backup, low-speed driving, and cruising. The
equation is

Tout = Ns

Ns + Nr

TMG1 (4.105)

• Mode 2: Dual-motor driving mode. In this mode, MG2 is connected to the ring gear
through C2, with C3 disengaged. The engine is idle with C1 open. Both motors receive
power from the battery to drive the carrier which delivers torque to the final drive. The
equations are

ωout = Ns

Ns + Nr

ωMG1 + Nr

Ns + Nr

ωMG2 (4.106)

Tout = Ns

Ns + Nr

TMG1 = Nr

Ns + Nr

TMG2 (4.107)

Since the speed of the two motors is added, this can achieve a high cruising speed for
the vehicle. Hence, the authors believe this mode is used for highway cruising with the
battery only.

• Mode 3: Extended driving range. In this mode, C1 is engaged so the engine drives
MG2 which is now a generator. C2 is open and C3 is engaged to lock the ring gear.
Electricity generated by MG2 is delivered to MG1 through power inverters. Only MG1
is driving the final drive. Hence, the output torque expression is the same as in Mode 1:

Tout = Ns

Ns + Nr

TMG1 and TMG2 = kTe (4.108)

where k is the gear ratio between the engine and MG2.
• Mode 4: With the engine turned on and C1 engaged, C3 is engaged as well (but C2 is

open). Now, a portion of the engine torque can be transmitted to the ring gear to drive
the carrier, which delivers the combined engine and MG1 torque to the final drive.
Another portion of the engine torque is still used to drive MG2 to generate electricity.
This mode is suitable for high-speed and heavy accelerations. Thus,

kTe = TMG2 + Tr (4.109)

ωout = Ns

Ns + Nr

ωMG1 + Nr

Ns + Nr

ωMG2 (4.110)

• Regenerative braking mode: The engagement of the clutches is the same as in
Mode 1. The only difference is that the wheels are now driving MG1 to generate
electricity and at the same time generating the required braking torque to slow down
the vehicle.

4.13 Dynamics of Planetary-Based Transmissions

4.13.1 Non-ideal Gears in the Planetary System

In the previous sections, the torque/speed relations were given under the assumption that
the losses of transmission/gears are neglected, and the kinetic motion is also neglected.
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When gear losses are considered, the torque equations of a planetary gear set in steady
state can be expressed as

Tr + ξrωr = Nr

Nr + Ns

(Tc − ξcωc) (4.111)

Ts + ξsωs = Ns

Nr + Ns

(Tc − ξcωc) (4.112)

where ξ c , ξ r , and ξ s stand for the frictional loss of the carrier, ring gear, and sun
gear, respectively.

When the dynamics of the transmission is considered, there will also be transients in the
transmission. For any given rotational system, the rotational dynamics can be written as

Tin = Tout + J
dω

dt
(4.113)

In the following, the dynamics of the Toyota Prius planetary gear-based hybrid trans-
mission is further analyzed. The analysis of other systems should be very similar.

When gear losses are considered, the torque relationships of the Prius transmission are

Tr + ξrωr = Nr

Nr + Ns

(Te − ξcωc) (4.114)

Tg + ξsωs = Ns

Nr + Ns

(Te − ξcωc) (4.115)

To = Tr + Nm1

Nm2
(Tm − ξmωm) (4.116)

where ξ is the friction coefficient of each gear, and subscript m represents motor; r , ring
gear; s , sun gear; c, carrier; g , generator; e, engine. ξm is the motor output gear.

4.13.2 Dynamics of the Transmission

The inertias of the final drive shaft and axle are transferred to the output shaft of the
transmission [2]

Jfd = 1

G2
a

Ja + Jfd_sh (4.117)

where the subscripts are: a, axle; and sh , final drive shaft. Ga is the final drive gear ratio.
The final drive and the ring gear are coupled directly to the motor shaft. Therefore, on
the motor shaft, the total inertia is

Jma = Jm + Jr + Jfd (4.118)

The sun gear is coupled to the generator. Therefore, the total generator shaft inertia is

Jgq = (Js + Jg) (4.119)

The engine shaft inertia is the total of the engine crankshaft and the carrier

Je = Jcrank + Jc (4.120)
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where J crank is the crankshaft inertia. From generator to carrier,

Jgc = (Nr + Ns)Nr

N2
s

(Jg + Js) (4.121)

The generator shaft inertia can be transferred to the motor shaft and engine shaft. The
equivalent inertias of the engine shaft and the motor shaft are

Jeq = Je + (Nr + Ns)
2

N2
s

Jgq (4.122)

Jmq = Jma + N2
r

N2
s

Jgq (4.123)

On the generator shaft,

Tg = Ns

Ns + Nr

(
Te − ξcωc − Jeq ω̇e − Jgcω̇m

)− ξsωs (4.124)

On the output shaft,

To = Tm − ξmωm + Nr

Nr + Ns

(Te − ξcωc)

−
(

Nr

Nr + Ns

Jeq + Jgc

)
ω̇e −

(
Nr

Nr + Ns

Jgc + Jmq

)
ω̇m (4.125)

This torque will drive the final drive shaft at a certain speed. Due to slip of the wheels,
λ = (ωr − V )/V , there exists a traction force Ffd = mgµ(λ), where µ(λ) is the trac-
tion coefficient. This traction force is to overcome the resistive force of the vehicle
during driving:

Ffd = mgµ(λ) = mg sin α + 1

2
CDAF ρV 2 + mg(C0 + C1V

2) + m
dV

dt
(4.126)

4.14 Conclusions

It should be noted that most planetary gear-based HEVs, including the Toyota, Ford, and
GM two-mode hybrids, do not include a separate dedicated starter for the engine. The
engine is started by one of the motors/generators at an appropriate condition. Due to the
fact that the engine usually starts at the time when the drive needs more power, such
as on acceleration, there is usually a “jerk” or “hiccup” because a portion of the motor
torque is diverted to start the engine. The battery has limited power capability.

Another issue that many drivers have experienced is the weakness of the 14 V battery
used to supply power to the vehicle’s auxiliary power, such as for wipers, headlights,
entertainment systems, power steering, hydraulic compressor, and so on.

The authors feel that, if a starter–alternator is added, the “jerk” during acceleration can
be eliminated because the engine may be started by the 14 V onboard battery. Besides,
this starter can also be used to charge the 14 V battery when the engine is on which may
also ease the burden on the 14V battery.
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In the case of the Toyota and Ford hybrid systems, an additional clutch between the
engine and the planetary gear system could smooth acceleration.

Control of these powertrains is complicated. Often an advanced control algorithm is
needed to manage the system. Fuzzy logic, dynamic programming, and wavelet transforms
are popular in the power management of complex hybrid vehicles.
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5
Plug-in Hybrid Electric Vehicles

5.1 Introduction to PHEVs

Plug-in hybrid electric vehicles (PHEVs) have the potential to displace transportation fuel
consumption by using grid electricity to drive the car. PHEVs can be driven initially using
electric energy stored in the onboard battery, and an onboard gasoline engine can extend
the driving range. In the 1990s and early 2000s, pure electric cars were not successful,
one of the major reasons being the limited driving range of the battery-powered cars
available at that time. For example, the GM electric vehicle (EV) had a range of about
100 miles (160 km) and the Ford Ranger electric truck had a range of approximately
60 miles (96 km).

5.1.1 PHEVs and EREVs

PHEVs are sometimes called range-extended electric vehicles (ReEVs) or extended range
electric vehicles (EREVs), in the sense that these vehicles always have onboard gasoline
or diesel that can be used to drive the vehicle for an extended distance when the onboard
battery energy is depleted. Furthermore, these vehicles can provide high fuel economy
during the extended driving range due to the large battery pack that can accept more
regenerative braking energy and provide more flexibility for engine optimization during
the extended driving range.

However, EREVs, such as the GM Chevy Volt, must be equipped with a full-sized
electric motor so that pure electric driving can be realized for all kinds of driving condi-
tions. It is shown that, for some driving conditions, all-electric drive sometimes does not
provide the most benefits, given the limited battery energy available.

For example, the powertrain motor of a PHEV is rated at 125 kW, and the battery pack
has a capacity of 16 kWh. This means that at full powertrain power, the battery needs to
supply a power eight times its nominal capacity, or 8 C. This high power requirement not
only is difficult to achieve, but also results in inevitable heavy losses inside the battery
pack, which makes the drive system very inefficient.

Hybrid Electric Vehicles: Principles and Applications with Practical Perspectives, First Edition.
Chris Mi, M. Abul Masrur and David Wenzhong Gao.
 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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Example 5.1: A 400 V, 16 kWh lithium-ion battery pack has an internal impedance
of approximately 0.5 	. The motor and inverter have a combined efficiency of 90%
and rated output of 125 kW. The rated current is 347 A on the DC side of the inverter.
At this current, the battery will drop 174 V internally. In other words, the battery ter-
minal voltage will be only 226 V at 347 A. This will result in a battery output power
of 78 kW instead of 125 kW, and a loss inside the battery to an amount of 60.8 kW.

5.1.2 Blended PHEVs

Blended PHEVs have become more popular because of the reduced system cost (smaller
electric motor, smaller battery pack, and lower battery power ratings), as well as the
flexibility of optimizing fuel economy for different driving conditions. Compared to an
EREV, a blended PHEV usually uses a parallel or complex configuration in which the
engine and the motor can both drive the wheels directly. Since the engine is available for
propulsion at high power demand, the size of the electric motor and the power requirement
for the battery pack can be much smaller than the one in an EREV. Therefore, the cost
of the vehicle is reduced.

Planetary gear-based hybrid vehicles, such as the Toyota Prius, and the GM two-mode
hybrid, can be considered as parallel configurations since the electric motor (referred to
as MG2 in Chapter 4) is in parallel with the engine output, while the generator (referred
to as MG1 in Chapter 4) is used to realize the continuously variable transmission (CVT)
and to optimize engine operation.

5.1.3 Why PHEV?

A survey [1, 2] showed that 78% of the US population drives an average of 40 miles
(64 km) or less in their daily commuting. Figure 5.1 shows the distribution of daily miles
driven versus percentage of population. Based on this survey, a PHEV with an electric
range of 40 miles (or PHEV40) will satisfy the daily driving needs of 78% of the US
population while driving on electricity in their daily commuting. Furthermore, people
owning a 40 mile electric range PHEV but driving less than 40 miles daily will not need
to refuel gasoline if they charge their car at night on a daily basis.

PHEVs can produce significant environmental and economic benefits for society. The
advantages of PHEVs can be evaluated by how much fuel is displaced, as well as by how
much pollution, including greenhouse gas (GHG) emissions, can be reduced. The main
purpose for developing PHEVs can be summarized as follows:

1. Displacement of fossil fuel consumption in the transportation sector: Since PHEV
owners will not need to refuel gasoline or need less gasoline, a significant amount of
fossil fuel can be saved. This will have a long-term impact on the economy, environ-
ment, and political arena.

2. Reduction of emissions: Due to the reduced use of gasoline, a significant amount
of emissions can be reduced due to the large deployment of PHEVs. Centralized
generation of electricity is much more efficient and has much less emissions than
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Data from the U.S. Bureau of Transportation show that 78% of commuters travel 40 miles or less
each day-the expected battery-only range of PHEVs with routine overnight charging. For longer
distances, the vehicles could run indefinitely in hybrid (gasoline/electric) mode.

Figure 5.1 Daily commuting distance versus population [1]. (Courtesy EPRI.)

gasoline-powered cars. Mitigation of emissions from urban (by cars) to remote areas
(in power plants) where electricity is generated can also mitigate the heavy pollution
in population-dense metropolitan areas. As more and more electricity in the future will
come from renewable energy sources (which will be used by PHEVs), the emissions
can be further reduced.

3. Energy cost savings: PHEVs use electricity for the initial driving range. Since elec-
tricity is cheaper than gasoline on an equivalent energy content basis, the cost per mile
driven on electricity is cheaper than on gasoline. At the present time, gasoline costs
about $3 per gallon in the United States, while electricity costs $0.12 per kWh. For a
medium-size car, a gallon of gasoline can drive the car for about 30 miles, while a
kilowatt hour of electricity can drive it 5 miles. This means that it will cost approxi-
mately $0.72 (or 6 kWh of electricity) to drive 30 miles while it costs $3 of gasoline
to drive 30 miles. In other words, a driver can save $2.28 for 30 miles driven. How-
ever, PHEVs are generally more expensive than conventional cars due to an increased
number of components, such as batteries and motors. The initial cost of the PHEV will
take the owner some time to recover from fuel savings. At current fuel prices, it will
take a number of years for the owner to recover the initial investment. As petroleum
prices increase in the long run, the cost savings could be more advantageous. Also, as
the production of PHEVs ramps up, their cost is expected to drop. Government incen-
tives (tax rebates etc.) also help subsidize the initial cost of PHEVs. A differentiated
electricity pricing structure could potentially help PHEVs. This potential structure will
charge the consumer a lower rate if the PHEV is charged during off-peak times. Of
course, the consumer still has the option to charge at any time.

4. Maintenance cost savings: PHEVs can generally save maintenance costs. Due to the
extensive use of regenerative braking, braking system maintenance and repair is less
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frequent, such as brake pad replacement, brake fluid change, and so on. Since the
engine is not operating, or operating for much less time, there will be longer intervals
for oil changes and other engine maintenance services.

5. Backup power: A PHEV can be used as a backup power source when a bidirectional
charger is provided. A typical PHEV battery pack can provide a home or office with
3–10 kW of power for a few hours, and the onboard engine generator/motor can further
extend the backup duration by using gasoline to generate electricity.

6. End-of-life use of the battery: Batteries that can no longer provide the desired per-
formance in a PHEV can potentially be used for grid energy storage, which provides
voltage regulation, system stability, and frequency regulation for a power grid. In par-
ticular, frequency regulation and stability become more and more important as more
and more renewable energy generation is put on the power grid. These “retired” bat-
teries, which may still have 30–50% of their original energy capacity, can provide this
type of service.

5.1.4 Electricity for PHEV Use

Since PHEVs need to be charged from the power grid, the utility industry must be ready
for the large deployment of PHEVs. Fortunately, the deployment of PHEVs will take place
over a period of time, which will give the utility industry sufficient time to get ready.

PHEVs will be mostly charged at night. The electric power grid has capacity available
at late evenings and nights when most of the PHEVs are charged. An Electric Power
Research Institute (EPRI) study showed that with 1 million PHEVs plugged into the US
grid, there is no need to build a single power plant in the United States [1]. With 10 million
PHEVs on the road, the United States will only have to build three additional power plants
(http://www.ornl.gov/info/ornlreview/v40_2_07/2007_plug-in_paper.pdf) [1–4].

On the other hand, electricity can be generated from a variety of sources, including
nuclear and renewables such as hydroelectric, wind, photovoltaic, and ocean waves. Even
coal-fired power plants will have advantages because there are more coal reserves than
petroleum. By using renewable energy for PHEVs, it will significantly reduce the con-
sumption of petroleum-based fossil fuel. Finally, centralized generation will reduce the
total emissions and move the source of emissions to urban areas.

Figure 5.2 shows the current electricity generation portfolio in the United States [5].
Coal-fired power plants constitute the primary electricity generation in the world. How-
ever, it was estimated that the world has coal reserves for about 400 years at the current
rate of consumption while petroleum will last only 40 years. It can also be seen that there
is potential for renewable energy to grow.

5.2 PHEV Architectures

Figure 5.3 shows the architecture of a series PHEV. In the series configuration, the gaso-
line engine output is connected to a generator. The electricity generated by the generator
can be used to charge the battery or supply power to the powertrain motor. The electric
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Figure 5.2 The US electricity generation portfolio [5]
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Figure 5.3 Series architecture of a PHEV

motor is the only component driving the wheels. The motor can be an induction motor,
a switched reluctance motor, or a permanent magnet motor. The motor can be mounted
on the vehicle in the same way as in a conventional vehicle, without the need for trans-
mission. In-wheel hub motors can also be chosen. In the series configuration, the motor
is designed to provide the torque needed for the vehicle to drive in all conditions. The
engine/generator can be designed to provide the average power demand.

Parallel and complex hybrids can be designed as PHEVs as well. In parallel and complex
configurations, the engine and the motor can both drive the wheels. Therefore, the motor
size can be smaller than those in series configurations. In comparison to regular hybrid
electric vehicles (HEVs), a parallel or complex PHEV will have a larger-sized battery
pack that provides longer duration for extended electric drive. The engine is turned on
whenever the vehicle’s power demand is high.
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5.3 Equivalent Electric Range of Blended PHEVs

For an EREV, the electric range can be easily calculated. For a blended PHEV, there may
be no pure electric driving range available for some driving cycles. To find the equivalent
electric range, it is useful to compare the fuel economy of a blended mode PHEV during
charge-depletion (CD) mode to that of a comparable HEV.

Example 5.2: Assume there are two vehicles, one regular HEV and one PHEV,
both using the same powertrain architecture and components. However, the PHEV
has a larger battery pack of 11 kWh while the HEV has a 2 kWh battery pack.
Neglect the weight difference of the two vehicles. The HEV has a fuel economy
of 40 MPG. The PHEV has a fuel economy of 60 MPG during CD mode driving.
The total CD mode range is 60 miles for the PHEV. It achieves 40 MPG during
charge-sustaining (CS) mode driving.

This means that for 1 gallon of gasoline, the difference in distance between the
two vehicles is 20 miles. Therefore, the equivalent electric range of this PHEV is
20 miles. However, it must be pointed out that the 20 mile electric range is realized
within a total 60 miles, not the first 20 miles, like the EREV.

Example 5.3 (Similar to Example 5.2): The HEV has a fuel economy of 40 MPG
and the PHEV has a fuel economy of 120 MPG during CD mode driving and
40 MPG during CS mode driving. The total CD mode range of the PHEV is 45 miles.

For the first 45 miles, at 120 MPG, the PHEV consumes 0.375 gallons of gasoline.
For this amount of gasoline, the HEV will run 15 miles. The difference between the
two vehicles is 30 miles, which can be considered as the equivalent electric range
of the PHEV.

5.4 Fuel Economy of PHEVs

The fuel economy of conventional vehicles is evaluated by fuel consumption (liters) per
100 km, or miles per gallon. In the United States, the Environmental Protection Agency
sets the methods for fuel economy certification. There are usually two numbers, one for
city driving and one for highway driving. There is an additional fuel economy number
that evaluates the combined fuel economy by combining the 55% city and 45% highway
MPG numbers [6–8]:

FEMPG_Combined = 1
0.55

FEcity
+ 0.45

FEhighway

(5.1)

For pure EVs, the fuel economy is best described by electricity consumption for a
certain range, for example, watt hour/mile or kWh/100 km. For example, a typical
passenger car consumes 120–250 Wh/mile. In order to compare the fuel efficiency
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of EVs with conventional gasoline or diesel vehicles, the energy content of gasoline
is used to convert the numbers. Since 1 gallon of gasoline contains 33.7 kWh energy
(http://www.eere.doe.gov), the equivalent fuel economy of an EV can be expressed as

FEgas_equivalent = 1

Wh/mile
× 33 700 (5.2)

Therefore, a passenger car that consumes 240 Wh/mile will have an equivalent gasoline
mileage of 140 MPG from the energy point of view.

5.4.1 Well-to-Wheel Efficiency

The above fuel efficiencies are also called tank-to-wheel efficiencies. This does not reflect
the losses during the refining and distribution. It is sometimes easier to compare the overall
fuel efficiencies of conventional vehicles and EVs. For gasoline, this efficiency is 83%,
which reflects a lumped efficiency from the refining and distribution of gasoline. For
electricity generation, this efficiency is 30.3%, which reflects a lumped efficiency that
includes electricity generation of 32.8% (assume electricity is generated from gasoline)
and distribution of electricity at 92.4%. Charge efficiency of the battery also needs to be
reflected [9]. Thus,

FEEV_well_wheel = 1

Wh/mile
× 33 700 × ηelectricity (5.3)

FEICEV_well_wheel = FEmpg × ηgasoline (5.4)

where ηelectricity = 30.3 and ηgasoline = 83%, and subscript ICEV stands for Internal Com-
bustion engine Vehicle.

Example 5.4: A car of 30 MPG will have a well-to-wheel fuel efficiency of
24 MPG, and an EV that consumes 240 Wh/mile will have a well-to-wheel
efficiency of 42.5 MPG.

5.4.2 PHEV Fuel Economy

For PHEVs, it is usually confusing as to which number should be used. Here, we discuss
two different scenarios: all-electric capable PHEVs and blended PHEVs.

For all-electric capable PHEVs, it is useful to indicate the electric range, in miles or
kilometers, and associated energy consumption during that range, in kilowatt hours/mile,
and potentially gas equivalent MPG. Another set of numbers is needed to show the MPG
during CS mode driving. A suggested label is shown in Figure 5.4.

For blended PHEVs, since there is no pure electric driving range, it is useful to label
the fuel economy in CD and CS mode separately as shown in Figure 5.5. It may be
preferred to include the electric energy consumption during CD mode as well.
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All electric range: 40 miles
 240 Wh/mile

140 MPG Gas Equivalent

Fuel economy in CS mode
30 MPG City

33 MPG Highway
32 MPG Combined 

Figure 5.4 Fuel economy labeling for all-electric-capable PHEV

Fuel economy in CD mode
80 MPG City/75 MPG

Highway Plus
 Electric energy consumption

120 Wh/mile 
CD mode range: 60 miles

Fuel economy in CS mode
30 MPG City

33 MPG Highway
32 MPG Combined

CS mode range: 360 miles

Figure 5.5 Fuel economy labeling for blended PHEV

5.4.3 Utility Factor

Another approach for fuel economy clarification is to use a utility factor. A utility factor
is defined as the ratio of CD range of a PHEV to the total distances driven in daily
commuting by all the US population. For example, a CD range of 20 miles will result in
a utility factor of 40% (Figure 5.6). Using the utility factor, the combined fuel economy
can be expressed as [6]

FEGas_equivalent = 1
UF

FECD
+ 1 − UF

FECS

(5.5)

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0 10 20 30 40 50 60 70 80 90 100

All Electric Range (mi)

%
 V

M
T

 o
n 

E
le

ct
ri

ci
ty

 (
U

til
ity

 F
ac

to
r)

Figure 5.6 Definition of utility factor of PHEV (VMT, Vehicle Miles Traveled.)
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where UF is the utility factor, and FE CD and FE CS are the fuel economy during CD and
CS operation of a PHEV, respectively.

Example 5.5: In CD mode, a blended PHEV consumes 10 kWh of electric energy
from the onboard battery and 1.5 l of gasoline in its first 64 km. Beyond 64 km, the
car enters CS mode, which consumes 6.25 l of gasoline per 100 km. The car has a
total range of 724 km. Calculate the fuel economy of the car.

• Scenario 1: In CD mode, since the car consumes 1.5 l of gasoline in its first
64 km, its fuel consumption is

FCCD,Gas = 1.5/64 × 100

= 2.34 l/100 km or 100 MPG, plus 156 Wh/km electricity

• Scenario 2: If the total energy consumption (gasoline and electricity) during CD
mode is converted to gasoline equivalent, then the total energy consumption is

FCCD,Total = 2.34 l

100 km
+ 15 600 Wh

100 km
· 1

33 700 × 1.609
= 2.63 l/100 km or 89 MPG

• Scenario 3: Beyond 64 km, its fuel consumption is

FCCS = 6.251/100 km or 37.7 MPG

• Scenario 4: The UF of this car is 0.62. The combined fuel economy by using
the UF will be

FEGas_equivalent = 1
UF

FECD
+ 1 − UF

FECS

= 1
0.62

100
+ 1 − 0.62

37.7

= 61 MPG

• Scenario 5: In this case, it is assumed that the car has a full tank of gasoline
and a fully charged battery. It is then driven the full range of 724 km. If we
consider the UF as the ratio of CD range versus total range, then the UF of this
car is 64 km/724 km = 0.088. The overall fuel economy for the total range can
be expressed as follows:

FEoverall = 452 miles
40 miles

FECD
+ 412 miles

FECS

= 40 MPG, plus 10 kWh electricity

5.5 Power Management of PHEVs

A PHEV involves the operating conditions of both CD mode and CS mode. Typically,
when the battery is fully charged, the vehicle is operated in CD mode, and when the
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battery state of charge (SOC) reaches a low threshold, it switches to CS mode. In CD
mode, the vehicle will maximize the use of battery energy. In CS mode the vehicle will
use gasoline to power the vehicle while maintaining the battery SOC at the same level.

During CD mode operation, the goal of vehicle power management is to minimize
the total energy consumption by distributing power between the battery and the gaso-
line engine/generator for a given driving scenario. In other words, the goal of power
management in a PHEV is to minimize the fuel consumption for a given drive scenario.

For a series PHEV (or EREV), if the drive distance is less than the nominal electric
drive range, then it is possible to operate the vehicle in all-electric mode, hence no fuel
is consumed. If the drive distance is longer than the electric range, then there are three
possible approaches for operating the vehicle:

1. Operate the vehicle in electric mode until the battery is depleted to a preset threshold,
then run in CS mode.

2. Operate the vehicle in a blended mode with the engine turning on at high power
demands, and deplete the battery to the preset threshold at the end of the total
driving cycle.

3. Operate the vehicle in a blended mode with the engine turning on at high power
demands but with an optimal battery discharge policy, so the battery will be depleted
to the preset threshold before the end of the total driving cycle.

In these approaches, since the total drive distance is the same, the one that consumes
the least fuel will be the best choice. The fact that the battery will exhibit a large power
loss at high power output in comparison to its output power, it may be advantageous to
operate the vehicle in blended mode. The optimization problem can be expressed as

min {fuel consumption}
Subject to a given distance and drive cycle

For a blended PHEV, since there is no pure electric range available, the goal of the
power management is to minimize fuel consumption for a given drive cycle and given
total battery energy available. This is strongly related to the characteristics of the power
sources (battery and engine).

Figure 5.7 shows an idealized blended PHEV model for studying power management.
In this model, the mechanical coupling and transmission losses are considered as part
of the calculated vehicle power. The total vehicle power requested is satisfied by adding
engine output and motor output

Po = Pm + Peng (5.6)
and

Pb = Pm + pb + pm (5.7)

where lower case p represents losses and upper case P represents total power or out-
put power.

The vehicle power demand can be calculated using the driving cycle profile. Figure 5.8
shows the distribution of vehicle power demand. Figure 5.9 is the normalized power
demand of the vehicle, where f (Po) represents the total time that the vehicle spends at a
certain power demand Po.
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Figure 5.7 Idealized blended PHEV model for power management study
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The total battery energy consumed during the drive cycle is

Eb =
∫ Pmax

Pmin

Pbf (Po) dPo (5.8)

The total fuel consumed is

Fe =
∫ Pmax

Pmin

f (Peng)f (Po) dPo (5.9)

where f (Peng) is the fuel consumption of the engine for a given power output of Peng.
The optimization problem is to minimize the total fuel consumption Fe for a given

battery energy Eb = constant.

5.6 PHEV Design and Component Sizing

The main components of a PHEV are the powertrain motor and the battery pack. Using
the vehicle resistive force and acceleration requirement, the driving motor can be sized.
The total vehicle force is

FTR = mg sin α + mgC0 + mgC1V
2 + 1

2
ρCDAF V 2 + m

dV

dt
(5.10)

where m is the vehicle mass, α is the road slope in radians, g is Earth’s gravity, which
is 9.8 m/s2, C 0 and C 1 are rolling coefficients, ρ is air density, C D is the aerodynamic
coefficient, AF is frontal area in meters squared, and V is vehicle speed. The total vehicle
resistance is plotted in Figure 5.10.
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Figure 5.10 Traction force of a medium-sized passenger car
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At any given vehicle speed, the power at the wheels is

P = FTRV =
(

mg sin α + mgC0 + mgC1V
2 + 1

2
ρCDAF V 2 + m

dV

dt

)
V (5.11)

5.7 Component Sizing of EREVs

Assume the driveline efficiency is ηd . For a PHEV to be capable of electric driving, the
powertrain motor needs to be sized such that the motor can provide sufficient torque for
all driving conditions, that is,

Pm = P/ηd (5.12)

The total acceleration time and gradability of the vehicle are other design criteria for
traction motor sizing. In general, the traction motor of an EREV is very similar to the
design of a series HEV. For example, the typical power rating of a passenger car is about
125 kW, and the typical traction motor for a middle-sized sports utility vehicle (SUV) is
about 150 kW.

The engine/generator set of an EREV is designed to provide average power during the
extended driving range. In addition to the driveline need, auxiliary power needs should
also be considered.

For the traction battery, there are two very important parameters: energy capacity and
power capacity. Since the EREV is designed to operate under all kinds of conditions
without turning on the engine during CD mode, the battery power rating needs to match
the traction motor rating. For example, if the traction motor is rated at 125 kW output
with a system efficiency of 95% (inverter + motor), then the battery needs to have a
power capacity of 131.6 kW.

Another parameter of the battery pack is the energy capacity. This can be calculated
based on the total electric range to be designed. For example, if a vehicle is designed to
have an electric range of 64 km, and the vehicle consumes an average of 150 W per km
in city driving, then the battery needs to be able to provide 9.6 kWh usable energy. If we
allow the battery SOC only to go down to 30%, and consider the average efficiency of
the battery to be 96%, then the nominal energy capacity of the battery will be 14.3 kWh.

Further, if we choose a battery pack that is composed of individual battery cells of
3.2 V, 40 Ah, then we will need 112 cells. Connecting all the cells in series will result in
a nominal voltage of 358.4 V.

5.8 Component Sizing of Blended PHEVs

The design of the powertrain motor and engine of a blended PHEV is similar to the
design of a parallel HEV. The only requirement is that the traction motor should be sized
such that the vehicle can be driven in electric mode for the majority of city driving. For
highway driving, the engine will provide power for the driving. In Figure 5.8, a motor
rated at 50 kW will cover 95% of the city driving power demand.

The battery sizing is similar to the battery sizing of an ERVE, that is, the equivalent
electric distance required for the PHEV. Since the focus is on city driving, the battery is
sized to satisfy city driving cycles.
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For example, if a blended PHEV is equipped with a powertrain motor of 50 kW with
an efficiency of 95%, then the battery needs to be capable of providing 52.6 kW of power.
If the desired city driving distance in electric mode is 40 km, and the power consumption
is 160 W per km, then the battery needs to have a usable capacity of 6.4 kWh. Again, if
we assume that battery SOC can only go down to 30%, and has an average efficiency of
95%, then the battery nominal capacity will be 9.6 kWh. If we choose battery cells rated
at 3.75 V, 32 Ah each, then the total battery cells needed is 80. Connecting all cells in
series will result in a nominal voltage of 300 V.

5.9 HEV to PHEV Conversions

At the time of writing, automotive companies are still in the process of developing PHEVs.
Since there has been no mass-produced PHEV available for the past few years, regular
HEVs have been converted to PHEVs by interested parties. Many independent conversions
have been performed by various groups (such as Cal-Cars) and companies (such as A123
Hymotion, EEtrex, etc.) (http://www.eaa-phev.org/).

There are two potential ways to perform the conversion. One way is to replace the
original battery pack (usually a nickel metal hydride (NiMH) battery) with a larger
battery (usually lithium-ion batteries). Another way is to add an extra battery pack to
the vehicle system.

Typical HEVs today are equipped with a NiMH battery pack ranging from 1.2 to
2.2 kWh. A converted PHEV will usually have a battery pack in the range of 7–16 kWh.
This new or extra battery capacity will either make it possible to drive the vehicle in
all-electric mode or significantly increase the fuel consumption of the car in the initial
drive range.

5.9.1 Replacing the Existing Battery Pack

In this approach, the original battery pack is removed and a new battery pack is installed. In
customized conversions of HEVs to PHEVs, the vehicle control is usually kept intact.
In order to utilize the battery energy, usually the battery information is manipulated, or
spoofed. One way of doing this is to replace the original battery ECU (Electronic Control
Unit) with a new battery ECU that duplicates all the battery information. However, the
real battery information is spoofed to a value such that the vehicle controller thinks there
is sufficient energy and power from the battery so that it uses more battery energy to
drive the car.

Another approach for spoofing the battery data is to use a gateway, as shown in
Figure 5.11. The real battery information is sent to a gateway, which then sends manip-
ulated battery data to the vehicle controller. The gateway can be part of the new battery
ECU, or a standalone ECU.

Most HEVs use high-voltage (HV) NiMH batteries (HV battery). The power and energy
available from the battery are typically determined by the battery SOC and battery tem-
perature. The battery ECU constantly monitors the HV battery conditions, including
temperature, voltage, and amperage, and calculates the SOC. When the vehicle is in
motion, the HV battery goes through repetitive charge and discharge cycles (discharged
during acceleration and charged during regenerative braking). The battery could also be
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Battery ECU
(Real battery data)
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 ECU

Vehicle
HV ECU

Manipulated
battery data

Real battery
data

Other data or signals

Figure 5.11 Gateway approach in the conversion of HEV to PHEV

charged by the motor/generator using engine power as necessary. The ECU calculates the
SOC and sends charge/discharge requests to the vehicle ECU to maintain the SOC at a
median level. In the Prius, for example, the target SOC is 60% within a ±20% band.
When the SOC drops below the controlled region (40%), the battery ECU sends a request
to the vehicle ECU, which then sends a request to the engine ECU to increase engine
power to charge the battery. If the SOC increases to above the controlled region (80%),
then the battery ECU sends a request to the vehicle ECU, which then sends a request to
the motor so that the battery power is discharged by using the motor to drive the vehicle
(either alone, or in combination with the engine).

Figure 5.12 shows a typical plot of battery power vs. the SOC of a HEV. The power
available from the battery is closely related to the battery SOC. Only when the SOC is
in a narrow range (55–80%) does the vehicle allow higher power from the battery. This
approach is designed for battery life.

When a new and larger battery pack is added, the main goal is to use the battery
energy as much as possible. The typical range is for the SOC to drop from 100% (fully
charged) to 30% for a lithium-ion battery pack. Operating the battery below 30% will
have a negative impact on battery health and life.

With no modification of the vehicle ECU, the SOC of the battery pack must be manip-
ulated such that the vehicle will use more power from the battery. The mapping of the
battery SCO for the limits shown in Figure 5.13 is as the follows. When the real battery
SOC is above 30%, the real SOC is mapped to a range (60–75%) where the vehicle
ECU will maximize the use of battery energy. When the real SOC drops below 30%, the
calculation of the SOC is based on the original battery capacity:
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Figure 5.12 Typical battery power vs. SOC allowed by a HEV
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Real battery SOC: [30%, 100%]         Manipulated SOC: [60%  .  75%]

Real battery SOC < 30%         Manipulated SOC: ∆ SOC + 60%

Figure 5.13 Actual and manipulated battery SOC information for powertrain control purposes in
a converted PHEV

If SOC real > 0.3, then

SOCreal = (Ah)new − ∫ idt

(Ah)new
(5.13)

SOCmanipulated = 60% + 0.21(SOCreal − 0.3) (5.14)
If SOC real < 0.3, then

SOCmanipulated = 
SOC + 0.6 =
∫

idt

(Ah)old
+ 0.6 (5.15)

where (Ah)old is the capacity of the original pack, and (Ah)new is the capacity of the
new pack.

5.9.2 Adding an Extra Battery Pack

A123 Systems’ Hymotion approach (http://www.a123systems.com/hymotion/) is to add
an extra battery back to the vehicle as shown in Figure 5.14. The energy of the extra
battery pack is slowly released to the original battery pack to be used by the vehicle.
Other than controlling the new battery pack, there is no change to the original electrical
and control systems.

There may be a need for a DC–DC converter between the new lithium-ion battery
pack (Li) and the original NiMH battery pack. The DC–DC converter will take energy
from the lithium-ion battery and charge the NMH battery. In this way, the NiMH battery
voltage is kept high. Since the battery ECU will reset the SOC of the NiMH battery pack
based on the battery voltage, the energy that is charged to the NiMH battery is being used
due to the detected high SOC.

Feedback

New
Battery Pack

Original
Battery Pack
And Original
Battery ECU

To Vehicle

New ECU

DC-DC Converter

Figure 5.14 Adding an extra battery pack to the HEV
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5.9.3 Converting Conventional Vehicles to PHEVs

Some vehicles, such as pickup trucks, have abundant space available. Hybrid Electric
Vehicles Technology Inc. and Raser Inc. have each converted a conventional gasoline-
powered pickup truck to a PHEV (http://hevt.com/flyers/HEVT%20Ford%20F150%20
Pickup%20Truck%20Plug-in%20Hybrid%20Electric%20Conversion.pdf, http://www.rase
rtech.com/). In the former approach, the company kept the existing front axle as gasoline
engine driven, but modified the rear axle by adding an induction motor and an extra
battery pack. The vehicle controller needs to be modified to take advantage of the battery
energy.

5.10 Other Topics on PHEVs

5.10.1 End-of-Life Battery for Electric Power Grid Support

In general, battery energy capacity tends to fade over time and over discharge cycles.
Typical battery energy capacity as a function of time is shown in Figure 5.15.

With 70% SOC depletion, a lithium-ion battery can typically last 3000–4000 charge
cycles. This is approximately 10 years for a PHEV. At that time, the battery capacity may
be only 50% of its initial capacity. While this is not satisfactory for the car owner due
to the reduced electric driving range, the battery itself may be used for other purposes,
such as for electric grid support. Since there is less space/weight constraints for power
grid applications, these batteries can be used for grid energy storage for peak shaving,
frequency regulation, and stability control. When more and more renewable energy is
connected to the electric power grid, stability of the grid becomes extremely important
due to the intermittent nature of renewable energy generation.

5.10.2 Cold Start Emissions Reduction in PHEVs

Emissions during cold weather start of a vehicle have long been an issue. It has been shown
(http://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.abstractDetail/abstract/
1450/report/0) that the emissions from a vehicle during a cold weather start are
significantly more than those during normal weather starting. In particular, the emissions
during the first two minutes can be as much as 80% of the total emissions during a
standard driving cycle (1400 seconds). This is due to the fact that vehicle emissions
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Figure 5.15 Typical battery capacity versus cycle life
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are usually treated by a catalytic converter. A typical converter needs to heat up to
function properly.

For conventional vehicles, a number of methods have been proposed to mitigate cold
weather start emissions, such as catalytic heaters, novel materials, and so on.

It is possible to reduce cold start emissions in PHEVs by using the large onboard battery
pack. The idea is to operate the vehicle in electric-only mode in the first few minutes
and, at the same time, use electricity from the battery to warm up the catalytic converter
to a certain temperature. Once the converter is normal and functional, the engine may be
started as needed. However, almost all batteries do not work well under extremely cold
weather conditions. Not only do the useful energy decrease and the internal impedance
increase (efficiency drop), but also there is a negative impact on battery life if the discharge
power is large. A reasonable compromise needs to be made in this regard.

5.10.3 Cold Weather/Hot Weather Performance Enhancement in PHEVs

The typical operating temperature range of a lithium-ion battery is from 0 to 50 ◦C. In
extreme cold or hot weather conditions, the battery will exhibit large internal impedance
and reduced power levels. In order to extend the driving distance and the battery life of
a PHEV during cold weather conditions, additional measures may be necessary.

One method is to thermally insulate the battery pack so that no or very little heat
exchange takes place between the battery cells and the ambient air, except at the cooling
outlet. This thermal insulation will allow the battery to hold a steady temperature for an
extended period of time during extreme cold or hot weather conditions. Another approach
is to heat up the battery during cold weather by using an internal heater that consumes
battery energy to warm up the battery pack. An additional method includes keeping the
battery in trickle charge mode when plugged in to the power grid.

5.10.4 PHEV Maintenance

One issue of PHEVs is that if the driver always drives less than the electric range and is
always charging the battery, the engine may never start. This could cause the fuel to go
stale and some mechanical parts including ones in the engine to seize. Therefore, vehicles
such as the Chevrolet Volt have been designed with an additional mode, namely, the
maintenance mode [10]. This mode is activated either by the driver or automatically to
operate the engine and the generator routinely to maintain the health of those components.

5.10.5 Safety of PHEVs

HEVs and PHEVs deal with high voltages and a large amount of energy in the battery
pack. A PHEV is safe under normal drive conditions but safety can be an issue during
charging (rain or wet plug), repair and service of the vehicle, as well as in a accident.
Just like any HV system, the electrical system in a HEV or PHEV can be unsafe when
mishandled. HV systems may cause electrical hazards if not handled properly, including
electric shock, arcing, and blast [11].
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The car’s HV system is isolated from the ground and also isolated from the vehicle
chassis. Therefore, electrical hazards can only arise when a person holds both the positive
and the negative terminals of the HV system while repairing or servicing the car.

However, PHEVs must be plugged into an electrical outlet to charge the onboard
battery. Advanced charging techniques, such as inductive and wireless charging, could
potentially reduce the risk of electric shock during charging of the vehicle but will also
reduce charge efficiency and increase system cost.

Charging the vehicle during rainy days with a contact charger can potentially cause
leakage of current to the person handling the plug. Old and worn plugs and cables can
cause current leakage. Therefore, extra caution needs to be taken when charging the
vehicle. The leakage current can cause electric shocks, leading to muscle contraction,
fibrillation, and tissue damage. A 10 mA current is enough to cause muscles to contract.
A person may not be able to release the grip of his or her hand if it is exposed to sufficient
electric current. If sufficient current goes through the chest, the person’s chest muscle may
paralyze and halt breathing.

More severe damage, such as fibrillation, can happen if the body’s normal heartbeat is
disrupted. The HV system, in particular the charger voltage from the electrical outlet, is
enough to interrupt the brain current and cause the heart to stop beating. However, the
current must follow a path through the body (hand to ground, hand to hand) in order for
fibrillation to occur. Tissues can be damaged from prolonged exposure to electric shock
due to heat concentration in the tissues.

The high-power, high-voltage connectors may become short-circuited during an acci-
dent and cause sparks or overheat, which could lead to a fire or explosion. After-market
PHEVs typically have the battery installed at the back of the vehicle. This may be an
issue during a rear collision. The added battery pack also shifts the weight center of the
vehicle, which may cause stability problems during braking. Mass-produced PHEVs will
have been designed taking battery weight into consideration, and the batteries are likely
not to be installed in the crash zone. Safety disconnection devices such as a service plug
and fast fuse will provide additional safety measures.

Extra care should be taken when working on a PHEV during maintenance and repair.
For example, insulation gloves are necessary in order to avoid electric shock when han-
dling the HV system. Terminals of cables need to be insulated if they are disconnected
from their original place. Tools and instruments should have insulated handles when
dealing with the battery and other HV components in the PHEV. In fact, the handling
and safety measures in the EV, HEV, and PHEV are the same as those used in home
electrical repairs.

5.11 Vehicle-to-Grid Technology

Vehicle-to-grid, or V2G, is a concept referring to the capability of bidirectional
power and energy exchange between the power grid and the vehicle battery
(http://www.ornl.gov/info/ornlreview/v40_2_07/2007_plug-in_paper.pdf) [3, 4]. With the
bidirectional charger, the vehicle can be used a power backup for the home or office. It is
also possible to use the PHEV battery to control the stability and regulate the frequency
and voltage of the power grid, such as in a distributed power grid and with renewable
energy generation.
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PHEVs need to be charged from the electric power grid. During charging, the charger
will generate inrush current, harmonics, and could cause the grid to malfunction if not
coordinated properly.

In a broad sense, and in the foreseeable future, hundreds of thousands of PHEVs will
be connected to the power grid as electric drive transportation prevails as our ultimate
solution to becoming independent of fossil fuels. It is imperative to study the grid-to-
vehicle (G2V) impact on power system operation and to consider various factors such as
battery size, charging, PHEV distribution, and efficiency [12].

In order to optimize G2V it is important to educate consumers in the context of a
“smart grid.” They should be made aware of the fact that battery charging at night would
improve utility generation efficiency, because at night-time the electricity is supplied by
the base load generation units. Studies show that even with 50% penetration of PHEVs
into the power system, no additional generating capacity or no new power plants are
required [12]. Although there are concerns with PHEVs straining the grid, PHEVs, if
properly managed, actually could help prevent brownouts, reduce the cost of electricity,
and accommodate the integration of more renewable energy resources.

5.11.1 PHEV Battery Charging

There are three levels of charging for the PHEV depending on the voltage: single-phase
AC 120 V, single-phase AC 240 V, and three-phase AC 480 V. The different voltage levels
will affect the charging time, ranging from hours to tens of minutes. In general, there are
four types of charging algorithms for PHEV: constant voltage, constant current, constant
voltage and constant current, and pulse charging. These different charging algorithms
require corresponding controller designs for power electronics circuits. In this section,
the pulse charging technique is studied in detail through simulation. Here PHEVs are
connected to an example distribution system. The case of 10 PHEVs has been considered
for simulations in which the PHEVs are connected to an IEEE 13-bus distribution system.
Figure 5.16 shows this distribution system together with PHEVs. The system is relatively
small and highly loaded. For this study, the PHEVs are connected between nodes 692
and 675 of the distribution system.

The PHEVs connected to the distribution system via a single-phase transformer are
charged by the pulse charging technique. Initially the battery is assumed to have a 90%
SOC. The battery is charged by the DC–DC converter with pulse current until it reaches
a 95% SOC.

The AC–DC converter connected to the distribution system draws unity power factor,
which shows that the PHEV is utility friendly. Figure 5.17 shows the unity power factor
for input current and voltage at the secondary side of the single-phase transformer. The
input voltage has a 240 V rms value. The reference current is generated by a phase-locked
loop (PLL) block. The secondary side voltage of the transformer is the input to the PLL.
This in turn generates a sine wave to form the reference input current for the unity power
factor controller.

5.11.2 Impact of G2V

The IEEE 13-bus distribution system [13, 14] with 10 PHEVs has been simulated to study
the impact of connecting many PHEVs to the power system/grid. The case to be discussed

www.FreeEngineeringbooksPdf.com



Plug-in Hybrid Electric Vehicles 127

co
nn

1

co
nn

1

co
nn

2

co
nn

1

co
nn

2

co
nn

1

co
nn

2

co
nn

1

co
nn

2

co
nn

2

PH
E

V
6

PH
E

V
5

PH
E

V
4

PH
E

V
3

67
5

69
2

68
4

61
1

55
2

57
1

68
0

A
B
C

A B C

A

B

C

A

B

C

A

B

C

A

B

C

A

B

C

A

B

C

A

B

C

A

B

C

A B C

a b c

A

B

C

A

B

C

a

b

c

A B C

A B C

A B C

A B C

A B C

A B C

A B C

A B C

A B C

A B C

A B C

PH
E

V
2

PH
E

V
1

PH
E

V
7

PH
E

V
8 PH

E
V

9

PH
E

V
10

co
nn

1

co
nn

2

co
nn

1

co
nn

2

co
nn

1

co
nn

2

co
nn

1
co

nn
2

co
nn

3

co
nn

1

co
nn

2

A B C

a b c

55
0

63
2

64
6

64
5

63
3

63
4

F
ig

ur
e

5.
16

IE
E

E
13

-b
us

di
st

ri
bu

tio
n

sy
st

em
w

ith
10

PH
E

V
s

co
nn

ec
te

d
to

ph
as

e
A

at
no

de
69

2

www.FreeEngineeringbooksPdf.com



128 Hybrid Electric Vehicles

300 100

50

0

–50

In
pu

t c
ur

re
nt

 (
A

)

In
pu

t v
ol

ta
ge

 (
V

)

–100

200

100

0

–100

–200

–300
2 2.05 2.1 2.15 2.2

Figure 5.17 Unity power factor for input current and voltage during charging
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Figure 5.18 One-line diagram of IEEE 13-bus distribution system

here is that of connecting 10 PHEVs to the grid at node 692 of the distribution system
via a step-down transformer rated at 4.16 kV/240 V. The substation transformer rating is
5000 kVA with a primary side rated voltage at 115 kV and secondary side rated voltage at
4.16 kV. The types of loads connected to the distribution system are unbalanced spot load
and distributed load. Figure 5.18 shows a one-line diagram of the distribution system.

The distribution system has initially no PHEVs connected to it. After 0.3 seconds,
10 PHEVs are connected for charging the onboard batteries. The study is carried out with
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Figure 5.19 Phase A voltage with PHEV connected at t = 0.3 seconds

the simulation results to see the impact of PHEV charging on the grid voltage, current,
and active power. Figure 5.19 shows the voltage of phase A at node 692. From the figure
it can be clearly seen that phase A is heavily loaded when all the PHEVs are connected
for charging; as a result the voltage in the line is reduced. The voltage drop is found to be
39%, which is not within permissible limits. When the voltage drops below a permissible
value it has to be restored back to its original value. A capacitor bank can be used in
cases where the voltage drop is below 20%. However, in this case the voltage drop is
39%, which is a very high value; local area generation will need to restore the voltage. At
the generating end, automatic generation control (AGC) with a power system stabilizer
(PSS) is usually used for maintaining voltage stability. Figure 5.20 shows the voltage
waveform for sequential charging of PHEVs, where each PHEV is connected after 0.1
seconds. The voltage profile is greatly improved with the sequential charging method.
In Figure 5.21 it can clearly be seen that after 0.3 seconds the value of the voltage is
restored. Also, the total harmonic distortion (THD) of the grid side voltage was calculated
after connecting the PHEVs. It was found to be 1.7%, which is well below the permissible
value. Figure 5.22 shows a graph of the THD. Figure 5.23 shows the current of phase A at
node 692. From the figure it can clearly be seen that the current increases after connecting
a large number of PHEVs at t = 0.3 seconds. Figure 5.24 shows the current waveform for
the sequential charging of PHEVs. The current waveform of phase A shown in Figure 5.25
clearly depicts that the current is also restored because of the PSS. Figure 5.26 shows
the average real power of phase A at node 692 with and without the PHEVs. It can be
seen from the figure that the active power consumption increases when a large number
of PHEVs are connected for charging at the same time.

5.11.3 The Concept of V2G

The concept of V2G is that the energy stored within PHEV batteries can be utilized to
send power back to the grid. The V2G technology supposes that if battery vehicles (BVs)
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Figure 5.21 Phase A voltage restored at t = 0.3 seconds
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150

100

50

–50

–100

–150

–200
0.2 0.25 0.3 0.35 0.4

Time (s)

0.45 0.5 0.55 0.6 0.65

0

Ph
as

e 
A

 C
ur

re
nt

 (
A

)

Figure 5.23 Phase A current and PHEVs connected at t = 0.3 seconds
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Figure 5.26 Phase A real power and PHEVs connected at t = 0.3 seconds

or PHEVs become widespread then they could supply peak load power with fast response
when the vehicles are parked and are connected to charging stations [15, 16]. On average
a car is driven for an hour per day and for rest of the day it is parked. Practically speaking,
the amount of power drawn from the car can be around 10–20 kW. The V2G connection
can provide a fast interface between the power system and the battery storage system of
the PHEV. The system can produce both active and reactive power for the distribution
system through proper control of the power electronics circuits, even though the batteries
only store active power.

For EVs and PHEVs, the energy that can be used for V2G is limited by the onboard
battery size. The unique aspect of power flow in PHEVs is that it is bidirectional, meaning
that the vehicle can take power from the grid (during charging) and provide power (during
discharge) to the grid. Apart from the concept of V2G, there is the concept of vehicle-
to-home. The advantage of V2G is that it is parallel, which means within a grid any
car can be used to power any home by feeding its power back to the grid. On the other
hand, vehicle-to-home is limited in the sense that a single vehicle can supply only a
single home.

PHEVs can be treated as distributed energy resources via V2G and can provide volt-
age and frequency regulation, spinning reserves, and electrical demand side management
[12, 16]. The V2G functions can be classified into two categories: local services and
broad area services. Local services include supplying backup power for local houses or
businesses, peak shaving, and voltage stabilization or power quality improvement. Broad
area services include ancillary services for the grid. Ancillary services are power services
by which the grid operators maintain reliable operation of the grid.
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5.11.4 Advantages of V2G

There are a number of advantages of introducing V2G into the power system. Some of
the advantages are stated below (available at: http://www.udel.edu/V2G/docs/V2G-PUF-
LetendKemp2002.pdf):

• Improving security: V2G inverters can respond quickly to control the effects of any
disturbance as compared to the turbo-generator governor. This will help the power
system to be more robust and reduce the vulnerability.

• Improving reliability: The advantage of locating the V2G system anywhere in the
distribution system makes the backup supply available at a close distance even though
it may not be installed at the consumer’s location. This will have a major impact on
consumer reliability as most interruptions are due to disturbances in the distribution
networks.

• Impact on generation: By connecting a large number of PHEVs or V2G systems
during daytime the peak power can be curtailed during the daily peak load period. Also,
during the light-load period PHEVs can be connected to charge the battery system, thus
allowing the base load generators to operate efficiently without the need to carry large
amounts of spinning reserve.

• Environmental advantage: Using PHEVs can reduce environmental pollution. They
can promote the reduction of greenhouse gas emissions by indirectly using clean elec-
tricity as transportation fuel.

5.11.5 Case Studies of V2G

The distribution system [14], as discussed previously, has been considered for carrying
out V2G simulations. The aim here is to study power system behavior due to V2G
technology. Two scenarios, namely, PHEV for peak shaving and PHEV for reactive power
compensation, are discussed and simulated by using the IEEE distribution model system.
The PHEV is connected to phase A of the line between nodes 692 and 675 of the
distribution system via a step-down transformer rated at 4.16 kV/240 V:

• Case 1: V2G for peak shaving: If the battery has enough charge, for example, with
a 95% SOC and if the PHEV is not in use, depending on the grid load condition the
PHEV can send some power back to the grid. In this section the simulation results for
V2G connection are presented. The control strategy for sending the power back to the
grid is shown in Figure 5.27. From the figure it can be seen that the reference power
is divided by the battery voltage, which forms the reference current for the battery.
This in turn is compared to the actual battery discharging current and an error signal is
generated. The error is then processed through a PI (Proportional Integrator) controller
that forms the duty cycle, which is then compared to the carrier wave for generating
the pulses for switching the IGBT (Insulated Gate Bipolar Transistor) of the converter.
Figure 5.28 shows the active power being sent back to the grid. When the car is plugged
in to the wall outlet, with the help of metering and the communication system the grid
operator and consumer could interact and supply the available power to the grid. Such
a case is depicted here where initially the power being supplied by the PHEV is 10 kW;
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Figure 5.28 Real (active) power supplied by the battery

after time t = 5 seconds the power supplied is reduced to 5 kW. Figure 5.29 shows the
input current and voltage are out of phase, meaning unity power factor when the power
is delivered to the grid by the battery. This shows the utility-friendly nature of the
charger. Also from the figure it can be seen that at time t = 5 seconds, when the power
reduces from 10 to 5 kW the current at the grid side reduces correspondingly.

• Case 2: Reactive power compensation: A PHEV has the potential to act as a reactive
power compensator for the power system. Capacitors are generally used for reactive
power compensation in distribution networks. In Figures 5.30 and 5.31 the PHEV is
shown as a reactive power compensator. Initially the PHEV is disconnected, and an
inductive load is connected to the grid. From Figure 5.30 it can be seen that at the
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Figure 5.29 Input voltage and input current 180◦ out of phase during discharging

secondary side of the single-phase transformer at node 692, the current is lagging the
voltage. After 0.5 seconds the PHEV charger is connected to the grid, and it can be
seen in Figure 5.31 that the lagging current becomes in phase with the voltage. This
demonstrates the reactive power compensation capability of the PHEV charger.

In this section, we briefly discussed the concept of G2V and V2G. Simulations were
carried as an example to study the impact of connecting the PHEVs to the grid. From
the results it can be seen that system voltage and current are greatly affected, hence local
area generation with a PSS can be used to bring the system back to the normal state. V2G
can partly spare the utility company from investing in creating spare capacity to meet
electricity demand during peak hours. Some simulations are presented for cases where
the PHEV is used for peak shaving and reactive power compensation. The bidirectional
nature of the PHEV charger can prove to be beneficial during peak hours/periods. Also,
the concept of reactive power compensation illustrates the fact that the PHEV can be
used as an alternative to capacitors in distribution networks. On the other hand, a plug-
in vehicle can also be designed to provide power for standby applications, through its
V2G capability.

5.12 Conclusion

A PHEV equipped with a 10 kWh battery pack will require 8–10 hours of charging time
at a regular 110 V/15 A outlet. Fast charging is only possible when higher power outlets
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are available, such as 110 V/50 A or 220 V/30 A, from which a 10 kWh battery back can
be charged in less than two hours.

Finally, recycling of PHEV batteries has to be planned during the PHEV development
phase, and be ready at the time of PHEV deployment. Continued or inappropriate use of
batteries beyond their designed lifespan can lead to the release of toxic gasses, injury,
or fire. Inappropriate disposal of batteries can contribute to the contamination of soil,
water, and air. The lithium and other metals in lithium-ion batteries can be extracted for
other uses when the lithium ion batteries are recycled.
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6
Special Hybrid Vehicles

6.1 Hydraulic Hybrid Vehicles

Although this book is primarily dedicated to issues related to hybrid electric vehicles, it
should be appreciated that non-electric hybrid vehicles also are viable and can sometimes
be more beneficial than an electric hybrid vehicle. Basically there are a few reasons for
going hybrid in the first place, as follows:

• A normal internal combustion (IC) engine vehicle uses the engine over a wide speed
range and hence the efficiency over this range is not the highest achievable efficiency
in a particular engine.

• The maximum efficiency of IC engine propulsion is very low, on the order of 30%.
• The electric energy storage system, for example, battery and electric propulsion motor,

both have high efficiency on the order of 80–90%.

Had it not been for the large size and cost, attributed to low energy storage per unit
weight or volume capability of the battery, the pure electric vehicle probably would have
replaced current vehicular technology. The next option, therefore, is the hybrid electric
vehicle, where the IC engine can be used to optimally charge the battery and propulsion
can be shared with the electrical method.

So, naturally, the question arises: is there anything else, other than IC engine propulsion,
available? The answer is that the hydraulic system is one such option. In a hydraulic
system the energy is stored in the form of a compressed fluid in a cylinder or by similar
means. To pressurize the fluid, one needs power and energy, which come from the IC
engine to activate a hydraulic pump. While extracting the energy one can use a hydraulic
motor. In other words, the hydraulic pump is analogous to an electric generator, the
hydraulic motor to an electric motor, the pressurized fluid in the cylinder to a battery.
Thus we see that the hydraulic system has a one-to-one equivalence to an electrical system.
Although typically people assume the theoretical efficiency of the hydraulic pump, motor,
and storage to be very high, around 90%, in reality they will be nearer to 70%, which is

Hybrid Electric Vehicles: Principles and Applications with Practical Perspectives, First Edition.
Chris Mi, M. Abul Masrur and David Wenzhong Gao.
 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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Figure 6.2 System-level diagram of HHV. (From [1],  [2008] IEEE.)

still much higher than an IC engine. Hence all the items noted above to justify the use
of a hydraulic system in a hybrid vehicle hold true.

To illustrate the hydraulic hybrid system, consider the diagrams in Figures 6.1 and 6.2
[1] where a comparison of electric hybrid and hydraulic hybrid systems can be seen side
by side through direct analogy. In these figures the shaded areas show the subsystems
specific to the regular IC engine and the electric propulsion (Figure 6.1) and those specific
to the hydraulic propulsion (Figure 6.2).

In the hydraulic hybrid vehicle (HHV) architecture shown in Figure 6.2, the alternator
has been replaced by a hydraulic pump, the electric motor has been replaced by a hydraulic
motor, the battery has been replaced by a hydraulic accumulator, the HEV controller has
been replaced by a HHV controller, and the power electronics system has been replaced
by the hydraulic valve system.

Figure 6.3 shows a full series hydraulic hybrid truck configuration [2]. The figure is
consistent with the system-level diagram shown above. The accumulator includes a high-
pressure (HP) accumulator containing some benign gas like nitrogen. The pressure in this
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Figure 6.3 Physical architecture of HHV. (From [3]. Courtesy US EPA.)

cylinder can be as high as 3000–5000 psi (21–35 MPa), whereas the low-pressure (LP)
cylinder pressure can be very low, on the order of a few hundred psi. The IC engine
drives a pump, which takes the fluid from the LP cylinder side, pumps it to a very high
pressure, and then delivers it to the HP cylinder side and the mechanical energy can be
ultimately stored in the form of HP gas. To drive the vehicle’s wheels, the HP fluid from
the HP cylinder side passes through a hydraulic motor drive assembly. The hydraulic
motor takes in the HP fluid, converts it to mechanical power at the wheels, and when the
fluid has passed through the hydraulic motor, its pressure drops and it is transferred to
the LP cylinder.

Thus, the hydraulic circuit is completed. Note that the amount of energy storage in the
hydraulic accumulator system is rather low in terms of kilowatt hours per kilogram. For
example, the energy storage density in a hydraulic accumulator can be about 1.9 Wh/kg
[2], whereas a battery can have an energy density of 30–120 Wh/kg. However, the power
density of a hydraulic system can be 2500 W/kg, whereas the electrical system power
density can be about 650 W/kg. It is therefore apparent that the hydraulic hybrid system
is very suitable for a high-power and relatively low-energy system, particularly where
short bursts of high-power acceleration and deceleration are involved.

As we see from the previous discussion, in a hybrid hydraulic system, one can run the
IC engine in the optimum efficiency zone of its operating curve and deliver the energy
through the hydraulic system to the wheels. A few scenarios can take place here. If the
energy needed by the vehicle propulsion matches the energy from the IC engine, the
power generated will be used effectively in propulsion. Any excess energy will have to
go to the accumulator for storage. The energy which is stored in the accumulator is rather
low, hence this option cannot continue for long. If the HP accumulator cannot store any
additional energy, then it will be necessary to change the engine operating point so as to
match the propulsion need. However, even under this latter condition, it may be possible
to stop the engine for a short while and use the energy from the hydraulic accumulator to
propel the vehicle. The engine can be started again when the energy in the accumulator
runs low. Thus it can be a type of stop and go situation.
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One great benefit of having a hydraulic system for propulsion is due to the fact that it
can eliminate the need for a massive conventional transmission system. Also, hydraulic
fluid can be more easily moved from one point to another without the need for an elaborate
transmission gearbox, other mechanical linkages, and so on. This concept can be used
in a regular non-hybrid vehicle as well, where the conventional transmission system is
replaced by the hydraulic system. But to be able to drive an IC engine at its most optimum
point does need some sort of energy storage, which, in the case of a hydraulic hybrid, is
an accumulator containing some gas. Without energy storage, it is not possible to realize
the optimum operating point of the engine, simply because the average propulsion need
in that case has to match the average power produced by the engine.

6.1.1 Regenerative Braking in HHVs

HHVs offer the benefit of regeneration when a vehicle is slowing down, and the ability
to use the captured energy to accelerate again thereafter. As noted earlier, the specific
energy of the hydraulic system or watt hours per kilogram is relatively low compared to
a battery. However, it can still be good enough for braking applications, since, during
braking, in general the power is high but the energy involved is typically low. Hence
hydraulic storage can be quite adequate for the purpose. The regeneration process is
shown in Figure 6.4 [3].

In this diagram it can be seen that the efficiencies of the hydraulic pump and motor
are both a little over 90%. The efficiency of the accumulator (HP and LP together) is
about 98%. Hence the efficiency of the whole regeneration process is about 82%. In
another situation for a hybrid truck, the regenerative efficiency was shown to be 61%,
which is still quite good.

One advantage of the hybrid hydraulic system is that the technology is very mature
and has been around for many years. Components used in a hydraulic system, like the
ones indicated in Figure 6.4, have a very high efficiency. Figures 6.5 and 6.6 show some
of the typical hydraulic components used in a HHV [4].
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Figure 6.4 Regenerative braking efficiency distribution in HHV (From [3]. Courtesy US EPA.)
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Figure 6.5 Bent-axis hydraulic motor. (From [4]. Courtesy Bosch-Rexroth.)

Figure 6.5 is a bent-axis hydraulic motor from Bosch-Rexroth. The nominal gas pressure
at the entrance can be over 5000 psi, the maximum speed can be 4500 rpm, and the torque
at 5100 psi can be 371 lb-ft (503 N m). This information is for a particular motor. The
length of the unit excluding the geared shaft is about 5.15 in (13.1 cm). Hydraulic pumps
also have similar appearance and characteristics.

Some accumulators are merely a cylinder with some valves to let the gas in or out
with appropriate safety mechanisms. Other kinds of accumulators can be like the bladder
type, in which a flexible bladder is submerged in a fluid or gas, and is pressurized to
expand. It is the expansion of the bladder that pressurizes the gas in the accumulator.
There are several working mechanisms for accumulators. In the hydro-pneumatic scheme
a liquid pushes a piston, which then pushes a gas stored in the cylinder and compresses
it, whereby energy is stored. The piston separates the liquid from the gas. Another type
of accumulator is the diaphragm type.

V
V

Outer cylinder

D
DiaphragmB

Bladder

Figure 6.6 Bladder and diaphragm accumulators
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Diagrams of some accumulators are shown in Figure 6.6, namely, diaphragm and blad-
der accumulators. The diagram on the right in Figure 6.6 shows a diaphragm accumulator.
Here a diaphragm D is pushed by some fluid from the bottom, which then changes the
volume V of the gas in the upper part of D, that is, between the diaphragm and the
cylinder itself. The diagram on the left shows a bladder accumulator where the bladder
B contains the gas (with volume V) which can be compressed. When the fluid enters the
cylinder from the bottom, the bladder can expand or contract, thus energy can be stored
in the gas when compressed and taken out from the gas when expanded. The energy is
transferred through the fluid itself.

6.2 Off-road HEVs

Before discussing off-road HEVs, it is necessary to say a little about off-road vehicles in
general. An off-road vehicle is any ground vehicle which does not, in general, use normal
roads for its operation. Examples of such vehicles include predominantly construction
vehicles and equipment, mining vehicles, agricultural vehicles like tractors, and so on.
Some military vehicles also fall into this category. Off-road vehicles to be discussed in
this section have quite different drive cycles and speed–torque demands, compared to a
regular automobile.

Construction and mining vehicles, in particular, operate either under stationary condi-
tions or at relatively low speeds. Very often they also operate over rough terrain. Thus
an extremely rugged system is needed for a successful vehicle. The issue of emissions
is not a matter of primary concern, due to the very nature of these vehicles. The prime
requirement of these vehicles is very high power and torque. But in recent times, both
fuel economy and pollution control have been focused to lead to a greener environment
and, of course, economic operation. Hence the possibilities of using hybrid technology
are being considered.

A qualitative discussion on the torque–speed requirement for the above vehicles and
how to achieve it can be made at this point. Getting very high torque from a regular IC
engine can lead to a very large transmission system or gearbox, and so on. To alleviate such
difficulties, in the past hydraulic systems have been used. Hydraulic systems operate by
continuously running an IC engine, which is a relatively low-torque, high-speed system.
This IC engine is used to drive a hydraulic pump which can drive a hydraulic motor.
Through the use of an incompressible fluid one can achieve very HP which can be
transmitted to the drive end. However, it has been found that the hydraulic system,
even though its technology is very mature, can cause certain problems. Examples of
such problems are a complex plumbing system with pipes which, under rough terrain
conditions, can cause fluid to leak. This can lead to degraded performance and eventually
failure will take place. One disadvantage of hydraulic systems is that certain parasitic
losses are unavoidable. Also, the IC engine does not operate at its optimum efficiency
point all the time due to the nature of the torque–speed demand of the load.

Hence, lately various heavy off-road vehicle manufacturers, like those in the mining and
construction equipment industries, have been concentrating on transforming their system
to an electric hybrid type of propulsion. The word “hybrid” here may have a slightly
different connotation than the regular HEV as in the automotive sector.

In very heavy vehicular applications like mining and construction, we noted earlier
that a pure IC engine vehicle can lead to a very large transmission system capable of
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providing the torque and power demands. This situation can be mitigated by using the
IC engine to drive a generator or alternator, which in general will generate a variable
speed (hence variable frequency) and variable (amplitude) voltage system. This variable
frequency, variable amplitude voltage is then converted to a DC voltage of variable and
ultimately constant value using a rectifier/regulator. The constant DC voltage is then
translated into a three-phase AC system whose amplitude, frequency, and phase can be
controlled electronically through the use of an appropriate power electronics converter.
To be more precise, instantaneous variable voltage as a function of time can be generated
by using power electronics. This three-phase voltage can then drive an electric motor to
handle the vehicular load. Note that in the above system just described, one can avoid
the use of a battery. Although the battery is a vital storage element in a regular HEV,
in very large off-road vehicles the battery can require a very large and expensive system
and hence it may be preferable to do without it. In other words, the system above is very
similar or identical to a diesel–electric locomotive system.

Various architectures of off-road vehicles are possible, two of which are shown in
Figures 6.7 and 6.8. The previous paragraph described the architecture of the system in
Figure 6.7.

Note that the propulsion motor in this application can be any motor, but for very heavy
mining applications, induction motors are found to be more robust and suitable in the
rough environment, rather than a permanent magnet motor. The motor is then used to
drive the wheels of the vehicle. Generally, off-road vehicles greater than 150 t in weight
have two axles and two motors are used to drive these.

Although in the above architecture there is no battery, in principle a battery could be
used for energy storage, but its size will be very large for such applications. In some

Alternator
Rectifier /

filter Inverter Motor Wheel

IC Engine

Figure 6.7 System-level architecture of a battery-less hybrid off-road vehicular system
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Figure 6.8 System-level architecture of a hybrid off-road vehicular system with ultracapacitor for
storage
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applications an ultracapacitor bank can also be used. The ultracapacitor normally has a
high specific power, that is, it can provide very high bursts of power input to a device,
but the duration will be very short and hence the energy involved will be small. During
the slowing down of a vehicle or some of its movable parts, the mechanical energy can
be transformed into electrical energy and stored in the ultracapacitor. The stored energy
can be used to accelerate the vehicle if so needed at a later time. In this way regeneration
can be utilized to save energy, thus leading to better system efficiency and fuel economy.
An architecture for such a system with an ultracapacitor is shown Figure 6.8.

In the above architecture, if we want to drive the vehicle’s wheels, the energy can
come from the ultracapacitor or from the IC engine, which drives the alternator and
then the rectifier creates direct current. The DC voltage from either the rectifier or the
ultracapacitor can be translated to a proper AC voltage to drive the electric motor. The
system will have the necessary switches, which can choose between the ultracapacitor
and the alternator/rectifier. When the vehicle slows down, the controller commands the
ultracapacitor, inverter, and alternator/rectifier to coordinate properly, so that energy flows
from the motor side (with the motor operating as a generator) into the ultracapacitor,
through the inverter.

It is interesting to look at some typical sizes involved in the off-road vehicles indicated
above. For example:

• A Caterpillar Engine Model Cat 3524B EUI has gross power 2648 kW (3550 hp)
and gross machine operating weight 623 690 kg (1 375 000 lb) (http://catsays.blogspot.
com/2005/01/caterpillar-797b-mining-truck.html).

• A particular Komatsu model has gross horsepower 2611 kW (3500 hp) and weighs
505 755 kg (1 115 000 lb).

• A particular Liebherr model has gross horsepower 2722 kW (3650 hp) at 1800 rpm and
weighs 592 tonnes (652.5 t).

The vehicles indicated above are huge in size, as is obvious from the specifications
above and the pictures shown in Figure 6.9.

In the vehicles shown in Figure 6.9, Caterpillar uses a conventional powertrain, whereas
Komatsu and Liebherr use hybrid (HEV) powertrains. Caterpillar is also now moving
toward a HEV platform.

From the Komatsu information sheet, the system has the following specifications:

Alternating current
Alternator GTA-39
Dual impeller in-line blower 453 m3/min (16 000 cfm)
Control AC torque control system
Motorized wheels∗ GDY106 AC induction traction motors
Ratio∗ 32.62 : 1
Speed (maximum) 64.5 km/h (40 mph)

∗The authors most sincerely thank the Komatsu technical team who provided
additional information on these items.
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(c)

(a) (b)

Figure 6.9 Typical mining vehicles: (a) Caterpillar; (b) Komatsu; and (c) Liebherr. (Courtesy: (a)
Caterpillar; (b) Komatsu; (c) Wikimedia.)

Although exact details of the systems are normally proprietary information, some
commonality can be noticed between them and a reasonable idea about the sizes of the
components can be obtained, based on the above information. For example, the traction
motors in both the Komatsu and Liebherr models are induction motors. The alternators in
the Komatsu vehicle (made by GE) have brushes, although brushless generators are also
viable. The gear ratio reduction from motor to wheel is on the order of 28–42. The gross
engine horsepower of the vehicles is about 2.6–2.7 MW. The inverter used to drive the
motor generally uses an insulated bipolar gate transistor (IGBT) for switches. Assuming
alternator and inverter efficiencies on the order of 0.95 each, the motor power input is
about 2.6 × 0.95 × 0.95 = 2.35 MW. For the Komatsu 930E-4SE, the retarding power is
4 MW short term and 3 MW continuous. So it is reasonable to assume that an induction
motor on the order of half of that can be used, assuming two motors for the system,
with one at each axle. Hence each of these induction motors can be considered to be
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Figure 6.10 System-level architecture of hybrid excavator construction equipment with ultraca-
pacitor for storage

about 1.5 MW. The vehicle at maximum speed amounts to a wheel revolution of about
84 rpm (assuming a tire diameter of about 4 m). With a gear ratio of about 32.62, the
motor speed should be about 2700 rpm. Nominally, this leads to about 3000 rpm, which,
at 50 Hz, leads to a four-pole induction motor. Such a motor is normally a common
standard for such applications.

Another application of HEV in off-road vehicles involves a construction excavator.
Here the use of the HEV concept is not in the vehicle propulsion, rather in the excavator
arm movement. The excavator arms need very brief bursts of high power followed by
low-power return and then slowdown of its speed to stop the arm. Such an application
is very well catered for by using an IC engine driving a generator to produce electricity
to drive the excavator arm motor, which is an electric drive. A possible architecture is
shown in Figure 6.10.

This architecture is basically the same as the HEV architecture shown previously for the
hauler propulsion. The only difference in this case is that the size is much smaller. It has
been claimed that the Komatsu hybrid excavator leads to a fuel economy of around 25%
and that some specific users have achieved fuel economies as high as 41%. A picture of the
Komatsu PC 200-8 hybrid excavator is shown in Figure 6.11. These pictures are from the
Komatsu web site (www.komatsu.com/CompanyInfo/press/2008051315113604588.html).

Some manufacturers prefer to use a battery instead of an ultracapacitor for the purpose
of storage. An example is the New Holland excavator which uses a 36 hp diesel engine,
20 kW generator, and 288 V lithium battery. The choice of storage is highly dependent
on exact usage and the duty cycle. If the vehicle is just a high-power excavator, then an
ultracapacitor seems to be a suitable candidate. However, if in addition to the excavator
application, there is any other auxiliary equipment needing energy which may not be
immediately available from an ultracapacitor, a battery may be used. The duty cycle in
terms of torque need, duration of the torque, auxiliary equipment used, cost, size, and
similar factors all lead to the decision process in terms of what will be best: ultracapacitor
or battery? Hence on this matter there is no unique answer.

Regarding the rating of the motor for the mining truck, the nominal DC link voltage
rating of these motors can be around 2600 V, leading to about 1600 V line-to-line rms
input to the three-phase motor. For a 1.2 MW motor this corresponds to about 541 A
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Figure 6.11 Komatsu hybrid excavator system. (Courtesy: Komatsu.)

AC rms, assuming a power factor of about 0.8. In this case the DC link current will
be 1.2 MW/2600 = 461 A DC per motor. All these assume no additional loss in the
system; the numbers merely give an idea of the voltage and current values. Some sys-
tems use 3.3 kV IGBT technology [5] to drive these motors, which is consistent with
the above ratings indicated for the motor. For the excavator example above, the num-
bers are much lower. As in the paragraph immediately above, at 288 V DC, the DC link
current will be about 70 A, the three-phase line-to-line rms for the motor will be about
0.612 × 288 = 176 V, and the motor current will be about 82 A for the excavator.

6.3 Diesel HEVs

Fundamentally the diesel HEV is nothing but a regular HEV, except that the IC engine
is a diesel engine instead of a gasoline engine. It is well known that a diesel engine is
more efficient than a gasoline engine, hence by combining a diesel engine with an electric
drive, one can basically claim the best of both worlds. So, the question might arise: why
should one not use a diesel hybrid and what are the motivations by not doing so? The
following discussion will help throw some light on this issue.

The compression ratio of a diesel engine can be much higher than that of a gasoline
engine, for example, it can be around 15–20 compared to 9–12 for the gasoline engine.
The higher compression ratio means the engine has to be heavier in construction to sustain
the pressure. At low speeds diesel engines are better in terms of fuel economy due to the
absence of throttle vales, thus avoiding parasitic losses. Other benefits of diesel engines
include lower greenhouse gas emissions like CO2. Low-speed characteristics of diesel
engines are better compared to gasoline engine, in terms of starting torque generation.
The absence of an ignition system, and hence fewer components, leads to higher overall
system reliability.

A diesel engine, being more efficient than its gasoline counterpart, obviously leads
to smaller-sized engines, particularly at lower speeds. Hence for the same performance,
and particularly during acceleration, it is more beneficial to use a diesel hybrid, within
the same packaging size. This is especially beneficial in a parallel hybrid configuration,
where both the diesel and electric propulsion will come into play to achieve performance

www.FreeEngineeringbooksPdf.com



150 Hybrid Electric Vehicles

in terms of power and acceleration. This performance issue is of no consequence in a
series hybrid, since propulsion is done only by the electric motor.

In transit buses, diesel hybrid technology leads to better benefits, due to the nature of
the stop and go drive cycle and the need for acceleration at low speeds, which are very
specifically offered by diesel hybrids. Hence they are ideal candidates for applications in
buses and delivery trucks to name but a few. They are also suitable for very heavy-duty
vehicles like mining vehicles, locomotives, and so on, in a series hybrid configuration
which can help eliminate the need for a very heavy transmission (gearbox etc.) system.
In these applications (mining, locomotives) the engine is used to run a generator, which
can be run at an optimal speed. The electricity can then be coupled to a motor through
some power electronics-based inverter.

If a comparison of diesel versus gasoline hybrid electrics is done on an equal basis,
they can be briefly summarized as follows:

• A diesel engine operates more efficiently overall than a gasoline engine for a
given size.

• A diesel engine has fewer components, hence can be considered to need less mainte-
nance, compared to a gasoline engine.

• The higher the power need, the more important the size and cost become, therefore the
diesel will have a better edge compared to the gasoline engine.

It therefore appears that there is a breakeven point in power requirement, above which
diesels will prove more economical, in terms of both cost and fuel economy and overall
life cycle maintenance, compared to their gaosline counterparts.

From this short overview of diesel engines, it can be concluded that the merits of diesel
engines and electric propulsion, taken together, can lead to the best of both worlds, and
to the most fuel-efficient vehicles, subject to the specific application needs noted above.

6.4 Electric or Hybrid Ships, Aircraft, Locomotives

The success of HEVs in automotive applications has led certain other vehicular areas to
consider the technology as well. These include ships and aircraft, which are non-ground
vehicles. Diesel–electric locomotives have already been using the technology in a slightly
different form and we will discuss these as well.

6.4.1 Ships

Obviously, the need in a ship involves very large sizes of everything. It can be basically
considered as an industrial power system, with both utility types of systems and a propul-
sion system. The overall power need in a ship could be anywhere from 1 MW to very
close to 100 MW. The focus of this book, however, will be on propulsion and not on the
overall electric power system in a ship.

Historically ships evolved in various stages, from steam- or diesel-based propulsion, to
diesel–electric propulsion. Initially, the motors used in ship propulsion were DC motors.
With the advent of power electronics, DC motors can be replaced with robust induction
motors with very good control based on power electronics. The motors could also be
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field-excited synchronous motors. The benefits of using these motors are in terms of
both reliability and efficiency. In addition, recently the technology of pod propulsion has
become popular [6]. In this scheme, the propulsion motor is located separately in a pod,
which is physically secured at a distance from the main body of the ship. The power
electronics system is located within the main body of the ship and electrical wiring is run
to the pod, which houses the motor. The size of the pod can be very large, something
like 10 or 12 ft (3.1 or 3.7 m) in diameter. The propulsion motor shaft is connected to the
propellers. Also, the pod is capable of being turned through a full 360 ◦ if needed. This
eliminates the need to have a rudder in the ship. Let us now look at the architecture of
the ship propulsion system [7] shown in Figure 6.12.

This figure (Figure 6.12) more or less gives a complete overview of the possibilities in
terms of generation, distribution, and propulsion in a ship. The choice of the particular
architecture is dependent on the size and can affect the cost significantly. All the compo-
nents mentioned above may not be suitable under all circumstances. If the ship generation
system uses a diesel or gas turbine, then the overall ship system could be considered to be
a hybrid system, whereas, if there is no mechanical power system, for example, if a fuel
cell is the only source of power, then the ship will be a completely electric ship. Even if
the power is generated by nuclear energy, ultimately, to get electricity, it will need some
kind of electric generator, which in turn will need to be turned by non-electrical means,
and in this case the ship may be considered in the hybrid vehicle category. Whether it
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Figure 6.12 A generic electrical system architecture of a ship’s electrical system. Paths shown
by arrowhead lines entering a particular block merely imply multiple possibilities and do not
necessarily indicate concurrent paths
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will be hybrid in the sense of “propulsion” will depend on the exact propulsion means
used, and what kind of devices are directly contributing toward propulsion.

So, a simpler subset of the above system can consist of a gas turbine as the prime
mover, which drives a field-excited synchronous generator (or it could be a permanent
magnet-based generator too). The advantage of a field-excited generator is the ability
to control the voltage by controlling the magnetic field, and this can be done using
semiconductors of relatively lower current rating. If a permanent magnet generator is used,
the voltage control has to be at full power level at the stator terminal with much higher-
rated semiconductors. The advantages of permanent magnet generators are of course
higher efficiency and simplicity, with no need to use slip rings for the field. On the
propulsion side, one can use synchronous or induction motors. Synchronous motors have
to be doubly fed, whereas induction motors are just fed at the stators. The architecture of
a possible system is shown in Figure 6.13.

The propulsion motor voltage can be rated at several hundred to several thousand volts,
depending on the size and needs.

With the above architecture in mind, it will now be instructive to look at the pod
propulsion we referred to previously. As its name suggests, pod propulsion is merely
involved with the physical location of the propulsion motor. In other words, it is the
items on the right of Figure 6.13, that is, the propulsion motor and the propeller, which
belong to the pod directly. These two items are housed inside the pod. The pod itself
is outside the ship’s main body structure (below the stern), but of course secured to it
through mechanical structures. The electric wiring runs from the main ship to the pod. So,
the items shown inside the dot–dashed lines in Figure 6.13 are in the pod. Figure 6.14
shows what the pod looks like.

The figure is reasonably self-explanatory and describes the various components. The
slip ring unit, obviously, has to be connected to the power system, which is located inside
the main body of the ship. The picture of the man gives an idea of the size of the pod
and its components.

Diesel engine
or gas turbine

Generator
Power
conditioning

Loads Loads Loads

Ship internal or auxiliary load
at various voltage and
frequency levels

Propulsion
motor

Propeller

Figure 6.13 System architecture of a hybrid electric ship
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Figure 6.14 A pod propulsion system used in ships. (Courtesy Rolls-Royce plc.)
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Figure 6.15 External view of actual pod propulsion systems in a ship: left, Azipod by ABB Oy
(courtesy ABB); right, Mermaid pod by Rolls-Royce (Courtesy Rolls-Royce plc)
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There are only a handful of pod manufacturers in the world. The main ones are ABB,
Rolls-Royce, and Schottel. ABB makes the Azipod [8] and Rolls-Royce makes the Mer-
maid pod. Schottel has a low-power pod known as SEP or Schottel Electric Propulsion
and there is a high-power version called Siemens Schottel Propulsion (SSP) in a joint
venture with Siemens. The Azipod and the Mermaid are shown in Figure 6.15 to give an
idea of their appearance.

6.4.2 Aircraft

Since this book is about electric and hybrid vehicles from a propulsion point of view,
it might be instructive to consider an aircraft propulsion system and whether hybrid
propulsion can be considered for the purpose or not. Let us begin by saying very briefly
that at this point, with the energy technology available to us, electric and hybrid propulsion
systems cannot be considered feasible. That said, we can continue with some explanation.

There are several fundamental issues which are different for aircraft compared to land
or water-borne vehicles. First, why do we consider hybrid or electric technology? From
our previous discussions in this book, the predominant considerations here are: (i) fuel
economy, (ii) environmental friendliness, (iii) size, (iv) cost, (v) reliability, (vi) weight of
mechanical transmission system in certain off-road applications, including locomotives,
and finally (vii) the drive cycle of the vehicle. The choice of hybrid or electric vehicle is
dependent on the trade-off between items (i) to (vii). The drive cycle of a ground vehicle
can fluctuate according to city or highway driving. Water vehicles, particularly ocean-
going ships (not excluding some smaller watersport and similar vehicles), and aircraft do
not have a fluctuating drive cycle. Hence many of the considerations which are important
in ground vehicles do not apply to these. Another consideration is available space. Ships
have a lot of space available, whereas aircraft do not. Hence it is possible to place a
high-power motor in a ship for propulsion, along with a big-sized battery, which may be
unrealistic in an aircraft.

Consider a Boeing 747 type of commercial aircraft, which can need around some
90 MW of power during takeoff and about half of that during cruising, depending on
the speed. Regardless of the technology used, accommodating a motor with that kind of
power or having a means (battery or energy source) to drive it is unrealistic – at least with
the current technology of motors and energy sources. Indeed, if the technology existed,
we would have quieter aircraft, and they would, most likely in general, be safer as well
in the event of crashes, in the absence of any combustible fuel and fire. Just to give an
idea of specific energy and power, it may be instructive to refer to Table 6.1, from the
“Battery University” web site, with some modifications.

An interesting thing to notice is that the power/passenger is lowest for a bike and
highest in a 747 jumbo jet. However, the energy/passenger per kilometer is somewhat
different – it is lowest in a bike, but highest in a ship. Interestingly, an SUV needs more
energy/person/kilometer compared to the jet. The fourth row is the power at cruising,
leading to the sixth row upon dividing by the number of passengers (i.e., the fifth row).
This shows that power/passenger is very high in a jet and a ship. The number of passengers
indicated above for the 747 and Queen Mary 2 are slightly approximate, hence the sixth
row is slightly different for those columns compared to those derived from fourth and
fifth rows. But a ship has lot more space available, hence an electric ship is a viable
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Table 6.1 Comparison of energy and power demands in different systems

Specifications/ Boeing 747 Queen Mary 2 Sports Bicycle Person on foot
power (jumbo jet) or large utility
and energy ocean-going vehicle
demand liner

Weight 369 t
(fully loaded)

81 000 t 2.5 t 100 kg with
person

80 kg (176 lb)

Cruising speed 900 km/h
(560 mph)

52 km/h
(32 mph)

100 km/h
(62 mph)

20 km/h
(12.5 mph)

5 km/h
(3.1 mph)

Maximum power 77 000 kW
(100 000 hp)

120 000 kW
(160 000 hp)

200 kW
(275 hp)

2000 W
(professional)

2000 W

Power at cruising 65 000 kW
(87 000 hp)

90 000 kW
(120 000 hp)

130 kW
(174 hp)

80 W (0.1 hp) 280 W
(0.38 hp)

Number of
passengers

450 3000 4 1 1

Power/passenger 140 kW 40 kW 50 kW 80 W 280 W

Energy/passenger
per kilometer

580 kJ 2800 kJ 1800 kJ 14.4 kJ 200 kJ

Courtesy Battery University web site: http://batteryuniversity.com/parttwo-53.htm.

possibility, whereas a jet equivalent is not a viable option with the present technology.
Thus, the only electric aircraft that we see today are some unmanned drones or very tiny
propeller-driven planes.

With the above in mind, we can, however, discuss the work done on electric aircraft
and where things stand at this time. As mentioned above, the equivalent of a jet engine
using electrical means is not possible with currently available technology. To alleviate
the problem of energy requirement, small solar aircraft have been designed using solar
panels. Some of these will now be discussed.

A very recent example of a solar panel-based aircraft is shown in Figure 6.16. This
aircraft, called “Helios Prototype,” has been developed by NASA in the United States. It
weighs 1600 lb (725 kg), has a wingspan of 247 ft (75.3 m), and a wing area of 1976 sq ft
(184 m2). The upper side of the wing contains the solar panels which are very thin, like
a sheet of paper. The solar power is fed into backup lithium–sulfur batteries, so that the
aircraft can fly in the absence of daylight.

Another aircraft is a hybrid, made by Falx Air Vehicles, from the UK (Figure 6.17).
It has a tilt rotor, uses a 100 hp combustion engine, a solar array, and an electric motor
rated at 240 hp peak power. The fuel consumption is claimed to be 10 l/h of flight. This is
substantially lower than a regular helicopter, which consumers about 17 times more fuel.

It is obvious from the above that electric or hybrid aircraft are limited in size. The
issue is in essence due to limitations of the energy storage mechanism and the extremely
high power needed during takeoff by large commercial aircraft.
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Figure 6.16 NASA’s Helios Prototype solar aircraft. (Courtesy Wikimedia – original photo is
from NASA.)

Figure 6.17 A hybrid electric solar aircraft by Falx Air. (Courtesy NewsUSA.com – copyright-
free content.)

6.4.3 Locomotives

Locomotives evolved over more than 200 years, the steam locomotive being around in the
early 1800s. The power demand in these vehicles could be anywhere from 3000 to 6000 hp
on average, depending on the application. There are some exceptions where size could be
even bigger. Diesel locomotives began replacing steam-based ones starting about a decade
before the mid-twentieth century. They are easier to maintain than steam locomotives
and are more efficient (www.railway-technical.com/st-vs-de.shtml). Purely electric loco-
motives were introduced in 1894 (www.itdh.com/resource.aspx?ResourceID=GREAT21)
by Kálmán Kandó using a three-phase induction motor. This needed electrification of
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Figure 6.18 Electrical and propulsion system architecture for a diesel–electric locomotive

the railway track, however, to be successful in the long run. Then there was the gas
turbine-based locomotive, where the gas turbine engine was used to run an electric gener-
ator, and the electricity was used to drive a propulsion motor. A gas turbine provides the
benefit of high specific power density. But gas turbines suffer from a problem in that their
efficiency drops after a certain engine speed, hence they become uneconomic in terms of
fuel consumption. This is unlike a diesel engine, whose efficiency becomes flatter at a
higher speed.

In view of the above, diesel engine-based locomotives are mostly used nowadays. The
propulsion system is, however, implemented through an electric motor. There are a couple
of main advantages why a diesel–electric system is used. First, if the propulsion were
purely mechanical, then a rather large transmission system with gearbox etc. would be
needed to create the needed torque in the wheels. Second, and particularly in short-haul
trains where speed fluctuations will be encountered, a diesel engine with a finite (and a
large) number of gears would need to be operated at different speeds other than the most
optimum speed at which the efficiency is highest. By using a diesel–electric system, we
can remove both of these issues. In this system, the diesel engine can be run at the most
optimal speed, and a generator is run to produce electricity, which can be used to run
a traction motor to drive the wheels. With the advent of power electronics, this system
is rather easy to realize, using reliable and efficient traction motors, which can be an
induction motor or a synchronous motor – either permanent magnet or field excited. With
this background then, let us look at the basic architecture of the diesel–electric system
(Figure 6.18).

In general, the traction motors are placed on each axle of the locomotive to drive the
wheel pairs. A couple of diesel–electric locomotives [9] are shown in Figure 6.19.
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Figure 6.19 Pictures of two diesel–electric locomotives by Siemens. (Courtesy Siemens AG.)

Figure 6.20 Picture of a large diesel–electric locomotive by Siemens. (Courtesy Siemens AG.)

One particular locomotive example is indicated in Figure 6.20 [10], with some technical
specifications. Its diesel engine is rated at 4000 hp; the power at the wheels is 3350 hp. Six
motors are used, one per axle. From the picture it is clearly seen that there are three axles
in the front and three in the back. The motors are four-pole, squirrel cage, three-phase
induction motors, maximum voltage 2030 V, with a 433 kW continuous power rating. So,
the total motor power is 2598 kW, or about 3500 hp. The maximum speed of the motor is
3220 rpm, and there is a gear ratio of 85:16 between the motor and the wheel. Note that
the squirrel cage induction motor is a very reliable device for such applications. Although
specific power density can be somewhat smaller than in a permanent magnet motor, in a
locomotive application where space may not be a premium, say in a small passenger car,
this may be the ideal choice. In addition, induction motors are very resilient to temperature
conditions, unlike permanent magnet motors.

It should be mentioned that in many applications there is no traction system battery in
the locomotive (of course, to start the diesel engine it is necessary to have some starting
mechanism, which can be electric, hydraulic, or pneumatic; if it is electric, a small starter
battery will be needed). However, for capturing regenerative energy, it is necessary to
have some storage battery, ultracapacitor, or a combination of the two, or even a flywheel
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Figure 6.21 Electrical and propulsion system architecture for a diesel–electric locomotive includ-
ing regenerative braking capability

storage unit, which can be used during regeneration. The regeneration can help improve
fuel economy and is of more importance for short-haul trains and not so important for a
long-haul train. The architecture of a locomotive system capable of regeneration is shown
in Figure 6.21.

The system shown in this figure is essentially the same as the one before, except that
it now has a propulsion battery and/or ultracapacitor, which can, if necessary, feed the
propulsion motor. All the other principles mentioned above remain.

6.5 Other Industrial Utility Application Vehicles

Industrial utility vehicles normally include industrial fork lifts, airport tugs, golf carts,
vehicles used in airports for internal transportation, to name but a few. Some of them
indeed qualify as off-road vehicles as well. But we will specifically reserve the name
off-road vehicles to describe relatively heavy-duty vehicles like mining vehicles, refuse
trucks, excavators, and the like. In a more specific way, in many instances the industrial
utility vehicles are used within relatively confined spaces compared to off-road vehicles.
Hence industrial utility vehicle propulsion systems are sometimes seen using propane or
other gas (including liquefied gas) fuel-based IC engines. The intent is to avoid exhaust-
type pollution within a confined or closed space without adequate ventilation. However,
to prevent noise pollution, in many cases the propulsion is purely electrical.
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So, the question arises: where do these vehicles appear within the scope of HEVs?
Before going into the issue in more detail, let us note that the main motivation behind
HEVs is fuel economy and overall size reduction of transmission gearboxes, if possible.
The first one, that is, fuel economy, is more important in the case of passenger vehicles,
whereas the issue of transmission size reduction plays an important role in off-road vehi-
cles, locomotives, and so on. It is in general true that if the size of the gearbox etc. can
be reduced, a concomitant fuel economy will also take place. This is besides the fact that
in locomotives, for example, one will also get fuel economy by running the IC engine at
its most efficient point.

In an industrial utility vehicle, fuel economy is an issue, but noise reduction, pollution
control, and reliability are more important. To that end, purely electric propulsion seems
more attractive, which basically leads to a plug-in electric vehicle. This is generally
suitable for indoor applications because, almost always, electricity will be available for
charging the batteries of the vehicle for such applications. Therefore, multi-propulsion
HEVs are not really very attractive for industrial utility vehicles which are operated
within confined spaces and short drive cycles.
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7
HEV Applications
for Military Vehicles

7.1 Why HEVs Can Be Beneficial to Military Applications

There are several motivations, both direct and indirect, for HEVs for military applications.
Military applications can include both direct vehicular applications, which are related to
vehicular propulsion, and indirect applications in the sense of using electrically operated
arms, or interfacing with the vehicular electrical system to create a microgrid to supply
power to a military base etc.

One of the most important reasons for considering HEVs for military applications is the
cost of fuel. Transporting fuel to the field through risky routes and over long distances
can raise the cost of fuel significantly. The cost can rise from $1 in a regular civilian
situation to $400 per gallon to carry fuel to the battlefield (http://www.defensesystems.
com/Articles/2010/03/11/Defense-IT-3-Greens.aspx), and if an airlift is needed, the cost
can rise to even $1000 per gallon. In general, the cost to carry fuel to the field is about
$100 per gallon (http://www.environmentalleader.com/2010/05/28/us-commanders-want-
deployable-renewable-energy-generation). The bottom line is that we can assume that the
cost of fuel will be several hundred dollars per gallon in military situations. So, even a
small percentage saving in fuel can imply huge cost savings to the tune of billions of
dollars per year.

Other issues in military applications involve noise, both acoustic noise and heat signa-
tures in the form of infrared radiation, which can be detected elsewhere. A quiet HEV
can help significantly toward achieving goals of noise elimination.

Some indirect benefits of HEVs are as follows. When the military move to a combat
zone, there may be bases and other infrastructures which need stationary applications of
electricity at utility-level voltages. With multiple HEVs, when properly connected and
interfaced, it becomes possible to create utility-level voltages to run various stationary
equipment. This can be achieved by running the HEV battery (and, if necessary, the IC
engines in the HEV). Several HEVs can, in fact, form a microgrid with a reasonably robust
source of utility power. Of course, when interfacing several HEVs to generate electricity,

Hybrid Electric Vehicles: Principles and Applications with Practical Perspectives, First Edition.
Chris Mi, M. Abul Masrur and David Wenzhong Gao.
 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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it will be necessary to do so properly through appropriate control electronics. This kind of
utilization of vehicles for power generation can help significantly, in the sense that it can
reduce the need for auxiliary power units, thus saving the cost and weight of acquiring
them and transporting them to the field.

Depending on the architecture used in the HEV, for example, if it has hub motors in
each of the wheels, or even one motor per axle for propulsion, and uses a series HEV
(SHEV) architecture, it will have the advantage of redundancy in case one of the motors
fails. Then the vehicle can run in a gracefully degradable mode, with a somewhat reduced
performance, and moved to a safe zone as needed.

So, it can be seen that there are quite a few advantages in introducing HEVs for
military applications.

7.2 Ground Vehicle Applications

7.2.1 Architecture – Series, Parallel, Complex

As in the regular commercial HEV architectures discussed in other chapters of this book,
military vehicles can have similar architectures as well. A very informative research paper
by Ucarol et al. [1] has made a comparison between an IC engine, SHEVs, and parallel
HEVs. There, based on simulated studies, from the point of view of weight, the IC engine
vehicle is lightest and the parallel HEV is slightly heavier. However, the series hybrid
vehicle was found to be quite a bit heavier. This analysis, although done for a commercial
vehicle, is equally applicable to military vehicles.

If an IC engine vehicle is considered as the baseline, then one can compare other
architectures as follows. To match the performance of the baseline vehicle, obviously it
is necessary to make the electric motor in a SHEV the same size as the IC engine in the
baseline vehicle. The authors of this book believe that it is really not necessary to do this,
but rather that the motor should be sized so that over a given drive cycle the average
energy going out of the generator would be equal to the average energy consumed by the
propulsion motor. The peak power can always be handled by the battery, which should be
charged within its bounds. A similar thought process also applies to the decision making
while selecting the size of the generator. The decision should be based on studies of
different drive cycles and then presenting the worst case scenario. The key to this decision
making lies in the battery or other storage and whether they can provide the maximum
power needed or not. Only if the battery is kept in a completely floating condition all
the time, and the power from the IC engine and generator is fed to the motor in parallel
with the battery, will the generator be required to be equal in size to the maximum power
demand. But the intent of the battery or any peak power source is in fact to address this
eventuality of sudden peaks or higher demands, and hence IC engine size in SHEVs and
the generator size could definitely be reduced.

In a parallel HEV, the size of the electric motor could even be less than half the size of
that in a SHEV. Ucarol et al. [1] assign the balance of power, that is, any deficit between
the load demand and the electric propulsion power, to the IC engine in the parallel HEV.
This mechanism to split the power assignment between the motor and the IC engine in
the parallel HEV assumes that the original IC engine in the baseline vehicle was chosen
based on the maximum power needed under the worst possible drive cycle scenario.
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There is also no generator in the PHEV in the study cited above. However, in some
other architectures, like the Toyota Prius and GM two-mode hybrid, there is a generator
that is separate from the main propulsion motor (which can be used as a generator as
well). The reason for having this generator is very dependent on the strategy for control.
Under certain conditions of the battery’s state of charge (SOC) and power demand for
propulsion, it may be necessary to provide additional charging to the battery, which is
where this generator comes into play.

A very important part of the SHEV or parallel HEV is the battery or any other storage
device like the ultracapacitor. Ucarol et al. [1] use the battery capacity, that is, ampere-
hours, as the metric for the battery. But in fact the ampere-hour itself is not sufficient for
specifying a battery. In addition, it is necessary to know the ampere or power rating of
the battery so that during maximum power demand by the propulsion motor, the battery,
in conjunction with the generator, is able to provide it. These are vital decision-making
processes in creating the design specifications for a HEV.

The discussion above applies to both gasoline and diesel-based vehicles. Military vehi-
cles are mostly diesel engine based. Improvements in diesel engine technology will always
help these vehicles. But hybridization will always be usable to achieve even better fuel
economy and other benefits regardless of the diesel engine technology.

The next question to be addressed is the choice of architecture in military vehicles for
the purpose of hybridization, that is, whether it should be series, parallel, or complex.
The question can be best answered depending on what the priority is – is it fuel economy,
size or weight, or reliability? If fuel economy is of utmost priority, then the choice should
be a parallel HEV. If size and light weight are of concern due to the requirement to
carry the vehicle within an aircraft, and so on, then a parallel HEV will be better than a
SHEV. In general, the SHEV will be to some extent heavier than the PHEV, hence this
fact also might affect fuel economy slightly. On the other hand, if performance of the
vehicle is of utmost concern, that is, power output, it may be beneficial to use the SHEV
architecture, which might help remove heavier transmissions and provide high power on
demand very quickly due to the ability to control the motor much faster than an IC engine.
Reliability considerations might be better addressed in general by using a parallel HEV,
because of the redundancy in propulsion by IC engine and the motor. Reliability is not to
be underestimated in a military vehicle. However, the parallel HEV is more complex in
terms of control, and introduces complexity in its mechanical coupling. A thorough study
of failure modes of these devices is needed before a decision can be conclusively made
on this matter of reliability.

Another issue accompanying reliability in military vehicular systems is maintenance. It
appears that maintenance of a SHEV is somewhat simpler for several reasons. Its control
is simpler. Its mechanical linkage, unlike a parallel HEV, is also very simple. If there are
hub motors in its propulsion, they can be quickly replaced in case of failure. The above
discussion indicates the pros and cons of parallel and SHEVs. But overall reliability, and
more specifically survivability needs, can probably be better served by a parallel HEV.
Having said that, it should be noted that the decision could depend very much on the
application and drive cycle. A logistic or support-type vehicle in the military (or non-
combat types of vehicles) which travels longer distances, due to the drive cycle involved,
probably will benefit more from a parallel HEV. On the other hand, for a combat vehicle
where power demand and quick response to such demand are most important, a SHEV
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will be more beneficial. Final decisions on such things are quite complex and systematic
trade-off studies by tabulating all the requirements of performance, fuel economy, relia-
bility, and so on, should be done to determine the most optimum decision.

7.2.2 Vehicles Which Are of Most Benefit

Military vehicles consist of different types, as shown in Figure 7.1.
In the various types of vehicles shown in the figure, the drive cycles and needs are

quite different for these vehicles. Some vehicles run for long distances, some are combat

(a) (b) (c)

(d) (e) (f)

(g) (h)

(i) ( j)

Figure 7.1 Some military vehicles: (a) HMMWV (High-Mobility Multi-purpose Wheeled Vehi-
cle), (b) Stryker, (c) HEMTT (Heavy Expanded Mobility Tactical Truck), (d) Bradley, (e) Abrams,
(f) Fennek (European), (g) MRAP (Mine-Resistant Ambush-Protected), (h) Big dog robot, (i) Glad-
iator, and (j) Swords. (Courtesy Wikimedia – US military public domain pictures.)
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vehicles with extremely high power demand and performance needs, while others are
unmanned robotic vehicles, where long-term mission and survivability can be more impor-
tant than fuel economy. Some have weapons mounted, some do not. Based on these needs,
the vehicular architectures could be significantly different.

In order to estimate the benefits from hybridization of military vehicles, some kind
of metric should be established. A possible way to systematically do this analysis is
suggested below based on the itemized information noted.

Required information and questions to be answered:

• Number of vehicles currently deployed, N
• Cost of the vehicle initially, C
• Average fuel economy of the vehicle, that is, miles per gallon, F
• Power rating of the vehicle, P
• Miles the vehicle travels in its life cycle, M
• Is it a combat vehicle or support vehicle, on a scale of 1 (minimal combat and primarily

support) to 10 (highly combat)? K
• How is this vehicle transported to the field, on a scale of 1(by itself), through ship

transported (5), to air transported (10)? T
• Ease of maintenance, on a scale of 1 (minimal) to 10 (extremely important), M
• How important is its survivability in terms of failure, on a scale of 1 (minimal) to 10

(extremely important)? S
• Long-term sustainability in terms of mission without any refueling or other intervention

from outside, on a scale of 1 (a vehicle which can be easily refueled, that is, fuel is
easily available to refuel it) to a vehicle which is deployed and not able to refuel
externally, for example, an unmanned robot (10), Q

• Additional cost of hybridization, H
• Loss or gain of reliability if hybridized, compared to the base vehicle on a scale of 0

to 1 (high gain = 1; low gain or loss = 0), R.

Since the quantities above are in different units, some are dimensionless, and their
range can also be numerically very different, it is beneficial to normalize them in some
way to bring them within a comparable and manageable range. All these quantities should
possibly be normalized except the number of vehicles, since this indicates the total benefit.
In addition to normalization, it is instructive to include a weighting factor for each of the
criteria above.

All these ideas are incorporated within Table 7.1 for ease of comprehension and with
some placeholder numerical values for the purpose of illustration.

The above criteria provide a metric for a particular vehicle. This may not be a perfect
metric but at least it allows a comparison of the vehicles against one another. For example,
let us say that the benefit of hybridization of a single Abrams tank is much greater
than hybridization of a single HMMWV. But there may be many HMMWVs (in terms
of numbers deployed) in the field compared to Abrams tanks. Hence it may be more
important to introduce hybridization in a HMMWV than in an Abrams, if there is an
issue of choice. Similarly, other criteria proposed above are also important. The third
column in the table, involving the weighting factor (i.e., how important this particular
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Table 7.1 Trade-off mechanism in hybridization decision making

Criteria Normalization Weighting factor on a scale
factor of 1 (less important) to

10 (most important)

N (number of vehicles) 1 1
C (initial cost per vehicle) 500 000 6
f (miles per gallon): use 1/f 8 7
P (power rating) 300 kW 5
M (miles in life cycle) m (to be defined based

on the type of vehicle)
5

K (type of vehicle: combat,
support, etc.)

5 5

T (transportability) 5 5
M (ease of maintenance) 5 7
S (importance of

survivability)
5 8

Q (long-term survivability
without refueling)

5 6

H (additional cost for
hybridization): use 1/H

20 000 2

R (gain in reliability due to
hybridization)

0.5 8

Total T = [{E 11}/{E 12} × {E 13}] × [
∑{E i1}/{E i2} × {E i3}i=2, 3 . . . 12], where E ij = element in i th

row, j th column in the table above, with i = 1, 2 . . . 12 and j = 1,2,3.

criterion is on a scale of 1–10), is rather critical. Normally all these items have to be
initially settled after due discussions with various people who are experienced with the
vehicles in terms of their applications and on matters related to the items in different rows
of the table.

The concept of normalization and weighting factors introduced in this chapter has not
appeared in the literature to the best of the authors’ knowledge. Hence it may be an original
process for hybridization in military vehicles. With more experience in the field it may
be necessary to revise this metric evaluation process and the entries in Table 7.1. Though
the concept is introduced for military vehicles, the metric may be equally important for
applications in regular commercial civilian vehicles. It could be useful in making decisions
about moving to a hybrid platform instead of a regular non-hybrid one.

7.3 Non-ground Vehicle Military Applications

Military vehicles include non-automotive applications as well. This can include air and
water-borne vehicles, that is, ships, boats, and aircraft. In addition, some applications are
not directly vehicular in nature. For example, a vehicle might use guns or other similar
devices, some of which might be better operated electrically. An example could be an
electromagnetic gun. Some of this equipment might need an IC engine, or fuel cell, and
so on, which could charge a battery or ultracapacitor. The equipment (gun or otherwise)
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IC engine Fuel cell Battery

Microgrid (could
be an utility grid)

Loads

Ultracapacitor

Vehicle # 1 Vehicle # 2

Figure 7.2 A generic hybrid power system architecture

itself could be directly activated by electric power which could later on be replenished
by using an IC engine or fuel cell.

Hybridization, though not in the sense of a vehicle, can include matters like interfacing
with a utility grid or a microgrid, where a number of vehicles could exchange power
through some common bus. Here it is in principle possible to have an IC engine-based
generator, some fuel cells, and vehicles all properly synchronized and then exchanging
power. A system-level diagram of such a situation is shown in Figure 7.2.

Note that a HEV is merely a special case of the above hybrid power system at an internal
vehicular level. Here the hybridization is extended to a higher system level. Vehicles 1
and 2 in the figure could be HEVs or EVs and could be exchanging power with the rest of
the system. Similarly, if the vehicle was IC engine based, it could be running the engine
and generating power while it is stationary, and it could provide power to another vehicle
which has a deficiency in power.

Example applications of non-propulsion types of ground vehicles are as follows.

7.3.1 Electromagnetic Launchers

These can use the electromagnetic force to propel items at very high speed by accelerating
them very quickly. In a regular gun the combustion of chemicals causes an explosion and
creates the force of acceleration. Whereas the speed of combustion-based systems can be
around 2 km/s for high-performance guns, electromagnetic guns could be accelerated to
around 6–7 km/s. This is quite spectacular, being three times more than combustion-based
systems, and is about the speed needed to put satellites etc. into low Earth orbits.

The principle of an electromagnetic launcher is shown in Figure 7.3 [2]. One of the
enabling technologies related to such applications is the availability of very high current
and instantaneous power for a very short time. A simple power system cannot provide
this since very high pulse power is needed. After each shot of high pulse power, it is
necessary to recharge the system through some hybrid power system as noted earlier. If
smaller-scale launchers were to be deployed in a mobile vehicle-based system, it would
be almost mandatory to use a hybrid power system within the vehicle. This is an example
which may not be a hybrid propulsion system in a direct vehicular sense, but is definitely
a hybrid power system.
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Figure 7.3 Basic principle of the electromagnetic launcher [2]

7.3.2 Hybrid-Powered Ships

In Chapter 6 we discussed electrically propelled ships extensively and will not repeat the
information here. The advantages of such systems were clearly shown in that chapter.
In one particular effort by the US Navy, diesel will be directly reformed into hydrogen
through some chemical process. This hydrogen can then be used in a fuel cell to generate
electric power, which can be used to drive an electric motor. It has been indicated [3]
that since ships travel at relatively low speed, peak power may not be needed, implying
that an additional peak power source like a battery may not be necessary. The advantage
of such a system is that an IC engine is not needed and there will not be any pollution.
Even if peak power is needed, it may be possible to use an ultracapacitor or some high-
power battery to supplement the fuel cell, rather than have any IC engine at all within
the ship. Since in a ship there is much more space than in a car, this possibility of having
some peak power source should not be ruled out. Further, whereas the gas turbine-based
ship engine has about 16–18% efficiency, the fuel cell has 37–52% efficiency, which is
significantly higher, thus leading to much better fuel economy. Of course other benefits
of a fuel cell-based system could be quiet operation and the ability to place a number of
such fuel cell systems in various locations since the connection to the propulsion motor
will be through cables. This is unlike an IC engine-based system, which is mechanically
rigid in terms of location. This application, noted above, is a typical case of a hybrid
power system in the sense that the diesel reformer system is an electrochemical system.
This electrochemical system may need initial startup through some pilot electrical system
of relatively small size. But once started, the fuel cell itself could maintain the diesel
reformer system without the intervention of the startup system. The initial startup system
could be a battery of relatively small size.

In a diesel reformer system, diesel, air, and water are used as the input. These com-
ponents react and a gas mixture with around 30% hydrogen and other inert gases like
carbon dioxide, steam, and nitrogen are obtained as the output. This mixture of gases is
then fed to a catalytic burner to trigger the fuel cell system. The catalytic burner causes
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Figure 7.4 A diesel reformer for fuel cell

about 80% of the hydrogen to react with additional air, and produces heat and water as
by-products. This is like a fuel cell with a conversion rate of about 80%. Next, another
catalytic burner is used to make the remaining hydrogen react with additional air, and
converts all the hydrogen to steam. In this particular system hydrogen is not stored as an
intermediate process, and the hydrogen that is produced by the reforming process exists
only for a very short time (about 15 seconds). This lack of hydrogen storage adds to the
safety of the system, since hydrogen is a combustible gas. The system-level diagram for
the reformation system is shown in Figure 7.4.

7.3.3 Aircraft Applications

It was indicated in Chapter 6 that, due to the high power and thrust needed, the application
of electric power for aircraft propulsion is very much limited at this time, other than in
very light aircraft like certain unmanned drones and very small airplanes. For commercial
aircraft it is reasonable to assume that the technology (including energy storage) is not
yet available for a viable application in this field. Since details on this topic are already
given in Chapter 6, they are not included here.

7.3.4 Dismounted Soldier Applications

A dismounted soldier implies a soldier who is not physically within a vehicle and does
not have any direct connection for getting power or energy from a vehicle or otherwise.
This implies that for whatever equipment carried by the soldier, it is necessary to carry
the power or energy sources on the person for those devices. Questions might arise as
to why it is even necessary to discuss the power issues for a dismounted soldier in a
book on HEVs. The reason is that the architecture of the HEV has some similarity to
the architecture of the dismounted soldier, since both are hybrid power systems in the
first place. The concept of managing the power here also is similar to that of a HEV. In
fact, even though the power level of the soldier’s equipment is much smaller than in a
HEV, the issue of managing it is no different conceptually. In fact the issue of power
management can be more important for a dismounted soldier who can be completely
on his or her own under various situations, since the difference between good and poor
power management could very well imply the difference between life and death. Hence,
even though the dismounted soldier power system may not be a propulsion system, the
power system could be hybrid and use similar power management concepts which can be
discussed well within the scope of this book.

A general architecture of the power system for the dismounted soldier is shown in
Figure 7.5.
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Figure 7.5 A generic hybrid power system for the dismounted soldier

According to the UK Ministry of Defence [4], the equipment and supplies carried by a
soldier in the field could be on the order of 45 kg. The environment in which the soldier
operates is not very helpful in terms of temperature, which could be around 45 ◦C, and
it could be very cold, say −20 ◦C. The weight of power sources carried by a soldier
could be on the order of 4 kg or more, which can last for 48 hours. In addition, soldiers
could in the future carry cooling or heating jackets if needed. The load demand of the
dismounted soldier [4] could be as small as 1 W for some small devices or somewhere
around 100–200 W for certain electronic equipment.

A dismounted soldier normally uses batteries of various sizes, from AA size to much
larger ones which could weigh a few kilograms. These batteries could be both rechargeable
and disposable. The energy requirement could be on the order of 65–200 Wh/kg [5, 6].

It is obvious from the above that the dismounted soldier has needs which can be quite
demanding, even though the power levels might not compare to the power levels of a
vehicle. The expectation is that, in the future, power sources which can be six to eight
times lighter than existing batteries could be possible. The specific energy needed in that
case could be even 600–800 Wh/kg.

It seems, therefore, that regardless of the available technology, it may be imperative for
the dismounted soldier to have power sources which should match the load demand in the
best possible way. For example, some power sources may supply high-power but low-
energy types of needs, whereas others could be the opposite. If only one type of source
is used, then it will definitely lead to an oversizing of the power sources, leading to
excessive weight. This is not acceptable for a dismounted soldier. Hence the architecture
shown in Figure 7.5 could become important in considering the design of a power system
for the dismounted soldier.

The architecture shown in Figure 7.5 implies that for the soldier it would be ideal if the
whole system were placed in a single packaging, perhaps with various connecting jacks
for different equipment, without requiring the soldier to connect individual sources. Such
a single packaging could also include some controlled switches within the power system,
as shown in Figure 7.5. Coordinating all these devices by proper switching is done by the
power management block, which will monitor the voltage, SOC, and other information,
and will accordingly manage the charging process. It will also give an indication to the
soldier when the generator is to be cranked.
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It may also be possible to use the walking, running, and other motion of the soldier
to charge the batteries, without voluntary engagement of the soldier. This should be
automatically done by using some mini or micro generators that can work on their own
based on the vibrational motion, and so on. Such machines could be under the category
of energy harvesting devices. The devices normally should work using inertial motion
and periodic motion as in walking, even though the power amount may not be too high.
A particular prototype was found to generate 7.3 W, which may still be reasonable [7]
for certain loads. Normally, if such energy harvesting devices are carried by the soldier,
there will not be any perceivable difference from the point of view of effort, even though
the energy is ultimately coming from the soldier.

7.4 Ruggedness Issues

In military applications, in general, devices are ruggedized. In a mechanical sense, this
means that physical coverings or boxes containing any components are extremely robust
compared to their commercial counterparts. Thus the devices are not easily damaged in
physical encounters of any kind. In addition, it is very important that the electrical and
other design aspects of the devices are attended to. This can be due to the fact that military
applications can mean very large temperature extremes, both hot and cold. In general, high
temperature is bad for items like power electronics and batteries. The devices have to be
derated accordingly for military use. This means that they can become physically larger
and bulky, if performance is to be achieved under these extreme conditions. These con-
siderations can in fact contribute to delays in HEV deployment in the field. It is expected
that, in the future, with high-temperature and mechanically robust power electronics, the
deployment of HEVs will be expedited by the military.

Basic ruggedness issues, therefore, pertain to mechanical vibration and temperature.
Not only the power electronics, but also the regular electronic circuitry, are subject to
these issues. In the power electronics area, it is expected that the use of silicon carbide
semiconductor materials will significantly alleviate the temperature issues in terms of
additional cooling needs. Even if a cooling system is enhanced for extreme temperature,
that enhancement itself is also subject to adequate ruggedness questions.

For HEV applications using high-voltage and high-power battery packs, the cooling and
heating issue is very important, otherwise HEV performance could be significantly com-
promised. Examples of ruggedized military batteries are shown in Figure 7.6 (www.mccdc.
usmc.mil/OpsDiv/Integration/logistics_integration_files/Power%20Systems.ppt).

Another important issue in connection with HEVs is the connector design. A reliable
connector used in cable design is shown on the Hypertronics web site (www.hypertronics.
com/en/Products.aspx). This example of such a connector, called the Hypertronics’
Hypertac connector, involves a wire basket, socket contact system. When the pin is
inserted into the sleeve or ring shown in Figure 7.6, the wires stretch around it, thus
activating several contact paths. Thus, under harsh vibration and similar situations loss
of contact can be eliminated or minimized. Pictures of a ruggedized military standard
inverter and ruggedized interface connector are shown in Figure 7.7.

Several military standards are applicable in connection with ruggedization, which are
applicable in design considerations of the power systems noted above. These include
MIL-STD-461 (EMC), MIL-STD-901D, Grade A (shock), MIL-STD-167 (vibration),
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(b)(a)

Wire sleeve before insertion of pin

Pin partially inserted into sleeve

Pin completely inserted into sleeve

Figure 7.6 Examples of ruggedized battery (courtesy EaglePicher Technologies) and connectors
(courtesy Hypertronics Technologies – Hypertac is a registered trademark)

Galaxy MIL-Inverter Rugged System
Military Connector

Figure 7.7 Examples of a ruggedized inverter (courtesy RIPEnergy AG) and connectors (courtesy
Adlink Technology)

MIL-STD-810E (vibration), MIL-STD-1275 (ground–mobile), MIL-STD1399 (interface
standard for shipboard systems), and others.
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8
Diagnostics, Prognostics,
Reliability, EMC, and Other
Topics Related to HEVs

8.1 Diagnostics and Prognostics in HEVs and EVs

Any vehicle, whether conventional, hybrid, or pure electric, ought to have some sort of
diagnostics (find the cause of a problem that has “already happened” to the vehicle) and
prognostics (find problems which “will or can possibly happen” in the future), given the
present condition of the vehicle based on monitoring of various information within the
vehicle. With this in mind, all modern automobiles have onboard diagnostic functions
which can give some amount of diagnostics, but not prognostics. Diagnostics can be at
several levels. One is at the vehicle level within the vehicle itself, which can inform the
driver or basic level service personnel about what might have happened. The second level
can be at somewhat deeper maintenance level when the vehicle can be dismantled at dif-
ferent subsystem levels in a repair shop, the problem pinpointed, and the item concerned
replaced. The third level can be at the automotive dealer or eventually the vehicle man-
ufacturer level to find out why a subsystem failed. Finally, the diagnostics can be at the
subcomponent level or component manufacturer level when more microscopic analysis
of the component can be initiated to find design or other flaws, if any. Up to the second
level, that is, maintenance level, the correctional step normally is replacement/repair of
a part or subsystem, without necessarily trying to find the root cause of the failure. The
third and final level can be analyzing the fundamental cause of a failure due to design or
manufacturing flaws. Sometimes the fault may be not due to the design of a component
or its material defect, rather it could be due to the wrong application or improper use of
a device – which may not be due to the vehicle owner or driver, from the engineering
design perspective. In that case, redesign of the system or subsystem will be needed on
the part of the vehicle manufacturer.

Hybrid Electric Vehicles: Principles and Applications with Practical Perspectives, First Edition.
Chris Mi, M. Abul Masrur and David Wenzhong Gao.
 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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8.1.1 Onboard Diagnostics

Since 1996 all vehicles have been required to have the second version of onboard diagnos-
tics, that is, OBD II. Hybrid vehicles have OBD II as in a regular vehicle, and the role of
OBD II in a HEV is the same as in a regular vehicle. As is well known, OBD II is a North
American standard which deals with the engine control system, some parts of the chassis,
body, and other devices, and the communication and control network diagnostics (control
area network or CAN). There are a few variants of the OBD II protocols corresponding
to certain standards. In general, for example, GM vehicles use SAE 1850 VPW (Variable
Pulse Width Modulation), Ford vehicles use SAE 1850 PWM (Pulse Width Modulation),
and Chrysler, all European, and Asian vehicles use ISO 9141 standards. The variations
are reflected in the socket connector and the pin uses.

OBD II vehicles nowadays in general have a socket somewhere in the lower region in
front of the driver. This may not be immediately visible while sitting, but one can normally
see it by lowering the head to look above the pedal region around the plastic trim. This
is where the technician or the owner can plug in the diagnostic tool or the scanner.
The pins in the socket carry various signals from different sensors spread throughout
the vehicle. There are various scanners available on the market. The ones made by the
original equipment manufacturers (OEMs) can be quite costly, and after-market products
are available at much lesser cost. These scanners normally have display units on them.
There are also some rather inexpensive devices (data logger), which may not have a
display unit like a full fledged scanner, but can collect the same information as a regular
scanner, and the information can then be displayed on a personal computer or laptop using
the software provided by the data logger manufacturer. A typical scanner with accessories
is shown in Figure 8.1. The price of such a scanner can be close to $100.00, but scanners
are available whose price can be from a few hundred dollars to even around $2000.00,
depending on features and capabilities.

It is not the intent here to discuss the details of various OBD II signals displayed on
a scanner. That information is available in any of the scanner manuals. Basically there

Figure 8.1 Picture of an OBD II scanner. [Source: picture taken in authors’ lab]
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can be 300 or so readings coming from different sensors. They could indicate things
like ignition voltage, transmission shift points, or other matters. As an example, the code
P0032 could show up on the scanner. One will then find that it corresponds to: Oxygen
(A/F) Sensor Heater Control Circuit High. With a little more research, this code can then
be related to perhaps a failed oxygen sensor, or a short in the sensor heating circuit, and
so on. There may be some other specific reasons connected to this code, which one can
find from various manuals. In general, to save time, one might not bother to go further but
just replace the whole thing that could be involved with that code. This kind of code will
be common to both a HEV and a regular vehicle. Similarly there are codes for other items
related to the chassis or common to any vehicle, not just HEVs. Some codes are generic
OBD II items which can be read by any scanning tool and related to a corresponding cause.

Certain codes may be proprietary (in terms of how they are arrived at) but manufactur-
ers’ manuals will reveal the cause and what needs to be repaired or replaced, even though
they may not release the methodology of how they come up with the cause, which may
be proprietary.

For HEVs, the specifics could be as follows when it comes to diagnostics. The manufac-
turer’s service manuals should normally reveal the details. Here one has to gain knowledge
of HEV technology to be able to correlate the diagnostic code against the symptoms. For
example, in a Toyota HEV, the code P3005 will indicate that the “high-voltage fuse is
blown,” which can mean that the power cable or the fuse itself may need replacement.
If after carrying out the replacement one still keeps getting the same code, then a deeper
analysis might be called for. Similarly, P3006 will indicate that battery state of charge
(SOC) levels are uneven in the battery modules. This may be cured by simply charging the
battery for a while. But if the symptom persists, one has to take a serious look at the cause.
Unless a repair store technician is knowledgeable enough, the code itself may not reveal
the true cause. That is why a very good training program for technicians to cater to the
needs of HEVs is needed, since repair-related experience in this field is still evolving [1].

In general, Toyota and other OEMs will present detailed diagnostics charts with step-
by-step procedures on how to proceed on a specific diagnostic code. As noted earlier,
this will be available even though the details of how these methodologies are developed
may be proprietary. The methodology may relate to one or more inner circuit-level diag-
nostics – and the mechanism of code generation itself might be a research issue. As an
example, if the motor is not getting a proper voltage supply due to a failure in the inverter
system, it may be necessary to find that out from external sensor readings of the voltages
and currents. Although the exact method of how it is done may be vehicle manufacturer
specific, some idea can be obtained by following certain engineering principles. Some
analyses may be simple electric circuit issues, while others may be quite complex.

In particular, the authors have done research [1, 2] on detecting if a specific inverter
switch has become faulty or not, by monitoring the voltages and currents in the
motor/inverter circuit. This kind of deeper diagnostics may be of importance because
under certain circumstances it may be possible to reconfigure a partially failed system in
real time by using software, and then run the vehicle in a gracefully degradable mode at
a lower performance. This can significantly contribute toward reliability and safety. Of
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course, it will be necessary sooner or later to replace or repair the faulty component or
system, to get full functionality of the vehicle.

Similar comments like the above hold, for example, if a vibration is noticed in the
vehicle. This could be due to many mechanical things, but it could also be related to
a motor failure. Here OBD II codes and hybrid electric (HE) specific codes have to be
analyzed together, not in isolation, to come up with a reasonable diagnostic analysis. It
is at this stage that an artificial intelligence-based method can come in handy, which
can significantly reduce the burden of human guesswork or the personal experience of
a technician.

In a purely electric vehicle, which does not have an IC engine, OBD II codes related
to emissions and the engine will be unnecessary. But a subset of the existing OBD II
codes could still be used for matters related to the brakes, suspension, ABS, chassis, and
so on. Everything related to the electric propulsion will be the same as discussed above
in connection with HEVs.

8.1.2 Prognostics Issues

Prognosis is an issue involving the prediction of a problem before it happens, or it can also
involve getting the health status of a system. In a HEV or EV, the prognostics can focus
on basically the battery and power electronics, since these are weaker links in the system.
The electric motor itself is important, but it is a more robust element than the battery and
power electronics. In addition, prognostics can be important for the steering and braking
system of the vehicle. These elements are safety-critical items or subsystems. On the
contrary, there are less important items, for example, the air-conditioner, radio, and the
like. Some of these are not HEV-specific items. Finally, a vital element in both HEVs and
legacy IC-engined vehicles is the computational and networking elements. In fact, since
a significant number of items in a HEV are controlled by computers/controllers and the
CAN, a failure here can cause a lot of other elements to fail, leading to a system shutdown,
if not a dangerous accident. It is no less important to know as well, if possible, the state
of health of such computational elements and the communication network involved.

The health status of a system (also called “state of health” or SOH), be it battery, power
electronics, or motor, needs to be compared against some benchmark or base system to
get an idea of its health, even though it is functioning well. For that, one needs to have
various informational data available when the system is healthy, or rather when either it
was new or certain components were repaired or replaced. Such data can be logged from
(i.e., stored in the database) a healthy system. The alternative to this is a model-based
system, where a simulation output is obtained based on ideal or new system parameters,
and compared against the current system, supposedly not so new. Hence a prognostics
system can have the generic structure shown in the block diagram of Figure 8.2.

In Figure 8.2, three methods of state of health estimation are indicated. Assuming that
we want to limit our focus only on the battery, power electronics, and motor system,
which are HEV-specific items, the possible approach is as follows.

For the battery we need to monitor (experimentally in hardware) either voltage or cur-
rent as input, and obtain current or voltage as output in response. In addition, temperature
should be monitored as an input. In this immediate discussion, the terms input and out-
put should be construed as input and output for the diagnostic process. They need not
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Figure 8.2 A generic methodology illustrating the state of health quantification

necessarily be actual system input or output in a normal electrical engineering sense,
which drives the physical system.

For power electronics, we need to monitor the gate signals at each switch, voltage across
each switch, and current through each switch. Also, we need to monitor the three-phase
terminal voltages and currents coming out of the power electronics system. If placing a
current sensor in each switch is too expensive, then it can be omitted, at the cost of losing
some fidelity in the accuracy of the conclusion. In this system, diagnostic input can be
considered to be the gate signal to each switch and also the voltage across each switch.
The current through each switch or the current at the output terminals of the inverter can
be considered to be the output of the system. Temperature too should be monitored as
an input. In this power electronics example, the voltages across the switches are to be
monitored both when the switches are open and when they are closed.
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For the motor system, terminal voltage and current can be considered as the input. The
output then can be the speed and shaft torque. If torque monitoring hardware is considered
expensive or complicated, it is possible to monitor voltage, current, and speed, and infer
torque from these measurements.

Once all the above information is in place, we can use the generic process in Figure 8.2
to evaluate the state of health of the system.

8.2 Reliability of HEVs

Recent events reported in the news media regarding faulty vehicles, including HEVs,
related to brake failure or sudden acceleration, have led to significant concerns about the
safety and reliability of HEVs. While some of these concerns are genuinely important, one
should not get too carried away with what is written in the media or make judgments based
merely on that. Instead, the authors believe that a more scientific approach of studying
reliability should be attempted to see the pros and cons of various aspects accordingly,
which will best serve the technical community and the users. In view of this, a reasonably
detailed discussion of the subject will be presented here from a system-level perspective.

We all know that a HEV system is considered an important technology in the automotive
industry these days. This is due to concerns about fuel economy, worldwide uncertainty
of energy supplies, and pollution control. While discussing the subject, it seems that the
focus in the technical community and the literature has been primarily on these issues, and
also on control of the electric motor drives related to HEVs. In addition, people think in
terms of cost premiums, that is, how long it takes to recover the extra cost of the vehicle
(compared to a regular non-hybrid vehicle). Various figures have been indicated in the
media and elsewhere in the technical community, suggesting that it can take anywhere
from five to seven years to recover the extra cost of a HEV through any potential fuel
savings. However, very little has been discussed on the issue of overall vehicular system
reliability in HEVs. This issue is not trivial and the overall acceptability of these vehicles
in the long run will significantly depend on that issue, in addition to fuel economy and
extra cost recovery. In this section the intent will be to make the point that, in HEVs,
one of the penalties for fuel economy that has to be paid comes in terms of reliability. It
is emphasized here that a HEV is not merely a collection of multiple propulsion sources
and control systems to extract better fuel economy, rather it has a plethora of items in it.
Overall system-level reliable functionality is no less important in making a HEV operate
successfully, and be acceptable to the consumer in the long run, than the concern for
fuel economy and cost. Unfortunately, the literature on this topic is not available in the
public domain to the best of the authors’ knowledge. The three references [3–5] that are
known deal with similar topics on the reliability of vehicular systems from a quantitative
viewpoint, and are also by one of the authors of this book and other co-authors. The
primary reason for this lack of published literature on this area of reliability, is, in the
opinion of the authors of this book, that people have been predominantly involved until
now with only the drive and control technology of hybrid vehicles, and matters related
to fuel economy and emissions. A second reason is that hybrid vehicle technology is
relatively new, and not much information about its reliability exists in the industry so far.
Another important reason is that reliability data on components and subsystems takes a
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long time to monitor and collect, and even if it is collected in the industry, the data is
normally retained as proprietary information.

The following discussion, prior to the section on software reliability, is extracted and/or
modified as needed from Masrur et al. [5] which was written by one of the authors of
this book.

We will consider here the architecture of a regular IC engine-based vehicle, followed by
series and parallel HEV architectures. The overall subsystem and component-level relia-
bilities are introduced by using some assumed numbers for reliability, and then analyzing
them. In addition, the concept of graceful degradation is introduced and its implication
from a quantitative point of view is discussed. The numerical values of reliability used
in this section are merely to illustrate concepts; the exact reliability situation will depend
on the system architecture and precise values of the reliability numbers involved in the
system under study. Of course, it should be recognized that finding accurate reliability
numbers for various components in a system requires prolonged efforts, sometimes mod-
eling and simulation studies, and also experimental tests; these issues are not within the
scope of this discussion.

8.2.1 Analyzing the Reliability of HEV Architectures

For a system-level perspective in studying the reliability of HEVs it is necessary to
trace the individual reliability values of the subsystems and components noted in the
architectures in Chapter 2 where a slightly different perspective was used. The architecture
for parallel HEVs was also discussed briefly in Chapter 6. Some of these architectures
are redrawn here.

For this discussion, the term reliability is defined by the probability that a component,
subsystem, or a system is functional, that is, performing its intended function at the end
of a particular time period, without any change or maintenance activities done within
that time period. Thus, reliability is connected with both probability and a time span.
In addition we define the term availability where we take a hypothetical system with
reliability equal to 1. Such a system will be said to be “fully” available.

One can study the overall system reliability of each of these subsystems in Figure 8.3
by following the simple methodology below. Consider the various items (subsystems) in
Figure 8.3, and let the reliability of each of those be as given in Table 8.1 (on page 185).

Note that each of the above items is constructed by using many constituent subsystems
and components. However, one can use a single cumulative reliability number for each
of the items above; for example, for the motor an overall reliability of 0.999 95 can be
used, rather than delving into the individual constituent components within the motor [5].

The numbers in Table 8.1 are used only for the purpose of illustrating the concepts in
this section. As noted earlier, component-level reliability numbers are generally kept as
proprietary items by the manufacturers. Hence obtaining exact numbers can be extremely
difficult, if not impossible. The other issue is that these numbers can vary from one
manufacturer to another. Hence during architectural studies in the design phase, one need
not be too concerned in trying to find exact numbers for various reliabilities.

Using the definition of reliability given earlier, it is now possible to study the system.
The numerical values indicated against each item above mean that at the end of a given (or
chosen) period of usage time or mileage of the vehicle (e.g., 100 000 miles (160 000 km)),
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Figure 8.3 System-level block diagrams for: (a) regular IC engine, (b) series HEV, and (c) parallel
HEV architectures. (From [5],  [2008] IEEE.)

when the reliability is assigned a value of, say, 0.9999 for the IC engine (ICE), it means
that the chance of its failure is 1 in 10 000 (within that mileage or usage time starting
from when the item was newly installed). It is true that reliability is a function of time
as the system ages. However, it will be assumed to be constant for the purpose of the
discussion here.

It has been shown [5] that, based on the above concepts, the reliability numbers in this
illustrative example in [5] are as follows:

1. For regular ICE propulsion,

RICE = 0.999 64 (8.1)

where RICE is the reliability (or the probability of being available) of the complete
ICE vehicle system.
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Table 8.1 Assumed reliability numbers for subsystems
shown in Figure 8.3. (From [4],  [2003] IEEE.)

Subsystem/component Reliability

Fuel system 0.999 9
ECU 0.999 99
ICE 0.999 9
Transaxle 0.999 95
Wheel system 0.999 9
Gear 0.999 95
Alternator 0.999 95
Motor 0.999 95
Power electronics 0.999 92
Propulsion battery 0.999 9
Motor control 0.999 99
HEV control 0.999 99

2. For series HEV propulsion,

RSH = 0.999 210 280 440 917 (8.2)

where RSH (reliability of series hybrid architecture) is defined similarly as before.
3. For parallel propulsion,

RPH = 0.999 160 319 926 895 (8.3)

where RPH (reliability of parallel hybrid architecture) is defined in an analogous manner
to RSH .

8.2.2 Reliability and Graceful Degradation

Consider the parallel HEV propulsion in Figure 8.3c, where demarcation between the
ICE-based and the electric propulsion-based subsystems is shown using shaded areas.
Using the terminologies EVP (for Electric Vehicle Portion) and ICE (to indicate the ICE
portion of the propulsion system) we can write that the following probabilities for various
combinations of the EVP and ICE will be [5]:

(a) Both ICE and EVP are good: 0.999 74 × 0.999 62 = 0.999 36
(b) ICE good and EVP bad: 0.999 74 × (1 – 0.999 62) = 0.000 379 84
(c) ICE bad and EVP good: (1 – 0.999 74) × 0.999 62 = 0.000 259 87
(d) Both ICE and EVP bad: (1 – 0.999 74) × (1 – 0.999 62) = 0.000 000 098 776 320 7
(e) Reliability of the wheel and final transaxle together = 0.999 85.

Hence, the probability of having “some” amount of system functionality during partial
failure conditions (i.e., under graceful degradation) is given by the sum of the items (a)
through (c)

PGR = (a + b + c) × (e) = 0.999 849 906 238 495 (8.4)
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Figure 8.4 Comparison of system reliability vs. performance perception factor as a percentage
for three different types of vehicles. (From [5],  [2008] IEEE.)

where PGR is the reliability or probability of the system under graceful degradation,
and (a), (b), (c), and (e) in Equation 8.4 are the reliability numbers corresponding to items
(a), (b), (c), and (e) in the above list. Thus it can be seen that in a graceful degradation
mode the system availability is higher than the situation when the partial availability or
graceful degradation mode is not taken into account. However, it should be noted that
under conditions (b) and (c), only partial functionality is obtained, not full functionality.
Thus for items (b) and (c), one has to amend these items with some weighting factor to
indicate that the functionality is degraded. This is explained in greater detail in [5].

Some additional issues pertaining to HEVs should also be considered. For example, if
the EVP in a parallel HEV fails, one can still operate the vehicle with the ICE and refill
the gas tank as needed, and keep running at a lower performance. If the ICE fails, one
can run with the EVP, but only as long as the battery lasts. Thereafter a plug-in operation
is required, if there is provision for that; otherwise, there is no option. Here one must not
run the battery below the level of allowable SOC, to save battery life. A similar analysis
has been done [5] for the series vehicle as well and the outcome can be summarized
through the graph in Figure 8.4.

From this graph and from the earlier discussions it is apparent that the overall reliability
numbers for a series HEV is quite a bit lower than the parallel HEV. Overall system
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reliability of both the series and parallel HEV, without taking any graceful degradation
into consideration, is of course lower than the regular ICE-based vehicle. This is due to
the fact that the ICE has fewer components and hence initially it has an edge in terms of
reliability. The basic idea here is that in a parallel HEV, in general, both the ICE and EVP
will be designed at a somewhat lower rating. Hence during partial failure conditions of
either the ICE or EVP, the performance of the vehicle is reduced. Thus one cannot get full
performance functionality during partial failure. If one intends to have better performance
during partial failure, it will be necessary to overdesign the ICE and EVP to some extent.
The definition of “performance perception factor” [5] is essentially the ratio of the ICE
or EVP rated power in a HEV to the rated power of an ICE of a non-hybrid vehicle. In
other words, say, the non-hybrid vehicle has 200 hp (150 kW) nominal. In an equivalent
parallel HEV let us assume that the ICE and EVP are each sized to a lower value of, say,
80 hp for the EVP and 120 hp for the ICE. In that case, if the ICE of the HEV fails, one
will get only 80/200 of the nominal performance, that is, 40%. This will be called the
perceived performance factor. If one needs to get a higher performance, the size of the
EVP has to be scaled up. If it is sized higher, obviously the system performance will be
even better under graceful degradation. Hence its overall “quality” increases even under
degradation. The X axis (in Figure 8.4) basically says that if one overdesigns the EVP or
ICE, then its reliability factor, due to better performance, will increase [5]. Thus, without
overdesign, the non-hybrid ICE system is more reliable than a HEV, but with overdesign
beyond a certain point the parallel HEV is more reliable, which includes the effect of
performance along with reliability. But for a series HEV, due to the fact that it has only a
single propulsion system, even with overdesign, its overall reliability cannot exceed that
of a non-hybrid vehicle, since non-hybrid vehicle has fewer components compared to a
series HEV. The interested reader is referred to [5] for further elaboration and details.

8.2.3 Software Reliability Issues

With the proliferation of software in our daily lives and its usage in small electronically
controlled devices, to automobiles, aircraft, spacecraft, ships, and so on, the importance
of its reliable functioning cannot be overemphasized. In many cases software malfunc-
tioning can merely cause some inconvenience. In a large number of other applications
like automotive braking, steering, engine control, aircraft stability control, and so on, or
in certain medical and defense applications, malfunctioning software may result in seri-
ous accident, injury, and even loss of life. Some examples of catastrophic failures are
presented in the article available at www.ece.cmu.edu/˜koopman/des_s99/sw_reliability/.
These include the tragedies with the Therac 25, a computer-controlled radiation therapy
machine, caused by the software’s inability to detect a race condition, and the case of
the British destroyer HMS Sheffield which was sunk because the radar system identi-
fied an incoming missile as “friendly.” This web site also indicates that sometimes small
unnoticeable errors or drifts can cause failure, such as the chopping error that missed
95 ns in precision in every 10th of a second and, accumulated over 100 hours, made
a Patriot missile fail to intercept a Scud missile, leading to the loss of 28 lives. Here
is a case where errors, considered insignificant, but when accumulated, and apparently
not corrected, caused failure. Recent events related to problems in the HEV and also
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Figure 8.5 Hardware and software reliability curves

regular vehicles, though not yet completely researched, may have both hardware and
software-related issues and are yet to be seen.

Software and hardware reliability curves have been compared in www.ece.cmu.edu/˜
koopman/des_s99/sw_reliability/ through the diagrams in Figure 8.5. It can be seen that
hardware passes through an initial burn-in phase, followed by a fairly stable rate, and
finally physical wearout occurs and the failure rate rises. At that time hardware replace-
ment may be needed. Unlike hardware, software initially goes through significant failure
correction in its testing/debug phase. Thereafter, each upgrade leads to a sort of mini-
replication of the initial phase. Eventually the software matures and the reliability factor
settles down, but the software also tends to become obsolete as well at that point.

Most people who use a computer operating system (OS) know that an older OS with
upgrades works well. An example is Windows XP. But while it operates quite satisfac-
torily, one may think of new features, and hence obsolescence sets in. For Windows XP,
this has led to Vista and Windows 7, and so on.

The bottom line is that there is still no definitive quantitative measure of software
reliability and testing method which can assure software reliability under all conditions.
Even though people have documented various models for reliability evaluation, in reality
none are applicable to all situations.

Hence the question arises: how does all the above relate to the HEV? From the previous
chapters it can be noted that the HEV is a complicated system, where various controllers
are involved with algorithms making a significant number of decisions. The controllers
involved for successful HEV functionality also involve other controllers in the system,
which may be legacy items upgraded for a HEV interface. Such examples include the
body controller, engine controller, transmission controller, power electronics/motor drive
controller, battery management controller, power management controller, to name but a
few, and their associated algorithms. All these involve significant amounts of software.
Although testing can be done for some selected situations, there is really no guarantee
that there does not exist a situation that can render the software ineffective. This means
the situation creates a condition such that the output from the command leads to the
following: (i) an output which is not supposed to be the desired response to an input as
per design; (ii) an algorithm creates an unending loop with either the output remaining
unchanged (which is not desirable), or the output flip-flops between a number of different
output states. While neither (i) nor (ii) is desirable, as long as they do not lead to any
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catastrophically dangerous command to the HEV, they can at least be accepted as a system
flaw requiring redesign or repair. If, however, a command is automatically generated, for
example, the acceleration is continuously increasing, or if the brake command is not
activating the brakes when needed to stop the vehicle, then that can be catastrophic or
even fatal.

Some of the reasons for software failure in HEVs are as follows:

1. Design flaw due to inability of the developer to account for all possible scenarios.
2. Improper specifications which can lead to indecision by the software due to lack of

sufficient information to carry out the task, even though the software designer or
developer is not at fault.

3. Lack of recognition of the need for a higher degree of precision in certain quantities,
which can accumulate errors over time and operate with a wrong decision.

4. Lack of thorough testing of the software for all conceivable situations.

Several scenarios for catastrophic failure in the automotive area, and in particular in
HEVs (e.g., sporadic noise), can cause a wrong input to the software in the engine or
motor control. If the software does not have provision to correct the error, it can give
the wrong signal to the engine or motor, leading to very undesirable behavior, perhaps
in acceleration.

Another situation can be considered. Let us look at Figure 8.6 and assume that the
driver pressed the brake and regenerative action was in place, but the mechanical brake
is not activated based on the brake algorithm. Let us also assume that a wheel of the
car, which was previously on a smooth surface, momentarily runs over a pothole. At that
moment the tire loses contact with the wider road surface, the frictional torque ceases,
and the edge of the pothole provides reaction forces F1 and F2, which will be more
or less perpendicular to the tire surface. Even if there are any rotational forces (thus
creating a torque) tangential to the tire, they will cancel for all practical purposes, due
to the directions of forces F1 and F2 shown in the figure (assuming the forces are the
same, which is reasonable for the purposes of this discussion). At that very moment the
regenerative power from the brake will not be available, and if the mechanical brake
does not activate, since it sees the other wheels still doing some regeneration, then the
particular wheel of the car shown will accelerate forward even though the driver pressed
the brake. If the algorithm did not fully evaluate the situation based on the various wheel
conditions and coordinate them properly, it could destabilize the vehicle or fail to slow it

Wheel

Road

Force F2Force F1

Figure 8.6 A wheel in a pothole
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down properly. This is merely a hypothetical situation, since details of the manufacturer’s
algorithm are in general proprietary and it is difficult to know exactly what will happen
in the above scenario. But recent issues like the above are coming to light, and although
the problem could be due to sensor issues, or not having sufficient sensors, the software
problem could still be one of the reasons.

Notwithstanding the fact that software problems can give rise to significant danger
if the software malfunctions, the benefit of having software in general outweighs the
drawbacks. Hence the only way one knows about the goodness of software is only after
it has been deployed over many years of service. Mere testing in a lab environment can
never guarantee this attribute.

8.3 EMC Issues

EMC, or Electromagnetic Compatibility, is an important issue these days in view of the
fact that HEVs and EVs use significant amounts of power electronics which result in
high-power, high-frequency switching. The EMC issue can be mitigated to a large extent
by proper layout of the circuitry on various circuit boards and power distribution systems,
in terms of both generation and propagation.

Electromagnetic interference (EMI) is generated by high-power circuits in the power
converters and associated controllers. Several standards, for example, EMC Directive
89/336/EEC, the Automotive Directive 95/54/EC, and IEC 61800-3, EMC Requirements
and Test Methods for Adjustable Speed Electrical Power Drive Systems , are considered to
be important. In addition, the CEI EN 55055 standard on radio disturbance characteristics
for the protection of receivers onboard has also been considered [6]. The standard SAE
J551 on surface vehicle EMC is considered more stringent compared to other applications,
unlike automotive ones.

In an electric vehicle the inverter is located near the propulsion motor and housed in a
metallic box which shields noise emission [7]. However, the battery module is normally
located at a distance and unshielded power cables may be used to connect it to the
power electronics. Hence the unshielded cables can lead to a significant amount of noise
propagation. The studies by Chen and Xu [7] in an EV indicated that most noise energy
is at frequencies below a few megahertz and causes transients which can affect digital
systems more than creating radiated noise to the environment. But the radiated noise
energy level itself is also high, and not necessarily below limits.

In a very interesting presentation [8], the impact of EMI on HEVs and how it affects
various items was studied. Although important for military applications, the information
is equally valid for regular vehicles. However, the importance of EMI on communication
systems is more vital for military, as opposed to commercial, vehicles. The standards rele-
vant to the military in this context are MIL-STD-461E – EMI Requirements, Design, and
Test , and MIL-STD-464 – Vehicle EMC and Lightning Requirements . The latter is more
applicable to commercial aircraft. Other standards, beside those mentioned in the previous
paragraph, are RTCA-DO-160 – EMI and LIT Requirements Including Test Methods , and
AC-20-136 – FAA LIT Advisory Circular . In addition, the FCC Rules and Regulations,
Title 47, Part 15, Subpart B, are of importance. Several European standards were also
indicated earlier.
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Filter Rectifier Inverter

Motor

Figure 8.7 Power electronics architecture in EV motor drive

Figure 8.7 shows the block diagram of an electric motor drive. A number of small
capacitances, which can be ignored at low frequency, become important, especially when
the switching frequency is high [9]. Here, the capacitors are shown between the individ-
ual housing elements to the ground or chassis/body of the vehicle. Various currents, in
common and differential modes, could flow through these stray capacitances. They can
also create problems in the shaft and bearings as follows.

Consider Figure 8.8, showing the bearing and shaft of a motor drive. The stray capac-
itance shown can give rise to a voltage across the grease layer shown shaded. This can
potentially exceed the breakdown voltage of the grease, causing sparks in the bearing’s
steel material, thus leading to bearing damage and eventual failure. Of course, the other
capacitances can also lead to additional stray currents and consequent radiation of noise.

Some of the mechanisms needed to reduce EMI effects include: (i) using very good
conducting materials for the housing of power electronics and other equipment; (ii) various
joints in the housing should be tight and there should be no abrupt discontinuity in the
housing structure, for example, an undesirable tiny gap or hole in the structure which can
lead to high emission; (iii) various cables should be shielded properly as far as practicable,
and correct terminations should be used; (iv) both magnetic and electric shielding should
be used; (v) both common and differential mode filters should be used as applicable;
(vi) screw spacing should be made correctly and a conducting gasket should be used
as needed. Among other techniques, use of laminated busbars, high-frequency DC link
capacitors, good snubbers, and separation of digital and high-power electronic circuits
have been suggested for the power electronics circuit. For the electrical wiring, benefits
can be obtained by over-braiding high-power bundles. In addition, data buses should be

Shaft Bearing collar

Grease layer

BallStray cap.

Motor housing

Figure 8.8 Completion of circuit through shaft, stray capacitance, and bearings
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shielded properly. In EV high-power wiring, even if it is not shielded, at least the data
buses should be shielded to protect malfunctioning of these digital circuits due to EMI.

8.4 Noise Vibration Harshness (NVH), Electromechanical, and
Other Issues

As noted earlier in this chapter, in connection with HEVs, normally people are more
concerned with matters related to fuel economy and control mechanisms and algorithms,
the battery, power electronics, and so on. But the fact that the HEV is subjected to frequent
stopping and starting of the engine to conserve fuel, or even too much stopping or starting
of the electric motor, deserves some consideration in terms of vibrations or stressing of
the engine, motor, or mechanical members associated with the system.

Consider Figure 8.9 showing the configuration of a typical power split-based HEV. In
this particular system, a power split device, that is, the planetary gear system, is used to
connect the various items shown. This is typical for the Toyota HEV. In this system, since
there are no clutches, the traction torque from the ICE and the electric motor is directly
transmitted to the wheels. Hence, if there is any engine start/stop action, any accompanying
vibration is transmitted to the wheels through the various members in between, including
the shafts and the connecting gears. Vibration from the engine can occur both before and
after ignition [10]. When there is no ignition, there is compression and pumping pressure
in the cylinders. After ignition, there will be a sudden torque change in the engine due
to combustion. Note that these are initial changes due to a discontinuous process, that is,
starting or stopping of the engine, which is separate from the regular pulsating torque in
the engine under normal conditions. Ito et al. [10] have studied the vibration problem in
an HEV engine in reasonable detail. The vibration was reduced by using two controllers,
the first one controlling the ripple due to compression and pumping pressures in the engine
cylinders, and the second controlling torsional vibration caused by rapid changes in the
torque. The result was promising in terms of reducing the floor acceleration.

Ito et al. [10] present their experimental results according to the vibration control
method used. A simplified qualitative comparison diagram is given in Figure 8.10 to indi-
cate the difference. It is interesting to note that by using a new control methodology, the

ICE Gen Motor

Power split device

Gear ratio

Flywheel

Wheel

Differential

Figure 8.9 Configuration of a typical power split-based HEV
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Figure 8.10 Qualitative comparison of reduction of vibration due to control action. Lines repre-
senting conventional control and lines showing the vibration reduction control proposed in [10] are
indicated by arrows. (Reprinted from R&D Review of Toyota CRDL, Vol. 40. No. 2, p.42.)

vibration in floor acceleration has been substantially reduced. However, it should also be
noted that concurrently the torque generated at the motor and the generator has increased.
This increase is essentially what nullifies the floor vibration. The above phenomenon,
though, leads to a reduction of mechanical torque, and indeed needs high-frequency con-
trol action through the motor and generator system. This may have some ramifications in
terms of faster switching of the power electronics switches and higher frequency currents
and magnetic field in the motor, and may actually lead to higher losses in those compo-
nents. In other words, there is some penalty to pay in one place whenever some benefit
is achieved in another. In this particular case the reduction in mechanical vibration is
essentially transferred into electrical form. These issues, related to high-frequency control
and its ramifications, have not, to the best of the authors’ knowledge, been studied.

In the patent [11] the issue of numerous starts and stops was addressed. It was indi-
cated that vehicle designs are normally optimized for minimizing noise vibration harshness
(NVH) for both idle speed and above, and particular for high-frequency conditions. But
low-speed and low-frequency vibrations are normally difficult to manage. This patent [11]
specifically indicates that at 0–800 rpm, the NVH issue and resonance are very prob-
lematic. Apparently this situation is caused by compression pulses in the engine and
fluctuations in flywheel speed. In addition, the problem is important for gasoline engines,
but more so for diesel engines. The former have a compression pressure around 120 psi
(827 kPa), and the latter about 400 psi (2758 kPa). It appears that with frequent start/stops
every couple of minutes and shutdown of the engine for only a couple of seconds or a
little more can be quite important in terms of NVH. The method suggested to improve the
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NVH issue includes opening the exhaust port (valve) during the shutdown sequence of the
engine. The idea is to reduce the compression pressure in the cylinder, thus reducing the
vibration. It was also indicated that the above process influences the change of rotational
inertia in the engine which is prevented from transmission to the chassis.

The above issue of NVH is specific to the HEV which has multiple sources of power
and involves some shutdown sequence. In a purely electric vehicle the issue is less likely
to be of consequence due to the absence of the ICE and also that electric motor torque is
much smoother compared to ICE torque.

8.5 End-of-Life Issues

In HEVs and EVs, the end-of-life issue is associated with the life of the various compo-
nents and overall life cycle management. As far as the mechanical system is concerned,
that is, the engine and transmission (power split based or other type of mechanical cou-
pling), this is the same as in a regular ICE vehicle. So, the end of life can be considered
to be around 100 000 miles (160 000 km) nominal in terms of company warranty, and,
depending on the quality, the life can easily be around 150–200 000 miles. However,
important items to consider for HEVs pertain to the battery, power electronics, and motor.
The weakest link here is the battery, next is the power electronics, and then the motor.
In a HEV, the battery is warranted for around 10 years, which is compatible with the
warranted life of the vehicle. The cost of a battery can be around $3000. An Oak Ridge
National Laboratory (ORNL) report [12] says that the present cost of power electronics is
about $200/kW. Attempts are underway to bring it down in the future to $7/kW. So, for
a vehicle with a 60 kW power electronics device, the cost was around $12 000 at the time
of the report [12], and hybrid-specific item warranty is around 150 000 miles or 10 years.
According to the ORNL study, the cost of a 75 kW motor is a little over $800 to around
$1500 depending on the size. The motor is considered the most robust entity within the
hybrid-specific components. Although precise information is not available, the authors
believe that the life expectancy of the motor itself is probably more than 10 or 12 years,
that is, somewhere between 150 000 and 200 000 miles. The life of all the items which are
hybrid specific, that is, the battery, motor, and power electronics, is significantly affected
by ambient temperature and operational mode. This means that the variation between the
continuous drive cycle demands and its peak affects the overall life cycle. This applies to
the battery, power electronics, and motor. If there are very high peaks and valleys, with
associated harmonics in the voltage and current, it will affect the life expectancy in the
long run.

In connection with life cycle issues, it should be noted that some of the materials within
a battery and motor could be recycled. For example, the battery casing could be directly
reused, and some of the materials inside might be reprocessed. The same applies to the
motor. The motor could most likely be reconditioned in terms of winding, and if it is
a permanent magnet motor, the magnets could be replaced if they have lost some of
their properties. With the power electronics, the silicon components themselves could be
replaced, that is, the power electronics switch modules. Control electronics most likely
could be retained. The replacement and reconditioning of the components will need some
infrastructure, so that the operations of replacement and reconditioning could be done
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with least inconvenience to the users. All these processes are rather new and can only
evolve with time.
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9
Power Electronics in HEVs

9.1 Introduction

Power electronics is one of the enabling technologies propelling the shift from conven-
tional gasoline/diesel engine-powered vehicles to electric, hybrid, and fuel cell vehicles.
This chapter discusses power electronics used in HEVs and PHEVs. However, the focus
of the chapter is on the unique aspects of power electronics in HEVs and PHEVs.

To explain the types of power electronics circuits used in a HEV, we use the configura-
tion of a typical series HEV powertrain as shown in Figure 9.1. In this configuration, the
internal combustion engine (ICE) drives a three-phase permanent magnet synchronous
generator, whose output is a three-phase voltage with variable frequency and variable
voltage. This output needs to be rectified to a direct current (DC) voltage.

The front wheels are driven by an induction motor which needs to be controlled by
a voltage source inverter (VSI) or a current source inverter (CSI). An energy storage
system is connected to the DC bus, between the generator/rectifier output and the inverter.
However, there is a bidirectional DC–DC converter that manages the charge/discharge of
the battery, as well as controlling the DC bus voltage.

In conventional vehicles, the air-conditioning (A/C) compressor is driven by the engine
through a belt. In advanced HEVs, the engine is turned off very often during stop-and-go
driving patterns. In order to have A/C while the engine is off, the A/C compressor needs
to be driven by an electric motor which runs from the hybrid battery. There may be an
electrically driven hydraulic pressure pump for the vehicle’s hydraulic systems, such as
frictional brakes, power steering, and so on. The A/C motor and the compressor motor
are typically brushless DC motors with an inverter.

In addition, auxiliary components, such as headlights, wipers, entertainment systems,
heat seats, and so on, run from the 14 V auxiliary battery. Most advanced hybrid vehicles
no longer have an alternator, which means the 14 V battery needs to be charged from
the high-voltage (HV) battery. On the other hand, even if an alternator is present, when
the engine is off, the 14 V battery can still be drained quickly without proper charge
maintenance. Therefore, it is necessary to have a DC–DC converter to charge the 14 V
battery from the hybrid battery. For PHEV, there is also a battery charger installed on the
vehicle or in the charging station.

Hybrid Electric Vehicles: Principles and Applications with Practical Perspectives, First Edition.
Chris Mi, M. Abul Masrur and David Wenzhong Gao.
 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.

www.FreeEngineeringbooksPdf.com



198 Hybrid Electric Vehicles

HV Battery

Inverter Motor Mechanical
Transmission

Wheel

Wheel

GeneratorEngine Rectifier

DC-DC
Converter

Pressure
Motor

Inverter DC-DC
Converter

Auxiliary
Battery

Figure 9.1 Power electronics converters used in a series HEV

Even though there are commonalities between the power converters used in HEVs
and the ones used in other industrial, commercial, or residential applications, there are
some unique features specific to automotive applications. Examples include wider ambient
operating temperature (−20 to 50 ◦C), vibration and shock, electromagnetic compatibility,
and thermal management.

Figure 9.2 shows the integrated main power electronics unit used to control the Toy-
ota Highlander HEV (http://www.toyota.com). The power electronics unit consists of a
bidirectional DC–DC converter that links the hybrid battery and the DC bus, and three
motor drive circuits that control the front and rear motor/generators.

The issues to be addressed in the design of HEV power electronics circuits
cover [1–23]:

• Electrical design: Includes main switching circuit design; controller circuitry design;
switching frequency optimization; and loss calculations.

• Control algorithm design: Includes developing the control algorithm to achieve the
desired voltage, current, and frequency at the output, and to realize bidirectional power
flow as needed.

• Magnetic design: Includes the design of inductors, transformers, and other components
such as capacitors needed for filtering, switching, and the gate driver units.

• EMC design: Includes understanding the electromagnetic interference (EMI) issues,
analyzing switching transients, and circuit layout that minimizes parasitic inductance
and capacitances.

• Mechanical and thermal design: Includes modeling of the loss of power devices and
magnetic components; cooling system, heat sink, and enclosure design; and integration
of the power electronics unit.

9.2 Principle of Power Electronics

In broad terms, power electronics is a discipline that studies power converters which pro-
cess and control power flow using electronic means. It mainly involves the use and control
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Front motor
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Rear motor
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Figure 9.2 The integrated powertrain power electronics unit used to control the Toyota Highlander
hybrid vehicle. (Courtesy, CC Chan, The State of the Art of Electric, Hybrid, and Fuel Cell Vehicles,
the IEEE Special Issue on Electric, Hybrid and Fuel Cell Vehicles, Vol. 95, No. 4, pp. 704–718,
2007  [2007] IEEE. Reprinted, with permission, from the Proceedings of the IEEE.)
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Figure 9.3 Schematics of a power converter

of power semiconductor switches, such as power diodes, insulated gate bipolar transistors
(IGBTs), and metal oxide field effect transistors (MOSFETs). Figure 9.3 illustrates the
schematics of a power converter.
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As can be seen from Figure 9.3, a typical power converter will consist of four segments:
switching and peripheral circuits, filtering circuits, control circuits and feedback, and an
optional user interface:

• Types of power converters: Power converters are usually classified by their input and
output. Since the input and output of a power converter can be either alternate current
(AC) or direct current (DC), there can be four types of power converters:
– DC–DC converter
– DC–AC inverter
– AC–DC rectifier
– AC–AC cycloconverter.
The first three types of power converters are all used in HEVs. The fourth type, AC–AC
cycloconverters, is only used in high-power AC–AC systems to control the voltage
magnitude and frequency of large motors. However, AC–AC conversion involving an
AC–DC circuit and a DC–AC circuit is not unusual. Depending on the powertrain con-
figuration and level of hybridization, a HEV can involve one or more power converters
of different types.

• Main circuit (switches, peripherals): The main circuit consists of power semiconduc-
tor devices (switches and diodes) and peripheral circuits. The semiconductor switches
are controlled to turn on and turn off at a frequency ranging from a few kilohertz to
a few tens of kilohertz for HEV applications. Depending on the voltage level of the
systems, both MOSFETs and IGBTs are used in HEV power converters.

• Filtering circuit: Power electronics converters usually involve LC low-pass filters
that will filter out the high-frequency components of the output voltage and let the
low-frequency components or DC component pass to the load side.

• Control and feedback circuit: Control and feedback typically involve the use of
microcontrollers and sensors. HEV powertrain applications usually involve feedback
torque control. Current feedback is usually necessary.

As a well-developed discipline, power electronics has been very well covered in many
textbooks. This chapter will only focus on the unique aspects of power electronics per-
taining to HEV applications.

9.3 Rectifiers Used in HEVs

Rectifiers are used to convert an AC input to a DC output. Even though controlled
rectifiers exist, they are rarely used in automotive applications. Therefore, we will only
discuss uncontrolled passive rectifiers and their unique aspects in HEV applications.

9.3.1 Ideal Rectifier

Figure 9.4 shows a single-phase rectifier and a three-phase ideal rectifier operating from
ideal voltage sources. With ideal diode characteristics, the output of a single-phase rectifier
can be expressed as

Vo = 1

T /2

∫ T /2

0

√
2Vi sin(ωt)dt = 0.9Vi (9.1)
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Figure 9.4 Ideal rectifiers: top, single-phase rectifier circuit and output voltage waveforms;
bottom, three-phase rectifier circuit and output voltage waveforms

where V o is the output voltage, V i is the rms value of the input voltage, T is the period
of the input voltage, and ω is the angular frequency of the input.

The output of an ideal three-phase rectifier is

Vo = 1

π/3

∫ π/6

−π/6
(Va − Vb)dt = 1

π/3

∫ π/6

−π/6

√
2VLL cos(ωt)dt = 1.35VLL (9.2)

where V LL is the rms value of line-to-line voltage.

9.3.2 Practical Rectifier

In HEV applications, the input to a rectifier is usually the output of a synchronous genera-
tor (such as in a series HEV or complex HEV), or an alternator (in a belt–alternator–starter
HEV). The circuit and output voltage waveforms of a practical HEV rectifier are shown in
Figure 9.5. The generator impedance is in series with the voltage source, and the voltage
drop of the diodes is also included. It can be seen that there is a significant amount of
voltage drop in a practical rectifier when compared to an ideal rectifier. The voltage drop
is caused by the impedance of the generator, which is generally not negligible, different
from that of rectifiers connected to an infinite AC grid. Besides, there will be commu-
tation loss due to the inductance of the generator. Therefore, the output voltage can be
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Figure 9.5 Practical rectifiers used in a HEV: top, rectifier circuit; bottom, output voltage in
comparison to ideal rectifier (upper curve: ideal rectifier; lower curve: practical rectifier)

significantly different between no-load and loaded conditions. The difference is defined
as voltage regulation.

9.3.3 Single-Phase Rectifier

We will use a single-phase circuit to analyze the voltage regulation, voltage ripple,
and commutation.

At no-load conditions, due to the existence of the output capacitor, the output voltage
will equal the peak of the input voltage, that is,

Vo =
√

2Va = 1.414Va (9.3)

When load current increases, the impedance of the generator, and the diodes, will have a
voltage drop on them. If the DC link capacitor is sufficiently large, then we can assume
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that the output voltage V 1 (DC link voltage) is constant. We further assume that diode
voltage drop V D is also a constant.

By solving
√

2Va sin ωt = 2VD + V1, we get

θ1 = ωt0 = arcsin

(
2VD + V1√

2Va

)
(9.4)

The analysis can be divided into two scenarios: discontinuous and continuous mode. In
discontinuous mode, the AC side current is not continuous. The current starts from zero
and builds up when ωt ≥ θ1; it reaches a maximum when

√
2Vi sin ωt = 2VD + Vo (ωt = π − θ1) (9.5)

The current then drops to zero at θ2, θ2 < π + θ1.
Continuous Mode: In continuous mode, the AC side current does not reach 0 at π + θ1.

In other words, θ2 >π + θ1.
In continuous mode, the voltage equation is

Vi − La

di

dt
− Rai − 2VD = V1, i(t0) = 0 (9.6)

di

dt
+ Ra

La

i = 1

La

(√
2Va sin ωt − 2VD − V1

)
when ωt ≥ θ1 (9.7)

Note that the AC input will not have current until the voltage exceeds the output voltage
plus the diode drop. However, the current will continue to flow until it reaches zero at
angle θ2.

We further neglect the resistance. The above differential equation can be simplified and
the following solution obtained:

i(t) = −
√

2Va

ωLa

cos ωt − 2VD + V1

ωLa

ωt + C, θ1 ≤ ωt ≤ θ2 (9.8)

Since i (θ1) = 0, from the above equation we get

C =
√

2Va

ωLa

cos θ1 + 2VD + V1

ωLa

θ1 (9.9)

Therefore,

i(t) = −
√

2Va

ωLa

(cos ωt − cos θ1) − 2VD + V1

ωLa

(ωt − θ1), θ1 ≤ ωt ≤ θ2 (9.10)

To find θ2,

1

ωLa

∫ θ2

θ1

(√
2Va sin ωt − 2VD − V1

)
dωt =0 (9.11)

cos θ2 + 2VD + V1√
2Va

θ2 = cos θ1 + 2VD + V1√
2Va

θ1 (9.12)
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Figure 9.6 Voltage regulation, commutation of practical rectifier used in HEV

The output power of the rectifier must be equal to the power consumed by the load:

P = 1

π

∫ θ2

θ1

√
2Va sin ωt∗i(t)d(ωt) = V 2

1

R
(9.13)

so the output voltage of the rectifier is

Vo =
√

R

π

∫ θ2

θ1

√
2Va sin ωt∗i(t)d(ωt) (9.14)

The above expression cannot be directly solved due to the fact that θ1 and θ2 are functions
of V o . But it can be seen that the rectifier output is closely related to the impedance of
the generator.

The voltage regulation can then be calculated from Figure 9.6. That is,


Vo = V1 − Vo

Vo

× 100% (9.15)

Apparently, the voltage regulation is a function of the internal impedance of the generator,
and the output power.

9.3.4 Voltage Ripple

The above derivation assumes that the output voltage is constant. However, it can be seen
that the current from the AC input is discontinuous. This means that, during the portion
of the cycle when there is no current from the AC side (e.g., from 0 to θ1, and from θ2
to π if θ2 <π), the load current is supplied by the capacitor.

However, due to the nonlinearity of the current, when the load current is less than the
AC side current, the capacitor still has to supply some current to the load. Therefore, we
can assume that if the load current is constant, and also that the capacitor supplies current
to the load 50% of the time, then the voltage ripple is


Vo = 1

2

1

C

Vo

R

π

ω
(9.16)

www.FreeEngineeringbooksPdf.com



Power Electronics in HEVs 205

Example: In Figure 9.6, V a = 220 V, 400 Hz, La = 1 mH, Ra = 0.05 (which can
be neglected in the analytical calculations), C = 10 mF, and V D = 0.8 V. The DC
output is equivalent to 10 	. Find the output voltage and voltage ripple.

Solution: V o can be solved using the above equations and is illustrated in
Figure 9.7a. It is then solved in MATLAB (Figure 9.7b).

Vo–Vnew < e ?

Initial Vo

Solve for q1 using

Solve for q1 using

2Va sin w t*i(t)d(wt)
R

V1 =

2VD +Vo 2VD + Vo

2Va 2Va

cosq2 q2 = q1cos q1  + +

Solve V1 using 

2Va sin w t*i(t)d(wt)
R

V1  

End

Y

N

Update Vo

p

p

∫

∫

Figure 9.7 (a) Flow chart for solving the circuit shown in Figure 9.6. (b) MATLAB code
corresponding to the flow chart in (a)

The solution is V o = 206 V. The calculated voltage ripple is 1.3 V.
Simulation: The same circuit is further simulated in Simplorer. The output volt-

age is 206.3 V, and the voltage ripple is 1 V.

Discontinuous Mode: In discontinuous mode, the AC side current starts at
ωt = θ1 >θ2, and drops to 0 at ωt >π + θ1:

di

dt
+ Ra

La

i = 1

La

(√
2Va sin ωt − 2VD − V1

)
, θ2 ≤ ωt ≤ θ2 + π (9.17)

and

i(π − θ2) = i(θ2) = 0 (9.18)
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% Matlab Program to solve for Vo. 
clear all
syms wt i v y
delta_error=0.01;
voltage_error=0.1;

VD=0.8;
Va=220*sqrt(2);
w=2*pi*400;
La=1e-3;
RLoad=10;
Ra=0.001;
RD=0.001;
R=RLoad+2*RD+Ra;
x=w*La;

%Initialization
Vo=Va; V1=0;

%Solve for Vo

while abs(V1-Vo)>voltage_error
    Vo=(Vo+V1)/2;
    c0=(2*VD+Vo)/Va;
    theta1=asin(c0);
    c1=cos(theta1)+ c0*theta1;

%find theta2
    theta2 = pi - theta1;
    c2  = cos(theta2)+ c0*(theta2);

while abs((c2-c1))>delta_error
        theta2=theta2+0.001;
        c2  = cos(theta2)+ c0*(theta2);

if theta2 >= pi + theta1 break, end
end

    i = -Va/x*(cos(wt)-cos(theta1)) - 
(2*VD+Vo)/x*(wt-theta1);
    v = Va*sin(wt);
    y = simple(i*v);
    P1 = 1/pi*int(y, wt, theta1, theta2);
    P = abs(real(eval(P1)));
    V1 = real(sqrt(P*R))

if V1>=Va V1=Va; end
end
Io=P/Vo;
Vo = Vo - (RD*2*Io + 2*VD) 
DeltaV=1/C*Vo/RLoad*(theta1+pi-theta2)/w

Figure 9.7 (continued )

When neglecting Ra ,

i(t) = −
√

2Va

ωLa

(cos ωt − cos θ2) − 2VD + V1

ωLa

(ωt − θ2), θ2 ≤ ωt ≤ π + θ2 (9.19)

To find θ2, let

1

ωLa

∫ π+θ2

θ2

(√
2Va sin ωt − 2VD − V1

)
dωt = 0 (9.20)
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θ2 = arccos

[
π(2VD + V1)

2
√

2Va

]
(9.21)

The boundary condition is θ1 = θ2. Therefore, the boundary condition occurs when

2VD + V1 = 2
√

2Va√
π2 + 4

(9.22)

The above analysis is based on a single-phase generator. Since most generators and motors
are three phase, it is worth looking at three-phase circuits.

Again, if the output capacitor is sufficiently large, then we can assume that the output
voltage is constant. The diodes only conduct 60◦ in each cycle. The voltage equation can
be written as

VLL − 2La

di

dt
− 2Rai − 2VD = V1, −π

6
≤ ωt ≤ π

6
(9.23)

where V LL is the line–line voltage, and V 1 is the DC link voltage with load. This equation
can be solved using the same method as for the single-phase analysis.

If the generator is a three-phase salient-pole permanent magnet (PM) generator (such as
an interior-type PM generator), then the circuit is even more complicated due to the fact that
the generator has two equivalent inductances, direct-axis and quadrature-axis inductance.

9.4 Buck Converter Used in HEVs

9.4.1 Operating Principle

A buck converter will step down a higher voltage DC input to a lower voltage DC output.
The typical application of a buck converter in a HEV is to step down the hybrid battery
voltage (typically 200–400 V) to charge the auxiliary battery (14 V). The uniqueness is
the large difference between the input and output voltage of the converter and the small
duty ratio (3.5%) needed to control the switching. Figure 9.8 shows the main circuit of a
buck converter. It consists of a switch, a freewheeling diode, and an LC filter.

The small duty ratio will make control and regulation very difficult. It also affects the
design of the inductor, capacitor, current ripple, and voltage ripple. As a starting point
for the analysis, we assume the components are ideal, that is, the voltage drop is zero
when turned on. We further assume that the output voltage is constant. When the switch
is turned on, the voltage across the inductor is

VL = Vd − Vo (9.24)

When the switch is turned off, we assume the circuit is operating in continuous mode;
then the voltage drop across the inductor is

VL = −Vo (9.25)

In steady state operations, the average voltage of the inductor must be zero. Therefore,

(Vd − Vo)DTs = Vo(1 − D)Ts (9.26)
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Figure 9.8 A buck converter

and

Vo = DVd (9.27)

The current ripple in the inductor is


IL = 1

L
Vo(1 − D)Ts (9.28)

The voltage ripple of the output can be calculated. We assume the load current is constant;
then all the current ripple will enter the capacitor,


Vo = 1

C

1

2


IL

2

Ts

2
= T 2

s

8LC
Vo(1 − D) (9.29)

9.4.2 Nonlinear Model

The above analysis is based on assumptions that the output voltage is relatively constant
and the parasitic parameters (resistance, inductance) can be neglected. Due to the fact
that the ratio between the input and output voltages is very large, these assumptions may
not hold true.

In order to accurately analyze the relationship and the influence of various parameters,
we can use a detailed model to describe the system. In continuous mode, when the switch
is turned on,

Vd = rdiL + rsiL + L
diL
dt

+ rLiL + Vo (9.30)

iL = ic + io = C
dVo

dt
+ io = C

dVo

dt
+ Vo

R
(9.31)

where rd , rs , and rL are the equivalent resistance of the diode, switch, and inductor,
respectively; and i o , i c , and i L are the current through the load resistance, the capacitor,
and the inductor, respectively.
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The above equations can be rewritten as


diL
dt

dVo

dt


 =


 − rd + rs + rL

L
− 1

L
1

C
− 1

CR



[

iL

Vo

]
+

 1

L
0


Vd (9.32)

When the switch is closed,


diL
dt

dVo

dt


 =


 − rD + rL

L
− 1

L
1

C
− 1

CR



[

iL

Vo

]
(9.33)

These equations can be solved using numeric tools such as MATLAB.

9.5 Non-isolated Bidirectional DC–DC Converter

The bidirectional DC–DC converter in a HEV is also sometimes called an energy man-
agement converter, or boost DC–DC converter. This DC–DC converter is a high-power
converter that links the HV battery at a lower voltage with the HV DC bus. The typical
voltage of a battery pack is designed at 300–400 V. The best operating voltage for a
motor and inverter is around 600 V. Therefore, this converter can be used to match the
voltages of the battery system and the motor system. Other functions of this DC–DC
converter include optimizing the operation of the powertrain system, reducing ripple cur-
rent in the battery, and maintaining DC link voltage, hence the high-power operation of
the powertrain.

9.5.1 Operating Principle∗

The DC–DC converter provides bidirectional power transfer. The operating principle is
show in Figure 9.9.

• Buck operation: In buck operation as shown in Figure 9.9b, the power is transferred
from V d to V B . When T1 is closed and T2 is open, since V d > V B , V L = V d – V B and
the inductor current I L builds up. When T1 is open, the inductor current I L continues
to flow through D2. Thus, V L = V B .
Assuming ideal components and a constant V o , the inductor current over one cycle in
steady state operation will remain the same, for example,∫ t1on

0
(Vd − Vo)dt =

∫ t1on+t1off

t1on

(−Vo)dt (9.34)

Vo = t1on

T
Vd = D1Vd (9.35)

∗  [2007] Inderscience. Reprinted, with permission, from the International Journal of Electric and Hybrid Vehicles.
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Figure 9.9 Operation of the bidirectional boost converter: (a) circuit topology; (b) inductor voltage
and current waveform during buck operation; and (c) inductor voltage and current waveform during
boost operation
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where D1 is the duty ratio defined as the percentage of on-time of switch T1:

D1 = t1on

T
(9.36)

• Boost operation: In boost operation, the power is transferred from V B to V d . When
T2 is closed and T1 is open, V B and the inductor form a short circuit through switch
T2, as shown in Figure 9.9c, therefore V L = V B and the inductor current I L builds up.
When T1 is open, the inductor current continues to flow through D1 to V d , therefore
V L = V d – V B : ∫ t2on

0
Vo dt =

∫ t2on+t2off

t2on

(Vd − Vo)dt (9.37)

Vd = 1

1 − D2
Vo (9.38)

where D2 is the duty ratio defined as the percentage of on-time of switch T2:

D2 = t2on

T
(9.39)

In the bidirectional boost converter control, since T1 and T2 cannot be switched on
simultaneously, a practical control strategy is to turn T2 off while T1 is on and vice
versa. In this case,

D2 = 1 − D1 (9.40)

9.5.2 Maintaining Constant Torque Range and Power Capability

The above analysis neglected the internal impedance of the battery. In fact, the impedance
is often not negligible. When an electric motor and inverter are directly connected to
the battery without a bidirectional DC–DC converter as shown in Figure 9.10, as the
current (power or torque) goes up, the battery terminal voltage starts to drop because of
the voltage drop on the battery internal impedance. For example, a 16 kWh lithium-ion
battery with iron phosphate chemistry will have an internal impedance of 0.5 	. If the
powertrain inverter/motor is rated at 125 kW, 400 V, 90% efficiency, the rated current
is 348 A at 400 V. The battery internal voltage drop is 174 V. This voltage drop will
significantly affect the performance of the powertrain motors. In fact, in this example,
the maximum power that can be delivered to the motor is only 78 kW. In addition, due
to the available voltage at the input, the motor constant torque region is also affected. In
the above example, the constant torque region is shortened by 43.5%.

Another factor is that battery voltage is related to battery state of charge (SOC). As
the battery SOC drops, the battery voltage will also drop. Therefore, the available voltage
at a motor/inverter terminal is also changed, which will make it difficult to maintain the
constant torque range.

When a DC–DC converter is inserted between the battery and inverter/motor as shown
in Figure 9.11, the DC bus voltage before the inverter can be maintained as a constant.
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Figure 9.10 Powertrain motor directly connected to battery without the DC–DC converter: top,
circuit topology; bottom, equivalent circuit of the circuit

DC/AC M
400V

Vdc = 650V

Figure 9.11 Powertrain motor connected to battery through a DC–DC converter

Therefore, the constant torque range will not be affected by the battery SOC or large
power drawn by the inverter/motor.

The above analysis assumes that the battery system is designed to handle the large
power dissipation during large power draw.

9.5.3 Reducing Current Ripple in the Battery

Due to the switching functions of the inverter used in the powertrain system, there are
abundant high-frequency current harmonics on the DC side. The amount of current rip-
ple that goes into/out of the battery depends on the switching methodology, switching
frequency, and the capacitance on the DC bus. When there is no DC–DC converter in
place, the amount of ripple current of the battery is determined by the DC bus capacitance
C and the ratio of capacitor impedance to battery impedance. Without the capacitance,
the battery current will be directly determined by the switching status of the DC–AC
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inverter, that is, the combination of the three-phase current of the motor, as shown in
Figure 9.12. When there is a DC bus capacitor in parallel with the battery, the amount
of current ripple flowing into/out of the battery is determined by the capacitance and
parasitic impedance of the DC bus capacitor. For example, if C = 10 mF, the capacitive
impedance of the capacitor at switching frequency is only 2.65 m	, which is far less than
the internal impedance of the battery. Ideally the high-frequency ripple will flow through
the capacitor and the battery current is supposed to be constant.

However, the parasitic resistance of the capacitor is also not negligible. A high-quality
10 mF capacitor has 26 m	 internal resistance and the second-class capacitor has 100 m	.
The quality of the capacitor affects the current ripple of the battery. The lower the capacitor
impedance, the lower the battery ripples, as shown in Figure 9.12. High-frequency ripple
current is believed to be harmful to battery life.

When a DC–DC converter is added, the battery current can be maintained with a
relatively small ripple, as shown in Figure 9.13.

9.5.4 Regenerative Braking

The regenerative braking of the two topologies, that is, one with and without a DC–DC
converter, will also be different. In the topology where there is no DC–DC converter, the
DC bus voltage will fluctuate during transition from motoring to braking. For example,
if the motor is initially motoring at 50 kW, and the battery internal voltage is 400 V with
0.5 	 internal resistance, then the battery current is 155 A and the DC bus voltage is
322 V. If the motor is switched to braking at 50 kW, then the battery current is 110 A and
the DC bus voltage is 455 V. This dramatic change of DC bus voltage will make motor
control, such as vector control, very difficult.

On the other hand, in a system that contains a DC–DC converter between the
inverter/motor DC bus and the battery, the DC bus voltage can be maintained relatively
constant. Hence, the transition between motoring and braking is easier to handle.

9.6 Voltage Source Inverter∗

Voltage source inverters (VSIs) are used in hybrid vehicles to control the electric motors
and generators. Figure 9.14 shows the power electronic circuit arrangement of a VSI
to control the induction motor, PM synchronous motors, and PM brushless motors. The
switches are usually IGBTs for high voltage, high-power hybrid configurations or MOS-
FETs for low voltage designs.

The output of the VSI is controlled through the means of pulse width-modulated (PWM)
signals to produce sinusoidal waveforms. Certain harmonics exists in such a switching
scheme. High switching frequency is used to move away the harmonics from the funda-
mental frequency.

9.7 Current Source Inverter∗

Figure 9.15 shows the circuit topology of a current source inverter (CSI). The CSI operates
using the same principle as in a VSI, with the input as a current source. Three small
commutating/filtering capacitors may be needed on the AC side.

∗  [2007] Inderscience. Reprinted, with permission, from the International Journal of Electric and Hybrid Vehicles.
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Figure 9.12 Battery current without a DC–DC converter: (a). DC bus current for no DC-bus
capacitance; (b). DC bus current for C = 1 mF, Rc = 100 m	 (c) DC bus current for C = 10 mF,
Rc = 100 m	
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Figure 9.12 (continued )
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Figure 9.13 Battery current when a DC–DC converter is inserted between the inverter and the
battery
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Figure 9.14 Voltage source inverter: (a) circuit diagram; (b) control of the switches; (c) gate
control signal via PWM waveform
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Figure 9.16 Isolated bidirectional DC–DC converter

9.8 Isolated Bidirectional DC–DC Converter∗

In some applications, galvanic isolation between the battery and the load units is
necessary and desirable [24]. Figure 9.16 shows a full bridge isolated bidirectional
DC–DC converter.

In Figure 9.16, the primary bridge inverter switches at 20–50 kHz, with 50% duty
ratio. The output of the primary is a square wave voltage which is applied to the primary
winding of the isolation transformer. The secondary winding of the transformer therefore
will have a square wave voltage. Without any control at the gating of the secondary
bridge converter, the voltage of the secondary of the transformer is rectified through the
four freewheeling diodes. The output voltage will fluctuate with load conditions and the
primary voltage.

∗  [2008] IET. Reprinted, with permission, from IET Power Electronics.
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9.8.1 Basic Principle and Steady State Operations

Steady state operations of isolated bidirectional DC–DC converters have been studied in
detail elsewhere [1, 3, 6]. In this section, we complement these studies by distinguish-
ing the operating modes of isolated bidirectional DC–DC converters according to the
phase shift angle, load conditions, and output voltage. In this analysis, the dead-band and
switching dynamics will be neglected but will be analyzed later.

In the following analysis, the turns ratio of the transformer is n, the transformer primary
voltage is V 1, and the switching frequency is f s . For the convenience of analysis, we
define T s as one half of the switching period, for example, T s = 1/(2f s ). The duty cycle
or phase shift is based on a half period, D = t on /T s . Therefore, DT s is the phase shift
between the two bridges. Further, ILs is the current of the leakage inductance of the
secondary winding. The output voltage of the secondary bridge is V 2.

9.8.1.1 Heavy Load Conditions

There are a number of different operating modes based on the output current with a
boundary condition as illustrated in Figure 9.17. Under heavy load conditions, the inductor
current increases from an initial negative value i (t0) < 0 at the beginning of the switching
cycle, and reaches a positive value –i (t0) at the end of the half switching cycle. Six
different segments emerge in each switching cycle as shown in Figure 9.17a. In the
following analysis, V 2 is assumed to be large than nV 1.

• Segment 0, [t0, t1]: In this segment, Q1 and Q4 of the primary bridge are turned on.
Therefore V 1 and nV 1 are positive. Q6 and Q7 of the secondary bridge are turned on.
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Figure 9.17 Typical voltage and current waveforms for V 2 > nV 1: (a) waveforms for i(t0) < 0;
(b) waveforms for Boundary conditions i(t0) = 0; (c) waveforms for i(t0) > 0
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Due to the negative current in the inductor, D6 and D7 freewheel, and Q6 and Q7 do
not conduct current. Thus, VLs = nV1 + V2V . The inductor current increases linearly
from a negative value. At t1, the inductor current reaches 0.

• Segment 1, [t1, t2]: Switches Q1 and Q4 of the primary bridge, and Q6 and Q7 of the
second bridge, are still turned on; VLs = nV1 + V2. The current continues to increase
except that it becomes positive, for example, Q6 and Q7 conduct the current. The total
current increment during interval [t0, t2] (Segments 0 and 1) is


ILs = DTs

Ls

(V2 + nV1) (9.41)

Hence

i(t2) = i(t0) + DTs

Ls

(nV1 + V2) = Imax (9.42)

• Segment 2, [t2, t3]: In this segment, switches Q1 and Q4 of the primary bridge con-
tinue to be turned on, but switches Q6 and Q7 are turned off, and switches Q5

and Q8 are turned on. Diodes D5 and D8 freewheel because the current is positive;
VLs = nV1 − V2 < 0.
The leakage inductor current increment during interval [t2, t3] is


ILs = (1 − D)Ts

Ls

(nV1 − V2) (9.43)

Hence

i(t3) = i(t2) + (1 − D)Ts

Ls

(nV1 − V2) (9.44)

A similar analysis could be done for the following three segments due to the symmetry
of operation.

• Segment 3, [t3, t4]: Switches Q2 and Q3 of the primary bridge continue to be turned
on, and switches Q5 and Q8 are turned on. The primary voltage of the transformer,
hence the secondary voltage, is reversed and the current decreases from i (t3) to zero.
D5 and D8 freewheel.

• Segment 4, [t4, t5]. Switches Q2 and Q3 of the primary bridge are turned on, and
switches Q5 and Q8 are turned on. The current decreases linearly to the negative
maximum. Switches Q5 and Q8 conduct current. Hence the current increment in Ls in
Segments 3 and 4 is


ILs = −DTs

Ls

(nV1 + V2) (9.45)

• Segment 5, [t5, t6]: Switches Q5 and Q8 are turned off, and D6 and D7 begin to
freewheel. The current increment in Ls is


ILs = (1 − D)Ts

Ls

(V2 − nV1) (9.46)
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From the symmetry of the inductance current, i(t0) = −i(t3). From Equations
9.41−9.46, the initial inductor current can be obtained

i(t0) = 1

4fsLs

[(1 − 2D)V2 − nV1] (9.47)

The maximum current is

Imax = i(t2) = 1

4fsLs

[−(1 − 2D)nV1 + V2] (9.48)

The above analysis of operating modes is based on the assumption that i(t0) < 0, that is,
(1 − 2D)V2 < nV1. If (1 − 2D)V2 = nV1, or

V2 = 1

1 − 2D
nV1 (9.49)

then i(t0) = 0. This corresponds to the boundary condition as shown in Figure 9.17b
which is very similar to the non-isolated boost converter in the steady state operation.
Under this circumstance the inductor current increases from zero at the beginning of the
switching cycle and drops to zero at T s .

From Equation 9.49, it seems that V 2 will approach infinity when D reaches 0.5. But
it can be seen from Equation 9.47 that when D = 0.5, i(t0) = −nV1/4fsLs , that is, i (t0)
will never reach zero for D = 0.5. Therefore, the boundary can only be met when D is
not equal to 0.5.

9.8.1.2 Light Load Condition

It can be seen from Equation 9.47 that when (1 − 2D)V2 > nV1, then i(t0) > 0. This
corresponds to light load conditions. The current and voltage waveforms are shown in
Figure 9.17c, where the current increases from a positive value at the beginning of the
cycle and drops to a negative value at the end of the half switching cycle.

9.8.1.3 Output Voltage

Equations 9.47–9.49 do not give the expression for the output voltage, except for the
boundary condition. In order to derive the expression for the output voltage, let us start
with the average current in the inductor. The average current of the leakage inductance
in the half switching cycle can be derived from Figure 9.17a (note that i (t0) < 0),

Ī = 1

2Ts

[(Imax + i(t0))DTs + (Imax − i(t0))(1 − D)Ts] = 1

2fsLs

D(1 − D)V2 (9.50)

The supplied power is

P1 = nV1Ī = nV1V2

2fsLs

D(1 − D) (9.51)

Assuming that the load has a fixed resistance, then the output power is

Po = V 2
2

RL

(9.52)
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Neglecting the transformer and the switch losses, P1 = Po , then

V2 = nV1

2fsLs

RLD(1 − D) (9.53)

and

I2 = nV1

2fsLs

D(1 − D) (9.54)

Equation 9.53 shows that, for a given switching frequency, leakage inductance, and input
voltage, the output voltage is proportional to the load resistance and is a function of the
duty ratio (phase shift angle). For a given load resistance, the output voltage varies with
duty ratio, and reaches a maximum when D = 0.5. For a given duty ratio, the output
voltage is directly proportional to the load resistance. Therefore, for a given phase shift
angle, under heavy load conditions, or

RL <
2fsLs

D(1 − D)
(9.55)

V 2 will be less than nV 1.
When V 2 drops to less than nV 1, the initial inductor current is confined to a negative

value and the current waveforms are also different from the operations under the condition
of V 2 > nV 1, as shown in Figure 9.18. The boundary condition occurs when S 1 = S 2 =
S 3 = S 4 in Figure 9.18b, or (nV1 + V2)DTs = (nV1 − V2)(1 − D)Ts . Therefore, at the
boundary condition,

V2 = nV1(1 − 2D) (9.56)

An extreme mode emerges when nV 1 = V 2 as shown in Figure 9.18c, where the inductor
current will remain constant during the time interval [DTs, Ts].
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Figure 9.18 Typical voltage and current waveforms for V 2 < nV 1 and V 2 = nV 1: (a) Common
mode; (b) Boundary mode; (c) Extreme mode, nV 1 = V2
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It can also been seen from Equation 9.54 that the output current is proportional to the
duty ratio (phase shift angle). This may be used to analyze conditions where the output
voltage needs to be maintained as constant, and the current can be controlled through the
phase shift angle.

9.8.1.4 Output Power

Substituting Equation 9.53 into Equation 9.51, the output power Po can be obtained as

Po =
(

nV1

2fsLs

)2

D2(1 − D)2RL (9.57)

From Equations 9.51 and 9.57, the output power always has maximum values when and
only when D = 1/2, whether for a fixed resistance RL or a constant output voltage V 2.

When the system is in the voltage closed-loop control mode, that is, V 2 = constant,
then decreasing RL will result in the output power increasing since the output power is
inversely proportional to RL as shown in Equation 9.52. To maintain V 2 as a constant, it
can be seen from Equation 9.53 that D has to be adjusted accordingly: D(1 − D) ∝ 1/RL

for a given V 1. For fixed V 1 and V 2, the output power reaches a maximum at D = 0.5
as shown in 9.51. At this condition, RL = RC = 8fsLsV2/(nV1).

Further decrease of RL < RC will result in the output voltage of the system collapsing
and entering the open loop at D = 0.5, that is, V 2 cannot be maintained as a constant.
Output voltage V 2 and output power Po will decrease, and are both proportional to RL

as shown in Equations 9.53 and 9.57.
Consider Equations 9.47 and 9.57. When D ∈ (0, 1/2], if V 1, V 2 are kept constant

(closed-loop control), with the increase of D the power will increase accompanying the
decrease of the initial current i (t0). Hence the absolute value and the sign of i (t0) represent
the load condition. The lower the inductor current i (t0), the higher the output power.

Under open-loop control, that is, for a given D , with the increase of load resistance,
V 2 and Po will increase according to Equations 9.53 and 9.57. At the same time, the
initial current increases according to Equation 9.47 due to the increase of V 2. Hence the
relations between the initial current and output power are very different in the open-loop
and closed-loop operations of the converter.

In order to validate the theoretical analysis, a simulation model was set up with
V 1 = 200 V, n = 2, and Ls = 120 µH. In Figure 9.19a,b, with the increase of power, the
initial current decreases from a positive value to a negative value. In Figure 9.19c,d, the
variation of initial current is the opposite. This analysis is in good agreement with the
earlier analysis.

The maximum output power is also a function of Ls and f s . Increasing the leakage
inductance Ls will decrease the current impact to IGBTs but will reduce the capability
of the maximum output power of the converter as shown in Equation 9.57. This will be
discussed later in this section.

9.8.2 Voltage Ripple

The above switching modes are inherently nonlinear, which will cause voltage ripple on
the output capacitor. The capacitor current is a combination of the inductor current I L and
the load current I o at different operating modes. From Figure 9.17, the capacitor current
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Figure 9.19 Simulated primary current at different voltage and power output: (a) primary current
for V2 = 500 V, R = 200 	, P = 1.8 kW; (b) primary current for V2 = 600 V, R = 40 	, P =
9 kW (c) primary current for D = 1/8, R = 60 	, P = 9.2 kW; (d) primary current for D = 1/8,
R = 100 	, P = 13.6 kW

can be written as

iC = −(Io + iL), 0 ≤ t ≤ DTs

iC = iL − Io, DTs ≤ t ≤ Ts (9.58)

The capacitor current is shown in Figure 9.20, where at t = t1 + 
2, ILs = Io, or
I C (t1 + 
2) = 0, that is,

Imax + nV1 − V2

Ls


2 = Io (9.59)
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Figure 9.19 (continued )

Therefore


2 = Imax − Io

V2 − nV1
Ls (9.60)

Based on energy conservation, P1 = Po, or nV1Ī = V2Io. Substituting Equation 9.51 for
Po , the output current can be obtained:

Io = nV1

2fsLs

D(1 − D) (9.61)
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Figure 9.20 The current ripple in the capacitor: (a) current ripple for i(t0) < 0; (b) current ripple
for i(t0) > 0

The voltage ripple is


V2 = 1

C

∫ DTs+
2

DTs

(iLs (t) − Io)dt = 
2

C

Imax − Io

2
(9.62)

Substitute Equations 9.59–9.61 to Equation 9.62, the voltage ripple can be derived



V2 = [V2 + (2D2 − 1)nV1]2

32f 2
s LsC(V2 − nV1)

= [D(1 − D)RL − 2(1 − 2D2)fsLs]2

64f 3
s L2

s [D(1 − D)RL − 2fsLs]

nV1

C


V2% = 
V2

V2
= [D(1 − D)RL − 2(1 − 2D2)fsLs]2

32f 2
s LsC[D2(1 − D)2R2

L − 2fsLsD(1 − D)RL]

(9.63)

Therefore the voltage ripple is a function of D , R, and nV 1. This expression is applicable
to both open-loop control and close-loop control. The condition of Equation 9.63 is
V 2 > nV 1, which implies D(1 − D)RL > 2fsLs . From Equation 9.63, it is easy to see that

V2 is directly proportional to nV1/C. In order to further study the influential factors,
the voltage ripple under different conditions is shown in Figure 9.21.

From Figure 9.21a, the absolute voltage ripple decreases when RL decreases under a
given D , and the ripple reaches a maximum at D = 0.5. However, in Figure 9.21b, the
relative ripple is an increasing function of D and only reaches a maximum when D = 1.
All the curves cross at D = 0.5.

When D < 0.5, a high resistance will result in a high ripple under a fixed D . When
D > 0.5 the absolute ripple decreases with D for a given load resistance, but the relative
ripple increases with D .

From Figure 9.21c,d, increasing the switching frequency is beneficial to limit both the
absolute ripple and the relative ripple of the output voltage.
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Figure 9.21 Voltage ripple under different operations simulation: (a) Voltage ripple as a function
of D and RL; (b) voltage ripple (%) as a function of D and RL (c) Voltage ripple as a function of
D and fs ; (d) Voltage ripple (%) as a function of D and fs

9.9 PWM Rectifier in HEVs∗

9.9.1 Rectifier Operation of Inverter

In braking mode, the motor is controlled to achieve regenerative braking. The VSI is
operated as a PWM rectifier as shown in Figure 9.22. The operating principle of the

∗  [2007] Inderscience. Reprinted, with permission, from the International Journal of Electric and Hybrid Vehicles.
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Figure 9.21 (continued )

PWM rectifier, when the motor (operated as a generator) speed is below the base speed
of the constant power region, is essentially the same as the boost operation of the isolated
DC–DC converter in the previous section.

When the motor speed is above the base speed of the constant power region, the
generator develops a back emf much higher than the DC link voltage, especially when a
large constant power range is designed. In this case, the motor needs to be controlled in
its field weakening region to reduce its winding terminal voltage. Neglecting the stator
resistance and salience, the equivalent circuit of the control is illustrated in Figure 9.23,
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Figure 9.23 Regenerative braking in the constant power region: (a) equivalent circuit; (b) phasor
diagram at high speed in the constant power region; and (c) phasor diagram at lower speed in the
constant torque region

where E o is the induced back emf of the PM motor, Lq is the synchronous inductance,
and V vsi is the equivalent sine wave output of the VSI:

Vvsi = Eo − jIqXq − jIdXd (9.64)

The purpose of the field weakening control is to achieve a constant V vsi for higher E o ,
by applying a current opposite to the d-axis direction.
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9.10 EV and PHEV Battery Chargers

The battery charging system is a critical part of EVs and PHEVs. The efficiency, charging
speed, and cost of such chargers are crucial to the commercialization of PHEVs. There
are many different topologies available for battery chargers. Due to safety requirements
and standards, most battery chargers are required to be isolated from the AC electric grid
(such as requirement of SAE J1772). In some cases, bidirectional power flow is necessary
in order to realize vehicle-to-grid functions.

A survey conducted by the US Electric Power Research Institute (EPRI) revealed that
78% of the US population drive 40 miles (64 km) or less in their daily commuting.
Therefore, PHEVs capable of a 40 mile electric driving range can significantly reduce
gasoline usage in passenger cars. For a typical passenger vehicle (car and SUV), the
average energy consumption is approximately 150–300 Wh per mile. To achieve a 40 mile
electric range, a battery that contains usable energy of 6–12 kWh is appropriate. Lithium-
ion batteries are considered as the only viable energy storage solution for PHEVs at the
time being. To achieve safe and reliable operation while maintaining the cycle life and
health of the batteries in a PHEV, the typical available energy from lithium-ion batteries
is approximately 60–70% of the nominal capacity. Therefore, a 10–16 kWh lithium-ion
battery pack is very typical in many PHEVs under development.

The battery onboard a PHEV needs to be charged from the grid through either an
onboard or offboard charger. For private vehicles, these PHEVs will be charged at home
or a public charge station through either 110 or 220 V AC input. In order to make sure
that the vehicle is ready for use by the second morning, the battery must be fully charged
within a reasonable amount of time, typically 2–8 hours.

In the past few decades, various charging circuits have been developed targeting dif-
ferent applications, such as laptop computers, portable electronics, and uninterruptable
power supplies (UPSs). Isolation is one of the basic requirements for all battery chargers
for safety. The charging current is usually controlled by continuous feedback of critical
battery parameters, such as battery voltage, the SOC, temperature, and so on. As far as
the unidirectional charging system is concerned, chargers based on flyback and forward
converters are typical examples for low-power applications. Both topologies need only
one active switch. However, flyback and forward converters undergo HV spikes when the
excessive energy stored in the leakage inductance of the isolation transformer is exhausted
at the turn-off moment. Therefore, at higher power operations, an auxiliary snubber cir-
cuit is needed. Regardless of the limitations, flyback/forward topologies are being used
in PHEV chargers.

Chargers based on half-bridge and full-bridge unidirectional DC–DC converters are
favorable alternatives to chargers based on flyback and a forward converter. The magne-
tization of the isolation transformer in a half-bridge converter is bidirectional, therefore
the demagnetizing circuit is eliminated. The leakage inductance of the transformer is
a key parameter for energy transfer. The operation of a full-bridge DC–DC converter
is similar to a half-bridge converter. The electrical stress of semiconductors in a half-
bridge/full-bridge converter is significantly reduced. Soft switching is easy to implement in
half-bridge/full-bridge converters. The disadvantages of these converters are the increased
number of semiconductor switches.
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Figure 9.24 Basic PHEV charger architecture

Resonant converters can also be employed as battery chargers at extremely low cost.
However, resonant chargers usually provide pulsed charge current, such as the case in
inductive heating, other than constant current or constant voltage charging. The impact of
pulsed current charging on battery capacity and life cycle is not fully understood at the
present time.

Figure 9.24 shows the general architecture of a unidirectional PHEV battery charger.
It consists of a front-end rectifier, a power factor correction (PFC) stage, and an isolated
DC–DC stage.

9.10.1 Forward/Flyback Converters

Figures 9.25 and 9.26 show the circuit and operation of a forward and flyback converter
respectively, where R is the battery internal resistance, E is the battery internal voltage,
and V o is the output voltage across the battery (including the battery internal voltage
and voltage drop across the internal resistance). The operation of a forward converter
is similar to that of a buck converter. When switch S1 in Figure 9.25a turns off, the
leakage inductance of the transformer will exhaust all the excessive energy through the
switches. It therefore induces significant voltage spikes across the switches. The energy
stored in the magnetizing inductance could be exhausted through the auxiliary winding
shown in Figure 9.25a; however, the excessive energy in the leakage inductance of the
transformer could only be mitigated through a snubber circuit, which is also needed in a
flyback converter.

In the flyback converter shown in Figure 9.26a, when D1 conducts, the load voltage
will be induced to the primary side. Therefore, in the off-state of S1, the voltage across
S1 is V in + V o/n , where n is the turns ratio of the isolation transformer. This indicates
that although it may not be necessary to have a filtering inductor in the flyback converter,
the semiconductor switch will in fact undergo higher voltage stress.

. .
D1

D2

L

C

M

S1

+

−

Vin

Vo

+

−
E

+
−

R

D

.

(a)

S1

IL

ID1

(b)

Figure 9.25 Forward converter: (a) Circuit topology; (b) operation waveforms
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9.10.2 Half-Bridge DC–DC Converter

Figure 9.27 shows a half-bridge DC–DC converter. Switches S1 and S2 are switched
with their phase shifted by 180◦. The leakage inductance of the transformer serves as
the component for energy transfer. If the parasitic inductance of the commutating loop is
negligible, the voltage spike across the semiconductors will not be of concern.

9.10.3 Full-Bridge DC–DC Converter

Figure 9.28 shows the circuit topology and operation of a full-bridge DC–DC converter.
Compared to the half-bridge converter where only half of the DC voltage is imposed on the
primary side of the transformer in every switching cycle, the full-bridge converter utilizes
the whole DC link voltage. Similar to a half-bridge converter, the leakage inductance
of the transformer in a full-bridge converter does not contribute to any voltage spike
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Figure 9.28 Full-bridge converter: (a) circuit topology; (b) discontinuous mode operation; (c)
continuous mode operation

across the switches. This leakage inductance should be designed appropriately for best
performance [13].

9.10.4 Power Factor Correction Stage

A PFC stage is usually placed between the rectifier and the DC–DC stage to avoid
harmonics pollution to the grid as well as to stabilize the DC link voltage. A typical
PFC circuit, shown in Figure 9.29, consists of an inductor L, an active switch S, and a
freewheeling diode D. Bridgeless PFC circuits have also been used in battery chargers.

9.10.4.1 Decreasing Impact on the Grid

The AC grid side current with and without a PFC stage is shown in Figure 9.30, where
the grid voltage is 110 V AC, and the output power of the charger is 5 kW.
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Figure 9.30 AC grid side current with and without PFC: (a) without PFC; (b) with a PFC

It can be seen from Figure 9.30 that with a PFC, the input current is much better. The
current is close to sinusoidal and the current peak is significantly decreased. The impact of
harmonic currents on the grid is mitigated. Also the primary diode rectifier will undergo
smaller current stress. The power factor is close to 1.

9.10.4.2 Decreasing the Impact on the Switches

The PFC circuit also helps boost the DC link voltage to a higher level and stabilize the DC
link voltage. Therefore, at the same output power, the current through the switches will be
decreased to enhance safety and output capability. Figure 9.31a shows the switch current at
different V in with the same output power. When V in is increased to 400 V DC, the switch
current is significantly decreased. As long as the voltage across the switches does not
exceed the breakdown value, higher DC bus voltage will lead to higher power capability
for the same devices used. Figure 9.31b shows the maximum charging current that the
system can deliver. Increasing the DC link voltage will benefit the output capability.
Here the maximum repetitive switched-off current of the semiconductor switch is set
to 70 A.
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Figure 9.32 Isolation using a high-frequency transformer

9.10.5 Bidirectional Battery Chargers

It is possible to equip a PHEV with a bidirectional charger. With bidirectional power
transfer capability, the energy stored in a PHEV battery can be sent back to the grid
during peak demand hours for peak shaving of the AC electric grid, or to supply power
to the home and office during a power outage.

The isolation can be achieved using high-frequency transformers in the DC–DC stage
at high-frequency level as shown in Figure 9.32. The isolation can also be achieved using
a transformer at the grid frequency level as shown in Figure 9.33. It is difficult to add a
PFC stage to the bidirectional chargers but the AC side current can be controlled using
the grid side inverter to limit the harmonics and improve power factor.

9.10.6 Other Charger Topologies

The above chargers are based on single-phase low-power inputs. In applications such
as commercial transportation and recharge stations, it is necessary to quickly charge the
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Figure 9.33 Isolation at the grid level with a line frequency transformer

battery in a relatively short time. For example, for a 16 kWh pack, to charge the battery
from 30 to 80% SOC in 5 minutes will require 16 kWh × (80% – 30%)/(5/60) = 96 kW.
Assuming that the battery is able to accept this type of charging, the charging power will
have to be supplied. This is typically done through a three-phase high-power input.

Excessive heat may be generated during high-power fast charging of EV and PHEV
batteries. The high charge rate may also impact the long-term capacity or life of the battery.

With more and more renewable energy and distributed generation, DC grids are starting
to emerge. Almost all renewable sources, including solar and wind, can be in the form of
DC. If a PHEV is connected to a DC grid, then the battery can be charged directly from
the DC source. Traditional chargers designed for AC input can be used to take DC input,
but a specially designed DC charger will have no need for the rectifier and PFC stage.

9.10.7 Inductive Charging

The above chargers all need an electrical contact with the electric outlet. This hard-wired
electrical connection can provide a few caveats. For example, if the cable is pulled out
of the electric outlet (whether intentional or unintentional) when the battery is still being
charged, then there could be a spark and potential damage or injury. Another example is
if somebody (such as children) could get hurt if they happen to play with the cords etc.
Charging the vehicle when it is raining could be potentially dangerous. Wear and tear of
the plug and cable could also be a source of danger.

Hence inductive charging becomes an alternative. In 1995, the US SAE Electric Vehi-
cle Charging System Group, Japanese manufacturers including Toyota, Nissan, Honda,
and DENSO, and IEC/ISO together developed the inductive charging standard SAE
J1773. In 1999, SAE J1773 was enacted and recommended as an international standard
(http://www.toyota.com). GM has already produced electric vehicles adopting inductive
charging in GM’s EV1 program in the 1990s. Since inductive charging does not involve
direct contact of electricity, it is a safe and convenient way to charge an EV battery. The
task can even be completed by a child for 50 kW inductive charging.

Inductive charging involves an isolation transformer where the secondary winding and
core can be removed from the primary. Figure 9.34 shows the topology used in induc-
tive chargers.
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9.10.8 Wireless Charging

Wireless charging involves the use of power and energy transfer at a much longer distance.
It is different from inductive charging which involves a transformer with closely placed
primary and secondary windings. Although inductive charging can eliminate the direct
electric contact, it still needs a plug, cable, and physical connection of the inductive
coupler. Wear and tear of the plug and cable could cause danger as well.

Wireless charging could eliminate the cable and plug altogether. In this scenario, a
driver can pull the car over to a specially designed parking lot and the car battery is
automatically charged without the pulling of any cable or plug as shown in Figure 9.35.
It provides the safest approach for EV battery charging.

There have been a few different experiments carried out for wireless energy transfer. The
most promising technology is using electromagnetic resonance as shown in Figure 9.36.
In this setup, there is a pair of antennas with one placed in the parking structure as
the transmitter and one inside the car as the receiver. The two antennas are designed to
resonate at the controlled frequency. The limitations are the level of power transfer, and
efficiency due to the large air gap between the two antennas.

In the circuit shown in Figure 9.35, Rs is the internal impedance of the source and the
resistance of the primary coil, Ro is the load resistance and the resistance of the secondary
coil, Ll is the leakage inductance of the each coil, and Lm is the mutual inductance of the
two coils. There are two ways to make the circuit resonant. If we design the circuit and
select the frequency of the power supply V 1 such that

ωLl − 1

ωC
= −2ωLm (9.65)
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Figure 9.36 Circuits for electromagnetic resonance-based wireless charging: (a) circuit; (b) equiv-
alent circuit at resonance frequency condition 1; (c) equivalent circuit at resonance frequency at
condition 2

and the total equivalent impedance is

Z = Rs − jωLmRo

Ro − jωLm

(9.66)

If we design

ωLl − 1

ωC
= 0 (9.67)

and the total equivalent impedance is

Z = Rs + jωLmRo

jωLm + Ro

(9.68)

then the circuit will be in resonant. However, since both the mutual inductance and leakage
inductance change with distance between the two coils, the frequency will have to be
tuned based on the distance in real-world applications. Figure 9.36b,c shows the equivalent
circuit during resonance of the two conditions. Figure 9.37 shows the simulation results of
the circuit. The first plot shows two resonant frequencies. The second plot shows that when
the distance between the two coils increases, the two resonant frequencies gets closer.

9.11 Modeling and Simulation of HEV Power Electronics

Modeling and simulation play important roles in the design and development of power
electronics circuits. The simulation of power electronics circuits in hybrid vehicle
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Figure 9.37 Resonance frequency of the wireless charging circuit: top, output voltage for shorter
distance; bottom: output voltage for longer distance

applications can be divided into two categories: device-level simulations and system-level
simulations [11, 25–29].

9.11.1 Device-Level Simulation

Device-level simulation can reveal the details of the device behavior. To obtain detailed
loss data, overvoltages, and other component stresses due to the non-ideal nature of
power electronics devices, and the stray inductance and capacitance of the circuitry, it is
necessary to simulate a number of cycles of detailed switching pertaining to the worst
case scenario.
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9.11.2 System-Level Model

Detailed device-level simulation can take a significant amount of time due to the high
switching frequency used in the power electronics circuits, whereas the mechanical con-
stants of the vehicle system could be a few seconds or more. Therefore, device-level
simulation, although can simulate the dynamic performance of the circuit, is not suitable
for simulating the vehicle performance, such as gradability, acceleration, and fuel econ-
omy. On the other hand, the electronics circuits have very fast transients, when compared
to the vehicle dynamics.

In system-level simulations, the average model is generally used. For example, a
buck converter can be represented in the simulation by an average model as shown
in Figure 9.38a. A simulation of the system performance of one second only takes two
seconds of simulation time, whereas in Figure 9.38b, which uses detailed device-level
models, it takes about 20 minutes to obtain the system performance of one second.

9.12 Emerging Power Electronics Devices

The present silicon (Si) technology is reaching the material’s theoretical limits and can-
not meet all the requirements of hybrid vehicle applications in terms of compactness,
light weight, high power density, high efficiency, and high reliability under harsh con-
ditions. New semiconductor materials, such as silicon carbide (SiC), for power devices
have the potential to eventually overtake Si power devices in hybrid vehicle powertrain
applications [30–37].

SiC power devices potentially have much smaller switching and conduction losses and
can operate at much higher temperature than comparable Si power devices. Hence, a
SiC-based power converter will have a much higher efficiency than that of converters
based on Si power devices if the same switching frequency is used. Alternatively, a
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higher switching frequency can be used to reduce the size of the magnetic components
in a SiC-based power converter. In addition, because SiC power devices can be operated
at much higher temperatures without much change in their electrical properties, ease of
thermal management and high reliability can be achieved.

9.13 Circuit Packaging

Electromagnetic interference (EMI) is one of the most challenging problems in power
electronics circuits. The high switching frequency and high current generate electromag-
netic fields that will permeate the other components in the vehicle system and create large
electrical noise. In order to minimize EMI, components must be carefully placed so that
EMI is not contained by shielding and will have minimal effect on the rest of the system.
All paths must be kept as close as possible so that the generated fields will nullify one
another. To minimize parasitics and aid in the EMI issue, the lengths of wires need to be
kept as short as possible.

The control circuit needs to provide protection for overcurrent, short circuit, overvolt-
age, and undervoltage. The capability to detect any fault signal and turn off the gate drive
signals to the primary switches is a critical part of power electronic circuit design. Fast
fuses need to be used in the circuit to protect the converter from being damaged by any
other faults and used for safety.

9.14 Thermal Management of HEV Power Electronics∗

At power levels of 100 kW, even with an efficiency of 96–98%, the power losses of each
power electronic unit is 2–4 kW. With two or three powertrain motors and associated
power electronics circuits, together with the high-power bidirectional DC–DC converter,
the heat generated in the hybrid vehicle system could be significant.

Significant advances in the thermal management of both power electronics and motors
for HEV propulsion system must be achieved to meet the automotive industry’s goals
of reduced weight, volume, and cost [37–40]. Through the optimization of existing
technologies and the expansion of new pioneering cooling methods, higher power
densities, smaller volumes, and increased reliabilities can be realized in the hybrid
powertrain components. Investigations and advances in thermal issues can provide a
viable path to bridging gaps still plaguing the successful achievement of automotive
technical targets while simultaneously enhancing the ability to apply new technologies
in automotive applications as they mature.

Thermal performance of a power module is measured by the maximum temperature
rise in the die at a given power dissipation level with a fixed heat sink temperature. The
lower the die temperature, the better the electrical performance. As the thermal resistance
from the junction of the die to the heat sink is reduced, higher power densities can be
achieved for the same temperature rise, or for the same power density a lower junction
temperature can be attained. It is important to reduce thermal cycling or maintain low
ambient temperature to improve the life and reliability of the die.

The main areas of concern in thermal management of power electronics are: operating
temperature of IGBTs (it should be less than 125 ◦C); contact resistance between various

∗  [2007] Inderscience. Reprinted, with permission, from the International Journal of Electric and Hybrid Vehicles.
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Figure 9.39 Existing cooling technologies

layers of a power module; low-thermal-conductivity thermal paste; heat flux limitations
(ideally, faster IGBTs would have to reject heat at a rate of 250 W/cm2); limitations on
the inlet cooling fluid temperature (it is desirable to use the engine coolant at 105 ◦C);
the cost of the cooling system; weight and volume.

The existing cooling technologies are depicted in Figure 9.39. It is shown that con-
ventional cooling techniques such as forced convection and simple two-phase boiling
techniques are not capable of removing high heat fluxes (in the range of 250 W/cm2) at
low temperature differences (20 ◦C). However, this figure shows clearly that employment
of enabling technologies such as spray cooling and jet impingement along with some
other innovative improvements will be able to meet the goals of the automotive industry.

Ideally, it would be more beneficial if IGBTs could be designed to operate at higher
temperatures. The industry is pursuing various long-term research projects to evaluate and
achieve that objective. However, to meet the immediate need of the automotive industry,
existing IGBTs should be operated at temperatures below 125 ◦C.

The existing power modules are constructed by bonding together the die, copper layers,
substrate, and the base plate. The whole module is then mounted on a heat sink using
thermal grease or thermal pad. The existing thermal greases used by the industry that can
stand high temperatures have very low conductivities on the order of 0.3–0.5 W/(m K).
As a result of this low thermal conductivity, the thermal grease constitutes 30–40% of
the total thermal resistance between the junction and the heat sink. Therefore it is crucial
to reduce this resistance by increasing the thermal conductivity of the thermal grease.
Figure 9.40 shows the impact of the conductivity of the thermal grease on the overall
temperature difference between the junction and the heat sink. For a thermal conductivity
of 0.5 W/(m K), the temperature difference is about 65 ◦C. If the thermal conductivity of
the thermal grease is doubled to 1.0 W/(m K), the maximum temperature difference can
be reduced to 35 ◦C.

To improve the power density of power modules, higher heat fluxes should be removed
from the module because of increased switching frequencies. An important approach for
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removing higher heat fluxes from the IGBTs is to spread out their heat flux over a larger
surface. The exiting copper or aluminum base plates spread the heat 20–30%, reducing
the maximum heat flux by a corresponding amount. Use of more effective heat spreaders
such as highly conductive metal layers, mini-heat pipes, and/or phase change materials
inside the cold plate can spread out the high heat flux of the IGBTs over a larger surface
area and reduce the maximum heat flux that needs to be removed by as much as 40%.
This is a reduction of 50% in the maximum heat flux that needs to be removed and this
requirement can be easily met by one of the enabling cooling technologies such as jet
impingement and spray cooling currently being considered. Figure 9.41 shows the effect
of utilizing a heat spreader that results in an additional 4–6 ◦C reduced temperature at
the junction.
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Figure 9.41 The impact of utilizing heat spreaders on junction temperature
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One approach to maintaining the power module’s temperature at 125 ◦C or below is to
provide a separate cooling loop where the coolant can enter the heat sink at temperatures as
low as 85 ◦C, hence providing an adequate temperature difference to maintain the IGBTs’
temperature at the desired value while removing heat fluxes as high as 250 W/cm2.

9.15 Conclusions∗

This chapter presented an overview of the power electronics circuits for HEV applications
with a focus on special circuit topologies, analysis, and thermal management. Novel power
switching devices and power electronics systems have the potential to improve the overall
performance of hybrid vehicles. Continued effort in power electronics circuit research and
development will most likely be focused on innovative circuit topologies, optimal control,
novel switching devices, and novel thermal management methods.
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10
Electric Machines and Drives
in HEVs

10.1 Introduction

Advances in electric machines, along with progress in power electronics, are the key
enablers for electric, hybrid electric, and plug-in hybrid electric vehicles (HEVs).
Induction machines, permanent magnet (PM) synchronous machines, PM brushless DC
machines, and switched reluctance machines (SRMs) have all been considered in various
types of vehicle powertrain applications [1–20]. Brushed DC motors, once popular for
traction applications such as in streetcars, are no longer considered a proper choice
due to the bulky construction, low efficiency, the need for maintenance of the brush
and commutator, high electromagnetic interference (EMI), low reliability, and limited
speed range.

When using electric motors for powertrain applications, there are a few possible con-
figurations. Today’s electric motors, combined with inverters and associated controllers,
have a wide speed range for constant torque operations, and an extended speed range
for constant power operations, which make the design of the powertrain much easier.
Depending on the configuration of the hybrid powertrain, the design and selection of
electric motor drives can also be different. For example, for series hybrid vehicles, the
powertrain motor needs to be able to provide the required torque and speed for all driving
conditions. Hence, the size of the motor will be fairly large, usually rated at 100 kW or
more for passenger cars. A PM motor or an induction motor is the preferred choice. For
mild and micro hybrids, only a small-size motor of a few kilowatts is required. Therefore
the motor can be a claw pole DC motor, or a switched reluctance motor.

Traditional automatic transmission or continuous variable transmission (CVT) used
in conventional cars are no longer required in electric vehicles (EVs) and many HEVs.
However, a fixed gear ratio speed reduction is often necessary. This is due to the fact that a
high-speed motor has smaller size and less weight than a low-speed machine. A two-speed
automatic transmission may be beneficial in saving vehicle energy consumption.

Hybrid Electric Vehicles: Principles and Applications with Practical Perspectives, First Edition.
Chris Mi, M. Abul Masrur and David Wenzhong Gao.
 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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Electric motors are extensively discussed in various textbooks and many technical
publications. In this chapter, we will focus on a few unique aspects of electric motors
that are specific to traction applications.

10.2 Induction Motor Drives

Induction motors are popular choices for traction applications due to their robust con-
struction, low cost, wide field weakening range, and high reliability. Especially for EVs,
PHEVs, and HEVs that requires a high-power motor, induction motors can provide more
reliable operation than other types of electric motors [21–37]. However, when compared
to PM motors, induction motors have lower efficiency and less torque density.

Typical induction motors used for traction applications are squirrel cage induction
motors. An inverter is used to control the motor so that the desired torque can be delivered
for a given driving condition at a certain speed. Advanced control methodologies, such as
vector control, direct torque control, and field-oriented control, are popular in induction
motor control for traction applications.

10.2.1 Principle of Induction Motors

The basic structure of an induction machine is shown in Figure 10.1. The two main parts
of an induction motor are the stator (which houses the winding) and the rotor (which
houses the squirrel cage). Both stator and rotor are made out of laminated silicon steel
with thickness of 0.35, 0.5, or 0.65 mm. The laminated steel sheets are first stamped with
slots and are then stacked together to form the stator and rotor, respectively. Windings
are put inside the stator slots while the rotor is cast in aluminum.

There are some additional components to make up the whole machine: the housing that
encloses and supports the whole machine, the shaft that transfers torque, the bearing, an
optional position sensor, and a cooling mechanism (such as a fan or liquid cooling tubes).

In Figure 10.1c, AX is phase a, BY is phase b, and CZ is phase c. The direction of the
phase currents is for a particular moment ωt = 60 electric degrees; “+” indicates positive
and “–” indicates negative. It can be seen that conductor AZB forms one group and XCY
forms another group. Together they create a magnetic field at 30◦ NW–SE. The direction
of the field will change as the current changes over time.

The stator windings shown in Figure 10.1c are supplied with a three-phase AC sinu-
soidal current. Assume the amplitude of the currents is Im amperes, and the angular
frequency of the current is ω radians per second; then the three phase currents can be
expressed as

ia = Im cos (ωt)

ib = Im cos (ωt − 120◦) (10.1)

ic = Im cos (ωt − 240◦)

Since the currents of each of the three phases are functions of time, the direction of
current as shown in Figure 10.1c will change with time. If we mark the direction of the
current at any given time, we can see the magnetic field generated by the stator current
with its peak changing position over time.
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Figure 10.1 An induction motor: (a) rotor and stator assembly; (b) rotor squirrel cage; and
(c) cross-sectional view of an ideal induction motor with six conductors on the stator

Mathematically, we can derive this magnetic field. Each of the three-phase currents
will generate a magnetic field. Since the three windings are located 120◦ from each other
in space along the inside surface of the stator, the field generated by each phase can be
written as follows, assuming the spatial magnetic field distribution in the air gap due to
winding currents is sinusoidal by design:

Ba = Kia (t) cos (ωt)

Bb = Kib (t) cos (ωt − 120◦) (10.2)

Bc = Kic (t) cos (ωt − 240◦)

where K is a constant. Using Equations 10.1 and 10.2, considering that cos (ωt) cos (θ) =
[cos(ωt − θ) + cos(ωt + θ)]/2 and cos(ωt + θ) + cos(ωt + θ − 240◦) + cos(ωt + θ −
480◦) = 0, we get

Bgap = Kia(ωt) cos(θ) + Kib(ωt−120◦) cos(θ−120◦) + Kic(ωt − 240◦) cos(θ − 240◦)

= 3

2
KI m cos(ωt − θ) + 1

2
KI m[cos(ωt + θ) + cos(ωt + θ − 240◦)

+ cos(ωt + θ − 480◦)]

= Bm cos(ωt − θ) (10.3)

Equation 10.3 shows that the magnetic field is a traveling wave along the inner surface
of the stator. In other words, the total magnetic field is a sinusoidal field with its peak
rotating at angular speed ω rad/s.

Since ω = 2πf , the rotating speed of the field will be the same as the supply frequency:
f revolutions per second or nS = 60f revolutions per minute (rpm). Noting that the above
derivation is based on one pair of poles, a more generic equation for the field speed (or
synchronous speed) of an induction machine can be given as

nS = 60f

p
and ωS = 2πnS

60
= 2πf

p
= ω

p
(10.4)
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Figure 10.2 The flux distributions of a four-pole induction motor during transient finite element
analysis

where p is the number of pairs of poles. Figure 10.2 shows the arrangement of a four-pole
squirrel-cage induction motor with flux distribution.

Assuming initially that the rotor is stationary, an electromotive force (emf) will be
induced inside the rotor bars of the squirrel cage. A current is therefore formed inside
the rotor bars through the end rings. Similarly, since the field is rotating, this current will
generate a force on the rotor bars (the rotor bar current is under the stator magnetic field).
If the force (or torque) is sufficiently large, the rotor will start to rotate.

The maximum speed of the rotor will be less than the synchronous speed because, if the
rotor reaches the synchronous speed, there will be no relative movement between the rotor
bars and the stator field, hence no emf or force will be generated. The difference between
the rotor speed and the synchronous speed is defined as slip s , that is, s = (nS − nm)/nS =
(ωS − ωm)/ωS , where nm and ωm are the rotor speeds in rpm and radians per second,
respectively. Typical slips of induction motors are within 1–3%.

10.2.2 Equivalent Circuit of Induction Motor

We can represent the induction motor by two separate circuits, one for the stator and one
for the rotor. Since the three phases are symmetrical, we only need to analyze one phase
as shown in Figure 10.3. We use phasors for the analysis of the AC circuit. Here we have
defined the direction of current flow using the transformer convention. It is worth noting
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Figure 10.3 Stator and rotor circuits of an induction machine

that the rotor and the stator quantities will have different frequencies except when the
rotor is stationary.

The voltage equation of the primary and the secondary circuit can be written as

VS = ISRS + jωLSIS + ES

0 = IRRR + jωRLRIR + ER
(10.5)

where V is the phase voltage, I the phase current, R the phase resistance, and L the
leakage inductance of the winding. The subscripts S and R represent the stator and
rotor respectively.

Since the field is rotating at synchronous speed ωS and the rotor is rotating at speed
ωm, the speed of the magnetic field relative to the rotor bar is ωS − ωm = sωS = sω/p,
and ωR = psωS = sω is the frequency of the rotor current.

If we multiply k and divide s for the both sides of the second equation in Equation 10.5,
then we get

0 =
(

k2 RR

s

)
(IR/k) + j

(
k2 ωR

s
LR

)
(IR/k) + kER

s
(10.6)

The rotor has AC quantities at slipping frequency ωR = sω. By using the following,
R′

R = k2RR, X′
R = k2ωLR = k2XR, I ′

R = IR/k, E′
R = kER/s, we have

0 = R′
RI ′

R + jX′
RI ′

R + E′
R (10.7)

We will choose k such that ES = E′
R. We can then redraw the equivalent circuit of the

induction motor as shown in Figure 10.4a. Here we neglected the magnetic loss in the
stator core. If we include the magnetic loss, then the equivalent circuit can be illustrated
as in Figure 10.4b.

In the above equivalent circuit, for a given voltage supply the current of the circuit can
be written as

IS = VS

RS + jωLS + (Rm + jXm)||(R′
R/s + jX′

R)
(10.8)

To simplify the analysis, we can neglect Rm + jωXm. Under this assumption, the elec-
tromagnetic power transferred from the stator to the rotor is

Pem = mI 2
S

R′
R

s
= mV 2

S

(RS + R′
R/s)2 + (XS + X′

R)2

R′
R

s
(10.9)

Noting that electromagnetic power or rotor power has two parts, namely, the loss of the
rotor winding and power transferred to its shaft, the above equation can be rewritten as

Pem = mV 2
S

(RS + R′
R/s)2 + (XS + X′

R)2

[
R′

R + (1 − s)

s
R′
]

R

(10.10)
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ES = jwXmIm = E′R

Figure 10.4 Modified equivalent circuit of an induction machine: top, neglecting iron loss; bottom,
considering iron loss

The first term represents the rotor copper loss and the second term the mechanical power
on the shaft. The electromagnetic torque of the motor can be written as follows:

Tem = m

ωS

V 2
S

(RS + R′
R/s)2 + (XS + X′

R)2

1

s
R′

R

= m

ωm

V 2
S

(RS + R′
R/s)2 + (XS + X′

R)2

(1 − s)

s
R′

R

(10.11)

We can plot torque Tem as a function of slip s from Equation 10.11 and obtain the
torque–speed characteristics of an induction motor as shown in Figure 10.5.

10.2.3 Speed Control of Induction Machine

The speed of an induction motor, in rpm, can be expressed as

n = (1 − s)nS = (1 − s)
60f

p
(10.12)

Hence, we will have three approaches for changing the speed of an induction motor:
change the number of poles, change frequency, and change slip:

1. Change the number of poles: The stator winding is designed such that, by changing
the winding configuration, the number of poles will change. For example, some
induction motors are designed as 4/6, 6/8, or 4/8 pole capable. While changing the
number of poles has been used in controlling the induction motor speed in the past, it
is used less and less today due to the complexity of the stator winding configuration
and low efficiency.
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Figure 10.5 The torque–speed characteristics of an induction motor for a constant frequency and
constant voltage supply

2. Change the frequency of the supply voltage: This is the most popular method for
controlling induction motor speed in modern drive systems, including traction drives.
This will be discussed in more detail in the next section.

3. Change slip: Since the electromagnetic torque of an induction motor is closely related
to slip as shown in Equation 10.11, there are a few ways to change the slip to control
induction motor speed:
(a) Change the magnitude of the supply voltage: As shown in Figure 10.6, as the

voltage is changed, the speed of the motor is also changed. However, this method
provides limited variable speed range since the torque is proportional to the square
of voltage.

(b) Change stator resistance or stator leakage inductance: This can be done by
connecting a resistor or inductor in series with the stator winding.

(c) Change rotor resistance or rotor leakage inductance: This is only applicable
to wound-rotor induction motors.

(d) Apply an external voltage to the rotor winding: This voltage has the same
frequency as the rotor back emf or rotor current. Modern, doubly fed wind power
generators belong to this group. This method is only applicable to wound-rotor
induction motors.

When an external resistance is in series with the stator or rotor winding, there is
loss associated with this resistor. Hence the system efficiency is compromised. When an
external inductor is in series with the stator or rotor, the power factor is compromised.
Hence, adding resistance or inductance is no longer a popular method in modern electric
drive systems.
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Figure 10.6 Adjusting the speed of an induction motor by varying the terminal voltage

10.2.4 Variable Frequency, Variable Voltage Control
of Induction Motors

Varying the frequency of power supply is by far the most effective and most popular
method to adjust the speed of an induction motor. If we neglect the stator resistance,
leakage inductance, and the magnetic loss, the stator voltage equation can be written as

VS = ES = kSωφ = kS2πf φ (10.13)

where kS is the machine constant and φ is the total flux. Hence, when changing the
frequency, the stator voltage should also be changed proportionally in order to maintain
a relatively constant flux so that the stator and rotor core do not get saturated, while the
output torque can be maintained constant,

VS

f
= constant (10.14)

When the frequency and voltage are adjusted, the torque–speed characteristics are as
shown in Figure 10.7. Although the above expression is generally true, three observations
can be made:

1. For low-frequency operations, the voltage drop across the stator resistance and
inductance is no longer negligible. Hence, the stator voltage has to be increased to
compensate this.

2. The motor speed corresponding to the rated frequency and rated voltage is called the
rated speed or base speed.

3. When the stator voltage reaches its rated supply (maximum), in order to further increase
frequency (or speed), the stator flux must be reduced in order to satisfy Equation 10.13
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This is called the flux weakening operation. The ratio of the maximum speed to the
rated base speed of the motor is defined as the adjustable speed range, or X . Modern
induction motors can achieve up to X = 5 adjustable speed range.

10.2.5 Efficiency and Losses of Induction Machine

The losses in an induction machine are shown in Figure 10.8. The losses include: (i)
copper loss in the stator winding; (ii) magnetic loss in the stator iron (or core loss, or iron
loss); (iii) copper loss in the rotor winding; (iv) windage loss due to the rotation of the
rotor and frictional loss in the bearing; and (v) additional losses that cannot be accounted
for by the above components, also called additional loss or stray load loss.
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Figure 10.7 Adjusting induction motor speed using variable frequency supply. In this example,
the rated speed is 6000 rpm, and the maximum speed is 12 000 rpm. The adjustable speed range
X = 2
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Figure 10.8 Losses in an induction motor
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The power balance equations are

Pem = P1 − pcu1 − piron

Pmec = Pem − pcu2 (10.15)

P2 = Pmec − pfw − pad

P1 is the input power from the voltage supply; Pem is the electromagnetic power trans-
ferred from the stator to the rotor; Pmec is the total mechanical power on the rotor shaft;
P2 is the output power to the load connected to the shaft; pcu1 is the copper loss of the
stator winding; piron is the iron loss of the stator core; pfw is the frictional and windage
loss; and pad is the stray load loss.

The efficiency can be expressed as

η = P2

P1
= P2

P2 + pcu1 + piron + pcu2 + pfw + pad
(10.16)

One aspect of traction motors for modern HEVs is high-speed operation. Traditionally,
laminated silicon steel sheets were designed for use at low frequencies (50 or 60 Hz),
and today’s traction drives typically operate at about 6000−15 000 rpm. With four-pole
designs, the operating frequency is 500 Hz. Some traction motors operate at frequencies
as high as 800–1200 Hz. Since eddy current loss and hysteresis loss are proportional to
frequency or the square of frequency, the core loss will be significant at high frequencies.
In order to keep the core loss within a reasonable range, the magnetic flux in the iron
has to be relatively lower than those used in low-speed motors, and the thickness of the
silicon steel sheets may have to be reduced as well.

Second, the inverter-operated induction motor will contain harmonics in its voltage and
current. These harmonics will introduce additional losses in the winding and stator and
rotor core. As is well known, the eddy current loss can be doubled in many induction
motors due to the pulse-width-modulated (PWM) supply. These additional losses may
cause excessive temperature rise which must be considered during the design and analysis
of induction motors.

10.2.6 Additional Loss in Induction Motors due to PWM Supply∗

To analyze the additional losses in an induction motor due to PWM operations, we first
take a look at the PWM waveform. The general principle of bipolar PWM supply is
shown in Figure 10.9, where the triangular waveform (carrier, Vtri) of switching fre-
quency fc is compared to the control signal (Vcontrol) of fundamental frequency f1. The
intersections of the two waveforms determine the switching points of power devices.
The ratio of switching frequency fc to fundamental frequency f1 is defined as the fre-
quency modulation ratio, mf = fc/f1. The ratio of the amplitude of the control waveform
Vcontrol to that of the triangle waveform Vtri is defined as the amplitude modulation ratio,
ma = Vcontrol/Vtri [38, 39].

There are many different methods to determine the switching points, such as the natural
sampling rule, regular sampling, and the selected harmonic elimination rule, and so on.

∗ The permission is from Section 10.2.6 to Figure 10.12.  [2008] IEEE. Reprinted, with permission, from IEEE
on Magnetics.
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Figure 10.9 Principle of bipolar PWM supply (ma = 0.8, mf = 15, f1 = 50 Hz): (a) carrier wave-
form Vtri and control waveform Vcontrol ; (b) PWM output and its fundamental component
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The symmetrical regular sampling rule is a basic method in sampling. The switch points
can be determined from Figure 10.9 for this sampling method:

αk = π

2mf

{
2k − 1 + (−1)kma sin

[
(k + m)

π

mf

]}
k = 1, 2, . . . , 2mf

when (−1)k = 1, m = −1; when (−1)k = −1, m = 0 (10.17)

where αk is the switching point.
The output voltage of the inverter contains the fundamental voltage and other high-

frequency harmonic voltages. The general Fourier series of the output voltage can be
given as follows:

v(t) =
∞∑

n=1

vn(t) =
∞∑

n=1

(an cos nωt + bn sinnωt) =
∞∑

n=1

Vn sin(nωt + ϕn) (10.18)

where ω is the fundamental angular frequency, n is the order of harmonics, Vn is the
amplitude of the nth harmonic, an and bn are the Fourier coefficients; ϕn is the phase
angle of the nth harmonic, and

an = Vdc

nπ

2mf∑
k=1

(−1)k sin(nαk) (10.19)

bn = Vdc

nπ

2mf∑
k=1

(−1)k cos(nαk) (10.20)

Vn =
√

a2
n + b2

n = Vdc

nπ

√√√√√[ 2R∑
k=1

(−1)k cos(nαk)

]2

+
[

2R∑
k=1

(−1)k+1 sin(nαk)

]2

(10.21)

ϕn = arctan

(
bn

an

)
(10.22)

where Vdc is the DC link voltage.
According to Equation 10.21, the amplitude of the harmonics is dependent on the

DC link voltage Vdc, the order of the harmonic waveform n , and the switching points
αk . These switching points are determined from the frequency modulation ratio mf and
amplitude modulation ratio ma . Figure 10.10 shows the harmonic spectrum of the PWM
output waveform for mf = 15 and ma = 0.8. The PWM output wave contains carrier
frequency-related harmonics with modulation frequency-related sidebands in the form of
mfc ± nf1, where m and n are integers and m + n is an odd integer.

The total iron loss density piron is commonly expressed in the following form for
sinusoidal varying magnetic flux density B with angular frequency ω [40]:

piron = ph + pc = khB
βω + kcB

2ω2 (W/m3) (10.23)

where ph and pc are the hysteresis loss density and the classical eddy current loss density
respectively, kh and kc are the hysteresis and eddy current constants respectively, and
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Figure 10.10 Harmonic frequency analysis of output voltage

β is the Steinmetz constant – all of which depend on the lamination material. Because
the heavy iron loss increase in the case of PWM supply is mainly induced by the eddy
current loss increment, this section will focus on the analysis of the eddy current loss.

Equation 10.23 is only valid for flux densities under sinusoidal time-varying conditions.
Under PWM supply, there are many high-frequency harmonic flux density components.
With the assumption of a linear material, the flux density harmonic amplitude is pro-
portional to the voltage harmonic amplitude. So the harmonic components of the PWM
voltage output can be analyzed, and the eddy current loss of each harmonic component
can be calculated. Although such an assumption is not in accordance with the magnetic
property of the core material, considering that the objective here is to compare the iron
losses influenced by PWM supply, the absolute error caused by the assumption does not
affect the final results.

In order to give a clear view of the iron losses associated with the PWM parameters,
a single phase was used. Under no-load condition (rotor winding open-circuit condition),
the circuit equation is

v(t) = e(t) + i(t)R + Lσ

di(t)

dt
(10.24)

where v (t) is the applied voltage, e(t) is the back emf, i (t) is the current, Lσ is the
leakage inductance of the stator winding, and R is the resistance of the stator winding.

When neglecting the voltage drop on winding resistor R and leakage inductance Lσ ,

v(t) ≈ e(t) = N1
d�(t)

dt
= N1A

dB(t)

dt
(10.25)

where N1 is the number of turns of the winding and A is the cross-sectional area of the
core. Under the linear material assumption, the flux density is

B(t) = −
∞∑

n=1

Bn cos(nωt + ϕn) (10.26)
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where Bn is the flux density of the nth harmonic

Bn = Vn

N1Anω
(10.27)

The eddy current loss can then be obtained by substituting Equation 10.27 into
Equation 10.23:

pc =
∞∑

n=1

pn =
∞∑

n=1

kcB
2
n(nω)2 =

∞∑
n=1

kc

(
− Vn

N1Anω

)2

(nω)2

= kc

(N1A)2

∞∑
n=1

(Vn)
2 (10.28)

Combining Equations 10.18 and 10.26, the eddy current losses can be derived as

pc = kc

(N1Aπ)2

∞∑
n=1

(
Vdc

n

)2


[

2R∑
k=1

(−1)k cos(nαk)

]2

+
[

2R∑
k=1

(−1)k sin(nαk)

]2



(10.29)

pc = K

∞∑
n=1

(
Vdc

n

)2


[

2R∑
k=1

(−1)k cos(nαk)

]2

+
[

2R∑
k=1

(−1)k sin(nαk)

]2

 (10.30)

where
K = kc

(N1Aπ)2

From the above equations, it can be concluded that the eddy current loss is related
to the amplitude of the fundamental and other high-order harmonics. Furthermore, it is
related to the switching points αk and DC link voltage Vdc. Switching point αk is related
to the sampling method of switching points. If the regular sampling method is adopted,
αk is determined by the frequency modulation ratio and the amplitude modulation ratio.
Each harmonic component will contribute to the total eddy current loss. According to
Figure 10.10, the fundamental voltage and the harmonics at the switching frequency
contribute more to the eddy current loss.

Figure 10.11 shows the eddy current loss versus switching frequency for an induction
motor, where the eddy current loss ratio is defined as the loss from PWM supply to
the loss of sinusoidal supply. It can be seen that the eddy current loss is more than
doubled with PWM supply. Figure 10.12 shows the iron loss of a 2 kW, 208 V induction
motor when operated at 80 V with respect to modulation ratio (the DC bus voltage is
adjusted to maintain the fundamental voltage at 80 V). It can be seen that the iron loss
increases with the reduction of modulation ratio. The iron loss increases as the amplitude
modulation ratio decreases.

An experiment was carried out on a 3 hp induction motor. The motor is a four-
pole, 60 Hz, 208 V, Y-connected, three-phase induction motor. Figure 10.13 shows the
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Figure 10.11 Eddy current loss ratio vs. switching frequency at ma = 0.9
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Figure 10.12 The effect of amplitude modulation ratio on PWM iron losses of induction motor
for a 2 hp induction motor. (From [38])

cross-section of the machine. The machine has a double-layer, three-phase stator winding,
with 36 slots in the stator and 24 slots in the rotor.

The experiment bench is shown in Figure 10.14, which includes the power supply, a
unipolar PWM inverter, a power analyzer, an induction motor, a DC generator (as load),
and a DC electronic load connected to the output of the DC generator. The solid line
shows the induction motor is operated by the sinusoidal supply directly and the dotted
line shows it is driven by the PWM inverter. The power analyzer is used to capture the
line voltage and phase current.
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Figure 10.13 Experimental induction motor∗
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Figure 10.14 Experiment bench

The input power of the induction motor can be obtained directly from the power
analyzer. Both no-load and load tests were performed. Moreover, no-load tests with a
fundamental frequency of 60 Hz and switching frequency ranging from 3.5 to 9 kHz were
carried out to evaluate the influences of switching frequency on the additional losses.

To understand the mechanism of the additional losses and their impact on the
temperature, a two-dimensional (2D) finite element model (FEM) was developed to
compute the losses. A three-dimensional (3D) FEM model was set up to estimate the
thermal profile within the motor.

The simulated iron losses are shown in Figures 10.15 and 10.16 for sinusoidal and PWM
supply, respectively. Under no-load operation, the iron loss with PWM supply is 104 W,
a 48.2 W increase over the iron loss when operated from the sinusoidal supply (55.8 W).
However, when the motor is attached to the load, additional iron losses are induced by
the harmonics in the PWM supply, with iron loss at 139.1 W or only 31.1 W more than
the sinusoidal iron loss (108 W). All the losses from the simulation and experiments are
listed in Tables 10.1 and 10.2 respectively.

∗ The permission is for Section 10.2.6 from Figure 10.13 to end of Section.  [2007] Inderscience. Reprinted,
with permission, from the International Journal of Electric and Hybrid Vehicles.
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Figure 10.15 Iron losses from simulation for sinusoidal supply: (a) no load and (b) with load

The test results are consistent with the simulation results at fixed switching frequen-
cies. In order to understand the impact of switching frequency on the additional losses,
tests have been conducted using several different switching frequencies (3.5–9 kHz) for
the PWM inverter. The results are shown in Figure 10.17. The total losses decrease
proportionally with the increase of frequency, which is consistent with prior work [41].

By assigning all the losses into the 3D FEM model and incorporating the necessary
boundary conditions based on the model of an actual motor, the temperature profile can
be obtained. Figure 10.18 shows the temperature distribution in the stator with no load
in sinusoidal supply. Tables 10.3 and 10.4 show the entire temperature of the motor, and
the location of test points as shown in Figure 10.19 except point 1, which is in the center
of the outer surface housing.

It can be seen from Tables 10.3 and 10.4 that the temperature rise of the induction
motor is significantly higher when driven by the PWM inverter than by sinusoidal
power supply. In conclusion, for induction motor design it is important to consider
the additional losses generated due to the harmonics in the PWM supply and possible
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Figure 10.16 PWM losses from simulation: (a) no load and (b) with load

Table 10.1 Losses from simulation

No load (W) Load (W)

PWM Sinusoidal PWM Sinusoidal

Iron loss 88.5 53.9 130.0 118.6
Copper loss 139.5 50.1 150.1 113.7
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Table 10.2 Losses from experiments

No load (W) Load (W)

PWM Sinusoidal PWM Sinusoidal

Iron loss 104 55.8 139.1 108
Copper loss 133.7 58.8 148.9 124.5
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Figure 10.17 Loss with different switching frequencies
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Figure 10.18 Temperature distribution in stator
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Point 2Point 3

Point 4Point 5Point 6Point 7

Figure 10.19 Inside view of the experimental motor

Table 10.3 Temperature profile with no load

Experiment (◦C) Simulation (◦C)

Point 1 31.4 40.9 30.3 37.3
Point 2 36.9 42.4 34.7 38.7
Point 3 38.2 47.1 35.6 45.6
Point 4 39.5 52.7 36.3 49.3
Point 5 40.2 51.1 43.3 47.3
Point 6 39.6 49.7 34.4 45.4
Point 7 50.8 55.7 53.6 53.6

Table 10.4 Temperature profile with load

Experiment (◦C) Simulation (◦C)

Point 1 34.2 41.8 32.7 37.7
Point 2 41.4 47.8 37.9 42.9
Point 3 47 52.8 44.6 50.6
Point 4 50.8 57.2 49.7 53.7
Point 5 60.5 63.9 55.5 56.3
Point 6 59.9 63.3 52.3 55.3
Point 7 67.6 71.7 63.6 66.7
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excessive temperature rise inside the machine. Extra care needs to be taken in applications
which experience a wide ambient temperature range, such as the ones used in HEVs.

10.2.7 Field-Oriented Control of Induction Machine∗

With field-oriented control, an induction machine can perform somewhat like a DC
machine. This section explains the theory and implementation of the field-oriented control
of an induction machine [42].

When expressed in phasors, the voltage equation for a three-phase induction machine
with three symmetrical stator windings is given as

VS = RSiS + pλS (10.31)

VR = RRiR + pλR (10.32)

where p is the differential operand d/dt , and V , I , and λ are phasors of voltage, current,
and flux linkage respectively. Subscript S relates to stator quantities and R refers to
rotor quantities respectively. Equations 10.31 and 10.32 are expressed in stator and rotor
coordinates respectively. Therefore, stator frame S is stationary and rotor frame R is
rotational (rotor quantities are at rotor frequency or slip frequency).

Suppose there is a frame B , and the angle between the stator and this frame B is δ,
therefore the angle between the rotor and this frame is (δ − θ ). Multiplying Equation 10.31
by e−jδ and Equation 10.32 by e−j (δ−θ), we get

VS · e−jδ = RSiS · e−jδ + pλS · e−jδ

VR · e−j (δ−θ) = RRiR · e−j (δ−θ) + pλR · e−j (δ−θ)
(10.33)

Let
V

(B)
S = VS × e−jδ, V

(B)
R = VR × e−j (δ−θ)

i
(B)
S = iS × e−jδ, i

(B)
R = iR × e−j (δ−θ)

λ
(B)
S = λS × e−jδ, λ

(B)
R = λR × e−j (δ−θ)

(10.34)

By employing the equation

p(λ
(B)
S ) = p(λS · e−jδ) = −j · λS(pδ) · e−jδ + pλS · e−jδ (10.35)

or
pλS · e−jδ = p(λ

(B)
S ) + j · λS(pδ) · e−jδ (10.36)

pλR · e−j (δ−θ) = p(λ
(B)
R ) + j · λRe−jδp(δ − θ) (10.37)

Equations 10.31 and 10.32 can then be transferred to a general frame B , where all space
phasors are expressed in frame B with the superscript (B ) as shown below:

V
(B)
S = RSi

(B)
S + pλ

(B)
S + j · λ(B)

S pδ (10.38)

V
(B)
R = RRi

(B)
R + pλ

(B)
R + j · λ

(B)
R p(δ − θ) (10.39)

The superscript (B) will be omitted further in this section for convenience.

∗ Reproduced with permission from Chunting Mi, “Field Oriented Control of Induction Motor Drives with Direct
Rotor Current Estimation for Application in Electric and Hybrid Vehicles,” Journal of Asian Electric Vehicle, vol.
5, no. 2, pp. 989–992, December 2007.
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When expressed in phasors, the flux linkage can be expressed as

λS = (Lm + L1σ ) · iS + Lm · iR (10.40)

λR = Lm · iS + (Lm + L2σ ) · iR (10.41)

where Lm is the stator inductance and L1σ and L2σ are the stator and rotor leakage
inductance respectively.

Note that although the phasors are in a different frame, the stator flux and rotor flux
are rotating at the same speed.

For squirrel cage induction machines, the rotor current iR is not accessible. Therefore, a
fictitious rotor magnetizing current imr is defined such that the rotor flux can be expressed
in terms of this fictitious rotor magnetizing current and stator inductance in the same way
as in Equation 10.40:

λR = imr · Lm (10.42)

The rotor current can then be expressed as a function of magnetizing current and stator
current from Equation 10.41:

iR = imr − iS

1 + σ
(10.43)

where

σ = L2σ /Lm (10.44)

Substituting Equations 10.42 and 10.43 into Equation 10.41 and considering that VR is
normally set to 0 for squirrel cage induction motors, the rotor equation can be rewritten as

0 = imr − iS + Tr · pimr + j · Trimr · p(δ − θ) (10.45)

where Tr is the rotor time constant which can be expressed as follows:

Tr = Lm(1 + σ)/RR (10.46)

As stated above, the rotor magnetizing current is a fictitious current. The magnitude
of this current can be observed through the following approach. If the rotor equation
is written in the stator frame then δ = 0, pθ is equal to the speed of the rotor ω, and
Equation 10.45 has the following form:

0 = imr − iS + Tr · pimr − j · Trimr · ω (10.47)

Since this equation is written in the stator frame, we can find the α and β components of
phasors iS and imr :

iS = iSα + jiSβ

imr = imrα + jimrβ
(10.48)

Therefore Equation 10.47 becomes

dimrα

dt
= 1

Tr

(isα − imrα) − imrβ · ω
dimrβ

dt
= 1

Tr

(isβ − imrβ) + imrα · ω

(10.49)
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Stator current can be easily transferred from the abc system to αβ system.
Equation 10.49 can be implemented discretely in the time domain, therefore, imrα and
imrβ can be observed. Once this has been done, imr and δr can finally be calculated:

imr =
√

i2
mrα + i2

mrβ, cos(δr ) = imrα/imr , sin(δr ) = imrβ/imr (10.50)

where δr is the angle between the fictitious current imr and the stator current iSα as shown
in Figure 10.20.

If the frame is chosen such that B is aligned with λR as shown in Figure 10.21, imr

will only have real components. Therefore this rotor equation can then be decomposed
into its direct and quadrature components as follows:

isd = iSα cos δr + isβ sin δr

isq = −iSα sin δr + isβ cos δr
(10.51)

From Equation 10.45, when is is decomposed to d–q components, the equation can be
written as follows:

imr − isd + Tr · pimr = 0 (10.52)

−isq + Trimr · p(δ − θ) = 0 (10.53)

From Equation 10.52 it can be seen that imr is only related to isd . Therefore, imr can be
controlled by controlling isd .

The torque in the machine is

Tq = 3

2
· p

2
· (λS × iS) (10.54)

iSb iS

imrb imr

dr

imra iSa

Figure 10.20 Stator and rotor current in α, β coordinates

iS

iSd
iSq imr

dr
a

Figure 10.21 Stator current in d, q and α, β coordinates
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which has to be balanced with the load and acceleration torque:

Tq = TL + J · pω (10.55)

where Tq is the developed torque and TL is the load torque; ω is the angular speed of the
motor. If θ is the angle between the stator and the rotor, then ω = pθ .

It can also be proved that isq is directly related to motor torque as follows. By substi-
tuting iS and iR into the torque in Equation 10.54, the torque can be derived:

Tq = 3

2
· p

2
· LS

1 + σ
imr isq (10.56)

Magnetizing current imr can be controlled by controlling the real component of stator
current, and torque control is achieved by controlling the imaginary component of the
stator current.

For ease of implementing control, we will introduce the per-unit system. A per-unit
system is essentially a system of dimensionless parameters occurring in a set of wholly
or partially dimensionless equations. This kind of system can extensively simplify the
phenomena of problems. The parameters of the machines fall in a reasonable narrow
numerical range when expressed in a per-unit system related to their ratings and, therefore,
this is extremely useful in simulating machine systems and implementing the control of
electrical machine by digital computers. Generally, rated power and frequency can be
chosen respectively as the base values of power and frequency for normalization, whereas
the peak values of rated phase current and phase voltage may be chosen respectively as
the base values of current and voltage. Derived base values of impedance, inductance,
and flux leakage are as follows (with subscript B indicating the variable as base value):

ZB = VB/IB

LB = ZB/ωB

λB = LBIB

(10.57)

Normalized torque can be expressed as

TqB = 3

2

p

2
λBIB = 3

2

p

2
LBI 2

B (10.58)

The torque equation can then be normalized. Dividing Equation 10.56 by
Equation 10.58, we get

T ∗
q = 1

1 + σ

LS

LB

imr

IB

isq

IB

= L∗
S

1 + σ
i∗mr i

∗
sq (10.59)

Superscript * donates the normalized value. For convenience, superscript * will be omitted
in further derivations. To implement the control strategy, a technique has to be developed
to identify the magnitude of the magnetizing current imr and the angle δr .

There are two ways to implement the flux observer of Equation 10.49. One way is
to take the Laplace transform of Equation 10.49 and apply a bilinear transformation to
convert the Laplace transform to the z transform. The inverse z transform can be used to
obtain imrα and imrβ in the discrete time domain. An alternative method is to discretize
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Equation 10.49 directly in the time domain. Assuming that the sample time is Ts , then
the following equation can be obtained from Equation 10.49:

(imrαi
− imrαi−1)

Ts

= 1

Tr

(
isαi

+ isαi−1

2
− imrαi

+ imrαi−1

2

)
− imrβi

+ imrβi−1

2
· ω

(imrβi
− imrβi−1)

Ts

= 1

Tr

(
isβi

+ isβi−1

2
− imrβi

+ imrβi−1

2

)
− imrαi

+ imrαi−1

2
· ω

(10.60)

Therefore imrα and imrβ can be derived from Equation 10.60:

imrαi
= 1 − κ

1 + κ
imrαi−1 + κ

1 + κ
(isαi

+ isαi−1) − Tr

κ

1 + κ
(imrβi

+ imrβi−1) · ω

imrβi
= 1 − κ

1 + κ
imrβi−1 + κ

1 + κ
(isβi

+ isβi−1) + Tr

κ

1 + κ
(imrαi

+ imrαi−1) · ω

(10.61)

where κ is the ratio of sampling time to rotor constant,

κ = Ts/2Tr (10.62)

The time variables can also be made dimensionless by multiplying ωB to the both sides
of the equations. Therefore both Ts and Tr are expressed in per-unit values in Equations
10.60 and 10.62. A block diagram of the flux observer is shown in Figure 10.22. The flux
observer takes the phase currents and speed as input, and calculates imr , cos α, and sin α.

It has been shown in the previous sections that it is possible to control the magnetizing
component and torque component of the stator current separately. A PI controller is one

1
STR

1
STR

(i2mra + i2mrb)1/2

imra

imr

imrb

imr

TR

imr

cos a

sin a

isa

isb

×

TR

wm

+

−
−

+

− −

imra

imrb

imraimra

imrbimrb×

Figure 10.22 Block diagram of the rotor flux observer
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way to implement control. The numerical expression for a PI controller is

Vo = KPI

(
TPI ε +

∫
εdt

)
(10.63)

where Vo is the output of the PI controller and ε is the error signal of input Vi (here Vi

can be the measured current or torque of the motor, and Vo can be the PWM signal). In
order to get the time domain discrete expression, we differentiate Equation 10.63:

dVo

dt
= KPI

(
TPI

dε

dt
+ ε

)
(10.64)

Further implementation is straightforward:

Voi − Voi−1

TS

= KPI TPI
εi − εi−1

TS

+ KPI
εi + εi−1

2
(10.65)

Voi = Voi−1 + K1(εi − K2εi−1) (10.66)

where K1 and K2 can be expressed as

K1 = (1 + TS/2Tr)KPI TPI

K2 = (1 − TS/2Tr)

(1 + TS/2Tr)

(10.67)

For example, if the gain is chosen as KPI = 50, TPI = 0.02 seconds, sampling time
Tr = 0.02 seconds, and Ts = 0.67 ms, then the constants K1 and K2 are K1 = 1.0168,
K2 = 0.9671.

The purpose of field-oriented control is to control an induction machine in such a way
that it behaves like a DC motor. A block diagram is shown in Figure 10.23 and the flow
chart is shown in Figure 10.24. An incremental encoder is used to measure the speed
of the motor. As shown in Equation 10.52, the magnetizing current does not change

d q--> ab
PWM
gating

Flux
Observer

imr

isd
Command Va

isb

isa

imr

ab-->abc

Va

Vb

Vb
Vc

Induction
Motor

Encoder

ab<--abcdq<-- ab

sin

cos

Speed wm

PI
Vdr

PI
Vqr

isq

isd

ks /imr

Torque
Command

isq
Command
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+

_

_

VSI

Figure 10.23 Field-oriented control of an induction machine
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Figure 10.24 Flow chart of the closed-loop control of an induction machine

instantaneously with isd as it does in a DC motor. Rather, the magnetizing current lags a
time constant Tr corresponding to the change of isd .

In this setup, the flux observer uses the speed signal of an incremental encoder and
the current measurement through two external current sensors. Only the currents of two
phases are needed to perform the coordinate transformations due to symmetry.

10.3 Permanent Magnet Motor Drives

PM motors are the most popular choices for EV and HEV powertrain applications due
to their high efficiency, compact size, high torque at low speeds, and ease of control for
regenerative braking [43–90]. The PM motor in a HEV powertrain is operated either as
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a motor during normal driving or as a generator during regenerative braking and power
splitting, as required by the vehicle operations and control strategies. PM motors with
higher power densities are also now increasingly the choice for aircraft, marine, naval,
and space applications.

The most commercially used PM material in traction drive motors is neodymium–
ferrite–boron (Nd–Fe–B). This material has a very low Curie temperature and high
temperature sensitivity. It is often necessary to increase the size of magnets to avoid
demagnetization at high temperatures and high currents. On the other hand, it is advanta-
geous to use as little PM material as possible in order to reduce the cost without sacrificing
the performance of the machine.

10.3.1 Basic Configuration of PM Motors

When PMs are used to generate the magnetic field in an electric machine, it becomes
a PM motor. Both DC and AC motors can be made with PMs. Only PM synchronous
motors and PM brushless DC motors are chosen for modern traction drives. We will
primarily explain the operation of PM synchronous motors in this book.

A PM synchronous motor contains a rotor and a stator, with the stator similar to that
of an induction motor, and the rotor contains the PMs. From the section on induction
motors, we know that the three-phase winding, with three-phase symmetrical AC supply,
will generate a rotating magnetic field. To generate a constant average torque, the rotor
must follow the stator field and rotate at the same synchronous speed. This is also why
these machines are called PM synchronous motors.

There are different ways to place the magnets on the rotor, as shown in Figure 10.25.
If the magnets are glued on the surface of the rotor, it is called a surfaced-mounted PM
motor or SPM motor. If the magnets are inserted inside the rotor in the pre-cut slots, then
it is called an interior permanent magnet motor or IPM motor.

For a SPM motor, the rotor can be a solid piece of steel since the rotor iron core
itself is not close to the air gap, hence the eddy current loss and hysteresis loss due to
slot/tooth harmonics can be neglected. For the IPM motor, the rotor needs to be made out

2
2

3

1
2

3

4

5

1

Figure 10.25 Surface-mounted magnets and interior magnets: left, SPM motor; right, IPM motor.
1 – magnet; 2 – iron core; 3 – shaft; 4 – non-magnet material; 5 – non magnet material
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of laminated silicon steel since the tooth/slot harmonics will generate eddy current and
hysteresis losses.

Due to the large air gap as well as the fact that the magnets have a permeability similar to
that of air, SPM motors have similar direct-axis reactance xd and quadrature-axis reactance
xq . On the other hand, IPM motors have different xd and xq . This difference will generate
a so-called reluctance torque. It is worth pointing out that although there is a reluctance
torque component, it does not necessarily mean an IPM motor will have a higher torque
rating than a SPM motor for the same size and same amount of magnetic material used.
This is because, in IPM motors, in order to keep the integrity of the rotor laminations,
there are so-called “magnetic bridges” that will have leakage magnetic flux. So for the
same amount of magnet material used, a SPM motor will always have higher total flux.
There are many different configurations for IPM motors as shown in Figure 10.26.

10.3.2 Basic Principle and Operation of PM Motors

The no-load magnetic field of PM machines is shown in Figure 10.27. When the rotor is
driven by an external source (such as an engine), the rotating magnetic field will generate

(a) (b)

(c) (d)

Figure 10.26 Four commonly used IPM rotor configurations: (a) circumferential-type magnets
suitable for brushless DC or synchronous motor; (b) circumferential-type magnets for line-start
synchronous motor; (c) rectangular slots IPM motor; and (d) V-type slots IPM motor
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(a)

(b) (c)

Figure 10.27 The magnetic field distribution of PM machines at no-load conditions (the stator
current is zero): (a) a four-pole SPM motor; (b) an eight-pole symmetrical IPM motor; and (c) a
four-pole unsymmetrical IPM configuration

three-phase voltage in the three-phase windings. This is the generator mode operation of
the PM machine.

When operated as a motor, the three-phase windings, similar to those of an induction
motor, are supplied with either a trapezoidal form of current (brushless DC) or sinusoidal
current (synchronous AC). These currents generate a magnetic field that is rotating at the
same speed as the rotor, or synchronous speed. By adjusting the frequency of the stator
current, the speed of the rotor or the synchronous speed can be adjusted accordingly.

The torque is the attraction between the rotor magnetic field and the stator magnetic
field in the circumferential direction. Hence, at no-load conditions, the rotor and the
stator field are almost lined up. When the angle between the rotor field and the stator
field reaches 90 electric degrees, the maximum torque is reached in SPM motors. For
IPM motors, the maximum torque occurs at an angle slightly larger than 90◦ due to the
existence of reluctant torque.

Figure 10.28 illustrates how a PM motor operates in different modes. The stator winding
generates a rotating field that attracts the rotor magnets. If the two fields are lined up,
the attraction between the two magnetic fields is in the radial direction, hence there is
no electromagnetic torque. When the stator field is leading the rotor field, the stator will
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Figure 10.28 The operation of a PM synchronous machine

attract the rotor magnets. The machine then operates as a motor. When the stator field is
lagging the rotor field, the machine becomes a generator.

At no load, the rotor magnetic field will generate a back emf Eo in the stator windings.
When a voltage with the same frequency is applied to the stator windings, then a current
will be generated and the voltage equation can be written as

V = Eo + IR + jIX (10.68)

where R is the stator resistance and X is the synchronous impedance. The phasor diagram
is shown in Figure 10.29 when neglecting the stator resistance. From the diagram, the
term jIX can be further decomposed into two components: jIdXd and jIqxq . In fact, in
IPM motors, the d axis and q axis will have different reactances. By using Figure 10.29,
Equation 10.68 can be rewritten for IPM motors as

V = Eo + IR + jIdXd + jIqXq (10.69)

The real power can be calculated, since from Figure 10.29, ϕ = δ + θ :

P1 = mIV cos ϕ = mIE o cos δ = mV (I cos δ cos θ − I sin δ sin θ)

= mV (Iq cos θ − Id sin θ) (10.70)

where ϕ is the power factor angle (the angle between the voltage and current), θ is the
angle between the voltage and back emf, and δ is the inner power angle (the angle between
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Figure 10.29 Phasor diagram of PM synchronous motors: (a) SPM; (b) IPM; and (c) flux weak-
ening mode of IPM

the back emf and voltage). From Figure 10.29,

IqXq = V sin θ

IdXd = V cos θ − Eo

(10.71)

Therefore, the power of PM motors can be expressed as

P = mEoV

Xd

sin θ + mV 2

2

(
1

Xq

− 1

Xd

)
sin(2θ) (10.72)

The torque can be derived by dividing Equation 10.72 by the rotor speed as shown in
Figure 10.30, where the torque–speed characteristics of a typical PM motor are shown. For
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Figure 10.30 Power of IPM motor as a function of inner power angle
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SPM motors, since Xd = Xq , the second term of Equation 10.72 is zero. For IPM motors,
the q axis has less reluctance due to the existence of soft iron in its path, and the d axis
has magnets in its path which has larger reluctance. Therefore, Xq is much larger than Xd .

On the other hand, from Equation 10.70, and neglecting losses, we can see that

T = mIE o cos δ

ω/p
= mIkωϕ

ω/p
cos δ = mpkIϕ cos δ

Tmax = mpkIϕ = constant
(10.73)

Therefore, when inner power angle δ = 0, for a given stator current, the torque of the
motor reaches its maximum. In this condition, stator current is in phase with back emf
Eo, and

V 2 = E2
o + (IqXq)

2 = (kωϕ)2 + (IωLq)
2

V

ω
=
√

(kϕ)2 + (ILq)
2 = constant

(10.74)

Hence, stator voltage must be proportional to frequency to satisfy Equation 10.74 and
maintain maximum torque output at the same time. This operation is also called constant
torque operation. It can also be seen from Equation 10.72 that for a given θ , the power is
inversely proportional to frequency, since V , Xd , and Eo are all proportional to frequency
ω. This is similar to the V /f control of induction motors.

When stator voltage reaches its maximum, Equation 10.74 can no longer be maintained.
As ω increases, V becomes constant, and a current in the d-axis direction must be supplied,
as shown in Figure 10.29c. The relationship of voltage and frequency can be expressed as

V 2 = (Eo − IdXd)
2 + (IqXq)

2 = (kωϕ − IdωLd)
2 + (IqωLq)

2

V

ω
=
√

(kϕ − IdLd)2 + (IqLq)2
(10.75)

This operation is also called the flux weakening operation region because the d-axis
current generate a magnetic flux in the opposite direction to the PM field. Note that due
to constraints such as the current limit of the inverter, the q-axis current may have to
be decreased from its rated value so that the total current from the inverter is kept the
same. Additional losses at higher speeds may make it necessary to further reduce the
torque output. It can also be seen from Equation 10.72 that for a given θ , the first term
is constant since V is constant, and both Xd and Eo are proportional to frequency ω. In
theory, the torque is inversely proportional to frequency in this operation, so the power
is constant. Hence this mode is also referred to as the constant power operation range.

10.3.3 Magnetic Circuit Analysis of IPM Motors∗

Although today’s motor design is usually aided by finite element analysis (FEA), the
initial design stages are still realized through analytical methods. Air-gap flux is one
of the most important parameters of PM motor designs and equivalent magnetic circuit
analysis is used to calculate the air-gap flux in PM motors. For SPM motors, the equivalent
magnetic circuit is straightforward. But for IPM motors, the PMs are buried inside the

∗  [2004] IEEE. Reprinted, with permission, from IEEE on Magnetics.
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rotor laminations, with magnets inserted into the pre-stamped slots. This arrangement
protects the magnets from flying away from the rotor surface due to centrifugal force,
fatigue, and aging of material during operation of the motor. Another advantage of IPM
motors is that rectangular (cuboid) magnets can be used to simplify the manufacturing
process and reduce the cost of manufacturing PM material. Flux concentration structures
(such as magnets arranged in a V-shape) are often used to increase air-gap flux density
in IPM motors [85].

Calculating air-gap flux in IPM motors is somewhat troublesome due to the existence
of so-called “magnetic bridges.” When an integrated lamination is used for IPM motors,
magnetic short circuits exist around the edges of the magnets. These magnetic bridges are
designed to enhance the integrity of the rotor. The magnetic bridges introduce magnetic
short circuits and complicate the design and analysis of IPM motors. On the other hand,
there are also concerns about how to limit the leakage flux in these magnetic bridges while
maintaining the mechanical strength of the rotor. The flux leakage and flux distribution in
the magnetic bridges can be precisely obtained through numerical methods such as FEA.
However, FEA can only be performed after the preliminary dimensions of the motor have
been determined. FEA is also cumbersome and time consuming in the early stages of PM
motor design where numerous iterations are usually performed. Analytical calculation and
analysis of all types of PM motors are essential in their early design stage.

This section discusses the analytical method to calculate the air-gap flux of IPM
machines using an equivalent magnetic circuit model taking into account the assem-
bly gap and saturation in the steel. Factors that affect the flux leakage in an IPM motor
will also be discussed.

Figure 10.31 shows the configuration and no-load flux distribution of an eight-pole
circumferential-type IPM line-start synchronous motor calculated using FEA. Integrated
laminations are used to maintain integrity of the rotor. It contains three magnetic bridges
in each pole: bridge I between the magnet and rotor slot; bridges II and III at the

Bridge I

Line I

Bridge II & III

Figure 10.31 The flux distribution of an IPM line-start synchronous motor with circumferential-
type magnets: 1, magnet; 2, non-magnetic material; and 3, shaft
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Figure 10.32 Flux density along line I of Figure 10.31

inter-polar space between the magnet and the shaft. Figure 10.32 shows the flux density
along line I of Figure 10.31. It can be seen from Figure 10.32 that the flux densities differ
in the two bridges.

It will be shown later that the magnetic flux density in the magnetic bridges is related to
the width and length of the magnetic bridge, rather than being constant. For the situation
here, there is flux leakage in the rotor slot and the non-magnetic material between the
magnet and the shaft. The flux leakage through the stator slot is negligible.

Modern rare earth permanent magnets (REPMs) have a straight demagnetization curve
as shown in Figure 10.33. The low cost makes Nd–Fe–B REPMs ideal for motor appli-
cations. However, temperature effects, as shown in Figure 10.33, must be taken into
consideration when designing a PM motor.

At room temperature (25 ◦C), the demagnetizing curve of a cuboid REPM can be
represented by

�m = �r − Fm · �r/Fc = �r − Fm/RM (10.76)

where �r and Fc are the residual flux and magnetomotive force (mmf) of each pole
respectively, and RM is the reluctance of the magnet, which is the reciprocal of magnet
permeance λM :

RM = 1/λM = Fc/�r (10.77)

For parallel or circumferentially magnetized poles as shown in Figure 10.26a,b,

�r = 2BrAm, Fc = lmHc (10.78)

while for series or radially magnetized poles as shown in Figure 10.26c,d,

�r = BrAm, Fc = 2lmHc (10.79)
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Figure 10.33 Demagnetization curve of Nd–Fe–B magnets considering temperature effects,
where subscript 25 ◦C represents its value at room temperature, whereas subscript 125 ◦C represents
its value at 125 ◦C; Fceq is the equivalent mmf of the linear portion of the demagnetizing curve

where Br and Hc are the remanence and coercive force of the magnets respectively, lm
is the length of the magnet, and Am is the cross-sectional area. Thus

Am = bmlf e (10.80)

where lf e is the length of magnet along the shaft direction and usually equal to the rotor
lamination stack length.

At the operating temperature, the above parameters are replaced by their respective
values. It is possible that the demagnetizing curve becomes nonlinear at the operating
temperature. In this case, Fceq should be used in place of Fc as shown in Figure 10.33.
The Norton equivalent of a cuboid magnet is shown in Figure 10.34.

A generic, circumferentially magnetized IPM rotor configuration is shown in
Figure 10.35. The equivalent magnetic circuit of this configuration is shown in
Figure 10.36, where Rδ, Ry1, Ry2, Rt1, Rt2, Rσ , R1, R2, RS are the reluctances of the air
gap, stator yoke, rotor yoke, stator teeth, rotor teeth, assembly gap between magnets and

Φr

RM = 1/λM

bm

lfe

lm

Figure 10.34 Norton equivalent of cuboid magnets
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Figure 10.35 Arrangements of magnets of line-start IPM motors: 1, stator and rotor iron lamina-
tions; 2, permanent magnets; 3, non-magnetic material; 4, stator slots; and 5, rotor slots. Magnetic
bridges are part of the rotor laminations to maintain the integrity of rotor laminations
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Figure 10.36 The equivalent magnetic circuit of IPM motors with circumferential magnets:
(a) exact model and (b) simplified model
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laminations, magnetic bridge I, magnetic bridges II and III (combined due to symmetry),
and leakage through the rotor slots and the non-magnetic material respectively. End effects
are neglected.

Fluxes passing through these bridges are leakage fluxes. These magnetic bridges are
highly saturated as can be seen from Figure 10.32.

The magnetic circuit can be simplified as shown in Figure 10.36b, where λ′
δ is the total

permeance combining the air gap, stator teeth, stator yoke, rotor teeth (if any), and rotor
yoke; λ1 is the permeance of magnetic bridge I; λ2 is the permeance of magnetic bridges
II and III; and λS is the total permeance leakage through the rotor slot and non-magnetic
material. Let

λ′
δ = 1/(Rδ + Rt1 + Rt2 + Ry1 + Ry2)

λo = λ′
δ + λ1 + λ2 + λS (10.81)

λex = λo||λσ

where λex is the total external permeance.
Solving the magnetic circuit, the magnet operating point and all fluxes can be found:

Fm = �r/(λM + λex)

�m = �rλex/(λM + λex)
(10.82)∑

F = Fm − �m/λσ

�δ = λ′
δ

∑
F

�f = (λ1 + λ2)
∑

F

�S = λS

∑
F

(10.83)

�m = �δ + �f + �S (10.84)

where �δ is the total air-gap flux, �f is the total leakage flux in the magnetic bridges,
and �S is the total leakage flux in the rotor slot and non-magnetic material.

It can be seen from Figures 10.35 and 10.36 that the magnetic bridges should have the
same mmf as that of the air-gap branch. Therefore, the magnetic field density of each of
the bridges is

Hf =
∑

F/lf (10.85)

where lf is the length of the magnetic bridge along the flux path. It can be seen from
Equation 10.85 that, if the magnetic bridges have different paths for magnetic fluxes, then
the field density will be different.

The flux density in each of the bridges can be found through table lookup or curve-
fitting of the lamination material. The total flux leakage in each of the magnetic bridges
can be expressed as

�f = Bf Af (10.86)

where Bf is the flux density in the magnetic bridges and Af is the cross-sectional area
of that magnetic bridge.

Although the above equations give an analytical expression for air-gap flux, it can
hardly be solved due to saturation in the yoke, teeth, and magnetic bridges. Graphic
analysis is an effective method to solve the operating point of the magnets.
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10.3.3.1 Unsaturated Motor

If the yoke and teeth of the motor are not saturated but the magnetic bridges are highly
saturated, and the assembly air gap is neglected, the air-gap flux can be calculated
analytically.

Assume that the flux density in the magnetic bridges is constant due to high saturation.
Then

�δ = λδ

λδ + λM + λS

(�r − �f ) (10.87)

where air-gap permeance can be expressed as

λδ = ατ lf eµ0

2δkδ

(10.88)

α is the effective pole width coefficient, τ is the pole pitch, kδ is Carter’s coefficient, δ

is air-gap length, and µ0 is the permeability of air, µ0 = 4π × 10−7 T m/A.
Carter’s coefficient can be calculated for stator slots and rotor slots (if any) separately,

that is,

kδ = kδ1kδ2 (10.89)

kδ1 or kδ2 = t/(t − γ ∗ δ) (10.90)

γ = 4

π


b0

2δ
arctan

(
b0

2δ

)
− ln



√

1 +
(

b0

2δ

)2



 (10.91)

where b0 is the width of the slot opening and t is the slot pitch.
Leakage permeance λS can also be found for rotor slots and the non-magnetic material.

The reluctance of the assembly air gap can be expressed as a function of σ , where σ is
the average tolerance between the magnet and the lamination steels. The reluctance of
the assembly air gap is

λσ = bmlf eµ0

σ
(10.92)

10.3.3.2 Saturated Motor

When the IPM motor is saturated, as is the case for most PM motor designs, graphic
analysis can be used to solve for the magnetic operating point. Detailed steps of graphic
analysis are given in Table 10.5 and Figure 10.37. The calculation procedure is detailed
as follows:

1. Assume an air-gap flux density Bδ as in Table 10.5, row 1.
2. Calculate the flux density in the stator tooth (row 2); use table lookup or curve-fitting

to find the magnetic field density Ht in the tooth (row 3); calculate the mmf of the
tooth (row 4).

3. Repeat step 2 to calculate the mmf of the rotor tooth, stator yoke, and rotor yoke (rows
5–7).
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4. Calculate the air-gap mmf (row 8).
5. Calculate the subtotal mmf by summing air-gap mmf and core mmf (row 9).
6. Calculate the magnetic field density of the magnetic bridges (rows 10 and 12); use

lookup table or curve-fitting to find the magnetic flux density Bf in the magnetic
bridges (rows 11 and 13).

7. Calculate the air-gap flux, leakage flux in the bridges, and leakage flux through the
rotor slots (rows 14–17).

8. Calculate the total flux (row 18) and total mmf (row 19).
9. Plot five curves in the second quadrant as shown in Figure 10.37 using Table 10.5.

Find on the graph the crossing point A. This is the magnet operating point. Draw a
horizontal line to intersect �m ∼ Fm at A′. Draw a vertical line down from point A′.
The crossing point of this vertical line with curve �δ ∼ Fm is the air-ap flux, with
�S ∼ Fm the leakage flux through the rotor slot, and with �f ∼ Fm the leakage flux
through the bridges.

In Table 10.5, bt1 and ht1 are the width and height of the stator slots; bt2 and ht2

are the width and height of the rotor slots; ly1 and hy1 are the length and height of the
stator yoke; ly2 and hy2 are the length and height of the rotor yoke; Af 1 and Af 1 are
the cross-sectional areas of each magnetic bridge; and lf 1 and lf 2 are the lengths of each
magnetic bridge, respectively.
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Figure 10.37 Graphic analysis of no-load IPM machine, where crossing point A is the operating
point of the magnet, B represents the air-gap flux, F represents the leakage flux in the magnetic
bridges, and S represents the leakage flux in rotor slots and the non-magnetic material. Note that
the leakage flux in the magnetic bridges contributes a significant portion of the total flux supplied
by the magnet as can be seen on the graph
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Table 10.5 Magnetic circuit calculation of experimental motor

1 Bδ (Experimental motor) 0.8 0.9
2 Bt = t/btBδ Bt = 2.02Bδ 1.6 1.8
3 Ht(Lookup_Table) Ht 4 250.0 13 280.0
4 Ft = htHt Ft = 0.04Ht 181.1 565.7
5 By = �δ/2hylf e By = 1.38Bδ 1.1 1.2
6 Hy(Lookup_Table) Hy 498.6 742.8
7 Fy = lyHy Fy = 0.12Hy 59.3 88.4
8 Fδ = 1.6δkδB/µ0 Fδ = 566.8Bδ 907.1 1020.5
9

∑
F = Fδ + Ft + Fy

∑
F = Fδ + Ft + Fy 1147.5 1674.6

10 Hf 1 =∑F/lf 1 Hf 1 =∑F/lf 1 229 498.0 334 923.3
11 Bf 1(Lookup_Table) Bf 1 2.29 2.43
12 Hf 2 =∑F/lf 2 Hf 2 =∑F/lf 2 95 624.2 139 551.4
13 Bf 2(Lookup_Table) Bf 2 2.12 2.17
14 �δ = ατ lf eBδ �δ = 14.8 × 10−3Bδ 0.011 263 0.012 671
15 �f 1 = Bf 1Af 1 �f 1 = 0.38 × 10−3Bf 1 0.001 743 0.001 848
16 �f 2 = Bf 2Af 2 �f 2 = 0.608 × 10−3Bf 2 0.001 287 0.001 322
17 �s =∑Fλs �s = 0.336 × 10−6Fm 0.000 771 0.001 125
18 �m = �δ + �f 1 + �f 2 + �s �m 0.015 063 0.016 966
19 Fm =∑F + �m/λσ Fm 1462.9 2029.9

10.3.3.3 Operation under Load

The operating point of magnets at rated load can also be solved by shifting the air-gap
curve �δ ∼ Fm by Fad to the left on the graph, where Fad is the armature mmf.

10.3.3.4 Flux Concentration

Flux concentration configurations are often used in IPM machines to increase air-gap
flux density as shown in Figure 10.38a. In flux concentration configurations, the assistant
magnets are usually designed to have the same mmf as the dominant magnet. However,
due to dimensional and other constraints, the assistant magnets may have a different mmf.

There are three possibilities as shown in Figure 10.38b–d. The Norton equivalent of
all magnets can still be expressed by (10.76), with �r and Fc the equivalent residual flux
and equivalent mmf, and RM the equivalent reluctance. The equivalent �r and Fc can be
expressed as

�r = �r1 + �r2 (10.93)

Fc = �r

�r1Fc2 + �r2Fc1
Fc1Fc2 (10.94)

where �r1 and Fc1 are the residual flux and mmf of the dominant magnet, and �r2 and
Fc2 are the residual flux and mmf of the assistant magnet.
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Figure 10.38 Flux concentration configurations: (a) configuration with the assistant magnets in
series; (b) equivalent demagnetizing curve when the assistant magnets have the same mmf as that
of the dominant magnet; (c) when the mmf of assistant magnets is more than that of the dominant
magnet; and (d) when the mmf of assistant magnets is less than that of the dominant magnet

10.3.4 Sizing of Magnets in PM Motors∗

Sizing of magnets is one of the critical tasks of PM machine design. This section discusses
the analytical methods to calculate the volume and size of magnets for PM motors. The
proposed methods are validated by FEA and experiments [91].

In the following, the formulas will be derived based on a set of assumptions and then
modified based on practical design considerations. The assumptions include the following:

• Magnetic pole salience can be neglected
• The stator resistance is negligible.
• Saturation can be neglected.
• The air-gap flux is sinusoidally distributed.

Based on the above assumptions, and using the phasor diagram of a PM synchronous
motor as shown in Figure 10.29, the input power of the PM synchronous motor can be
written as

P1 = mIV cos φ = mIE 0 cos δ (10.95)

∗  [2006] IEEE. Reprinted, with permission, from IEEE on Magnetics.
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where m is the number of phases, I and V are the phase voltage and phase current, Eo is
the induced back emf per phase, ϕ is the power angle, that is, the angle between phasor
I and phasor V , and δ is the inner power angle, that is, the angle between phasor I and
phasor Eo.

The back emf of a PM synchronous machine with sinusoidal air-gap flux can be
expressed as

E0 =
√

2πKwf W� (10.96)

where W is the number of turns per phase, � is the total air-gap flux per pole, and Kw

is the winding factor.
The phase current can be expressed in terms of armature maximum direct-axis reactant

mmf Fadm:

I = Fadm

p

0.9mWK wKadKm sin δ
(10.97)

where Kad is the d-axis armature reaction coefficient, Km is the maximum possible arma-
ture current (per unit), and p is the number of poles.

Substituting Equations 10.97 and 10.98 into Equation 10.96, the input power can be
expressed as

P1 =
√

2πpf

0.9KadKm tan δ
Fadm� (10.98)

In this chapter, a new term, the magnet usage ratio ξ , is introduced and defined as
follows:

ξ = Fadm�m

Fmo�mo

(10.99)

where �mo is the total residual flux per pole, Fmo is the total mmf per pole, �m is the
total flux per pole at no-load condition, and Fadm is the maximum direct-axis reactant
mmf of the motor.

The definition of this magnet usage ratio is illustrated in Figure 10.39, where point
A is the magnet operation point at no load, and point B is the magnet operation point
at maximum mmf. The air-gap flux per pole � can be expressed as a function of flux
supplied by the magnet �m and flux leakage coefficient σo:

� = �m/σo (10.100)

For series magnets as shown in Figure 10.40a,

�mo = BrSm

Fmo = 2Hclm

}
(10.101)

For parallel magnets as shown in Figure 10.40b:

�mo = 2BrSm

Fmo = Hclm

}
(10.102)
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Figure 10.39 Illustration of magnet usage where A is the no-load operation point and B is the
maximum reversal current point

where lm is the thickness of magnet per pole along the magnetizing direction, and Sm is
the cross-sectional area of magnet under each pole.

Finally, the input power of the motor can be expressed as follows by substituting
Equations 10.100–10.103 into Equation 10.99:

P1 =
√

2πξf

0.9KadKmσ0 tan δ
BrHC2pSmlm (10.103)

Since the total magnet volume is

Vm = 2pSmlm (10.104)

The magnet volume used in a PM synchronous motor can therefore be expressed as

Vm = 0.2σ0KmKad

ξ
tan δ

P1

f BrHC

= CV

P1

f BrHC

(10.105)

where CV is a coefficient

CV = 0.2σ0KmKad

ξ
tan δ (10.106)

In order to use the above equations to determine the magnet volume needed for a PM
motor, certain parameters of the motor need to be identified.

10.3.4.1 Input Power

At the design stage, the input power of a PM motor is given by

P1 = PN

η cos φ
(10.107)

where η is the target efficiency and cos φ is the target power factor of the motor.
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10.3.4.2 Direct-Axis Armature Reaction Factor

Salience can be included in the direct-axis armature reaction factor. For a given magnet
coverage α, Kad is

Kad = απ + sin απ

4 sin(απ/2)
(10.108)

10.3.4.3 Magnetic Usage Ratio and Flux Leakage Coefficient

The magnet usage ratio can be designed such that the demagnetization of magnets can
be avoided. If one chooses 70–90% residual flux and 70–90% coercive force, then ζ is
between 0.5 and 0.81.

Flux leakage for surface-mounted magnets is usually small, that is, σ0 is approximately
1.0. For IPM motors, σ0 = 1.2 − 1.5 and depends on the actual configuration of the motor.

10.3.4.4 Maximum Armature Current

Maximum armature current occurs during transient conditions, or during starting in the
case of a line-start PM motor. During transient conditions, when the PM synchronous
motor runs out of synchronization, the back emf and terminal voltage may run out of
phase. Therefore, the maximum armature current always occurs when the terminal voltage
is out of phase with the back emf,

Imax = Eo + V

Xd

(10.109)

where Xd is the direct-axis reactance of the motor.
A typical value of maximum current is 4–8 and must be verified during the design

process.

10.3.4.5 Inner Power Angle

The power angle in Equation 10.107 refers to the rated operation point. In PM motor
designs, this angle is usually kept around 25◦ –45◦.

By substituting all the above coefficients into Equation 10.107, CV can be determined.
To a reasonable first approximation, CV can be chosen to be 2. It should be adjusted
during the design process.

Usually the length of magnet along the shaft direction is chosen to be the same as
the rotor laminations stack length lf e. The thickness of magnet along the magnetization
direction is determined by the maximum armature current and operating temperature as
shown in Figure 10.33.

For series magnets as shown in Figure 10.40a, the magnet thickness is

lm = KA

KmFad

Hc,125 ◦C
(10.110)
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(a) (b)

Figure 10.40 Configuration of series and parallel magnets (a) surface mounted with sleeve rings
and (b) parallel magnets

For parallel magnets as shown in Figure 10.40b, the magnet thickness is

lm = KA

KmFad

2Hc,125 ◦C
(10.111)

where KA is a safety ratio, which can be chosen to be 1.1, therefore

Fad = 0.9mWK wKad sin δ

p
I (10.112)

The width of rectangular magnets can be determined by

bm = Vm

2plmlf e

(10.113)

The radius of arc-shaped magnets can be determined by

R = Vm

2παlmlf e

(10.114)

Once the initial magnet volume and size have been determined, FEA can be used for
further design analysis and optimization. The numerical calculation will help to identify
whether the volume of magnets from the preliminary design is sufficient, insufficient,
or excessive. Therefore, magnet volume can be further optimized during the numerical
calculations.

In PM motor design and optimization, there are many conflicting design objectives.
Multi-objective optimization is usually necessary in order to meet design criteria. In this
chapter, the optimization objective is defined as the minimal usage of PM material while
satisfying the performance requirements. The optimization problem is defined as

min{Vm(X)} (10.115)

subject to

fi(X) ≤ 0, i = 1, 2, . . . , n (10.116)
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where X is a vector of the magnet width, thickness, and axial length:

X = {bm, lm, lf e} (10.117)

fi(X) is the motor performance requirements. Here, these requirements are defined as
back emf, efficiency, maximum torque, and short-circuit current. These performances are
calculated during the optimization process.

The optimization process starts with the preliminary design of the motor. The no-load
magnetic field is first calculated using FEA to verify the back emf and short-circuit
current. The load magnetic field is then calculated to confirm the maximum power/torque
and efficiency. During each FEA, the magnet size is adjusted for given constraints.

The optimization implemented using FEA is shown in Figure 10.41. Saturation,
salience, and air-gap flux waveform can also be verified during numerical calculations.

10.3.5 Eddy Current Losses in the Magnets of PM Machines

The eddy current loss in the magnets of PM motors in a HEV and PHEV is usually not
taken into consideration in traditional motor design and analysis. However, due to the high
conductivity of the rare earth magnet Nd–Fe–B, and slot/tooth harmonics, there is eddy
current loss generated inside the magnets. This loss may not greatly affect the efficiency
of the motor, but the temperature rise inside the magnets caused by this loss can lead
to unpredictable deterioration of the magnets, such as degradation of performance and
potential demagnetization. In addition, the output voltage of the PWM inverter contains
abundant high-frequency harmonics, which induce excessive loss in the magnets. The
excessive heat in PM motors induced by the eddy current loss combined with other losses
can degrade the performance of the machine [92].

For sinusoidal supply, the eddy current loss in the magnets of a SPM motor is obtained
from time-stepped FEA to be 102 W for a 50 kW PM motor. The eddy current loss in the
magnet of an IPM was calculated to be 10 W for the same motor.

For PWM supply, the eddy current loss in the magnets of a SPM is 249 W for a
50 kW PM motor. The eddy current loss in the magnet of an IPMSM was 25 W for the
same motor.

10.4 Switched Reluctance Motors

Both switched reluctance motors and synchronous reluctance motors have attracted atten-
tion in traction applications due to their simple structure, unnecessary squirrel cage or
magnets on the rotor, very little loss on the rotor, and ease of control [93–113].

Although they provide many advantages, PM motors and induction motors both have
their own limitations. For example, PM motors face the possibility of demagnetization at
extremely high temperature, limited speed range, difficulty in protecting the powertrain
during a fault condition, and so on. Induction motors have limited torque capabilities
at low speeds, lower torque density and lower efficiency, noise due to stator/rotor slot
combinations, and so on.

From the section above we can see that the torque of a synchronous motor has two
terms, one related to Eo and Xd , which is induced by the rotor PM field, and one related
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Figure 10.42 The synchronous reluctance motor. (T. Matsuo and T. A. Lipo, “Rotor Design
Optimization of Synchronous Reluctance Machine,” IEEE Transactions on Energy Conversion ,
Vol. 9, no. 2, pp. 359–365, June 2004.  [2004] IEEE. Reprinted, with permission, from IEEE
Transactions on Energy Conversion)

to V , Xd , and Xq , which is induced by the difference in reactance of the d axis and q
axis. In other words, even if the magnets are removed, an IPM motor can still generate
torque with a sinusoidal supply due to the existence of salience of the rotor. This is called
a synchronous reluctance motor. The stator and the rotor of a synchronous reluctance
motor have the same number of poles.

Switched reluctance or synchronous reluctance motors do not use magnets or a squirrel
cage. They simply use the difference in d-axis and q-axis reactance to produce reluctant
torque. Therefore, they are similar to a synchronous motor without excitation and therefore
named a switched reluctance motor. Hence only the second term of Equation 10.72 exists.
The torque of a switched reluctance motor with sinusoidal supply is

T = mV 2

2ωR

(
1

Xq

− 1

Xd

)
sin(2θ) (10.118)

In order to increase the torque of a switched reluctance motor, the q-axis and d-axis
reactance is designed to have a large difference. A cross-section of a synchronous motor
is shown in Figure 10.42.

Switched reluctance motors are similar to synchronous motors but will have different
numbers of poles on the stator and the rotor. Figure 10.43 shows the cross-section of a
switched reluctance motor and its control circuit.

10.5 Doubly Salient Permanent Magnet Machines∗

Doubly-salient permanent magnet (DSPM) machines, a new kind of inverter-fed electrical
traction motor first proposed in the early 1990s [115, 116], are becoming more and more
attractive because of their distinct features, such as high efficiency, high power density,
and simple structure. Much progress has been made on the design of DSPM machines. For

∗  [2007] IEEE. Reprinted, with permission, from IEEE on Magnetics.
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Figure 10.43 The cross-section of a 6/8-pole switched reluctance motor and its control circuit:
top cross sectional area of the SRM; bottom, control circuit of the SRM

example, Liao et al. discussed the basic principles of DSPM machines in 1992, 1993, and
1995 [116–118]. Cheng and Chau and co-workers studied the steady state characteristics
and performance of DSPM machines using nonlinear varying-network magnetic circuit
analysis [119–123].

A DSPM machine resembles the structure of a SRM motor except that PMs are inserted
in the stator. Therefore some common techniques used in the SRM motor are also adopted
in the design and control of DSPM machines. For example, wider rotor pole arc, advanced
shutoff angle control, and lagged firing angle control can all be used in the design and
control of DSPM machines. However, due to the existence of PMs in the stator, the
behavior of a DSPM machine is different from that of a SRM motor. Therefore, new design
and control concepts need to be explored to optimize the performance of DSPM machines.

Figure 10.44 shows the typical geometry of a DSPM machine with 6/4 pole pairs,
where AX, BY, CZ and A′X′, B′Y′, C′Z′ are the three-phase windings. It resembles the
structure of a SRM motor, except that PMs are inserted in the stator. The three-phase flux
linkages are shown in Figure 10.45. Because of the existence of PMs in the stator, PM
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Figure 10.45 Flux linkage (dashed lines) and commutating mode (solid lines)

flux plays a major role in the winding flux linkage. Therefore, dual-polarity control can
be employed, as shown in Figure 10.45, to improve the power density.

In the design practices of SRM motors, in order to ensure the winding commutation
and self-start capability at any rotor position and either rotating direction, there should be
a small overlap between the adjacent stator and rotor salient poles when the axis of the
stator pole is aligned with that of the rotor pole. Therefore the width of the rotor pole is
usually larger than that of the stator. This technology is also used in DSPM machines [119]
because of the structural similarity. But due to the existence of PMs in the stator, cogging
torque exists in DSPM machines. According to the flux–mmf diagram of PM machines,
cogging torque will reach its minimum if the resultant gap reluctance is uniform at any
rotor position [124]. Therefore, for a 6/4 pole-paired DSPM machine, if the width of the
rotor pole equals that of the stator and their width is one-half of the pitch, then cogging
torque will reach its minimal value; if the rotor pole width is larger than the stator pole
width, the cogging torque will increase significantly because the gap reluctance will not
be uniform as the rotor position varies. Cogging torque is one of the most important issues
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Figure 10.46 Cogging torque with different rotor pole width (unskewed rotor)

of DSPM machines. The cogging torque obtained from FEA is shown in Figure 10.46
for the larger rotor pole width of 36◦ and uniform width of 30◦. The cogging torque was
calculated using 2D FEA. It can be seen from Figure 10.46 that the cogging torque is
significantly less for the smaller rotor pole width. It can also be seen that the cogging
torque has different peaks. This is caused by the different linkage flux from the two PMs.
When the rotor poles are aligned with the stator poles that are adjacent to the magnets,
there is less flux leakage. Therefore there is more cogging torque. When the rotor poles
are aligned with the stator poles that are in the middle of the two magnets, more flux
leakage is seen. Therefore there is less cogging torque.

In order to minimize the cogging torque of a DSPM machine, the width of the rotor pole
is designed to be the same as that of the stator, both equal to one-half of the pole pitch,

θs = θr = π

Ns

(10.119)

For a 6/4 pole-paired DSPM machine, it is 30◦ mechanical degrees.
Second, a skewed rotor is used to ensure the capability of self-starting at any rotor

position and either rotating direction. From the flux linkage curve, a skewed rotor can
also lead to overlap between the adjacent stator and rotor salient poles, which provides
the same effect as that of the larger rotor pole width used in SRM motors. In order to
obtain the largest output capability, the skew angle is chosen to be one-half of the stator
salient pole width,

θskew = θr

2
= π

2Ns

(10.120)

For a 6/4 pole-paired DSPM machine, the skew angle is 15◦.
The flux linkage of the skewed rotor DSPM machine is shown in Figure 10.47. It can

be seen that the flux linkages of this machine are different from that of the non-skewed
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Figure 10.47 Flux linkage (dashed lines) and commutating mode (solid lines) of a skewed rotor
DSPM machine

one shown in Figure 10.45, that is, the coverage of flux linkage is increased from 120◦
to 150◦. As a result, the six-state commutating mode can be employed.

In the control of conventional DSPM machines, a three-state commutating mode was
used, that is, +A – C, –A + B, and –B + C respectively, as shown in Figure 10.45. This
simple commutating mode generally results in poor performance of the DSPM machine.
It can be seen that the current commutating from positive to negative is in sequence. But
in practice, because of the current continuity, the turn-off angle of the positive current
should be advanced, or the freewheeling current will create a reverse torque. This will
cause control complications and decrease output ability.

According to the same commutating principle as in conventional DSPM motors, that
is, positive current conducts at the rising slope of flux linkage, while negative current
conducts at the falling slope, a new commutating mode for the novel skewed rotor DSPM
motor can be developed as shown by the solid line in Figure 10.47. It is a six-state
commutating mode. The conducting sequences are +A – B, +A – C, +B – C, +B – A,
+C – A, and +C – B respectively. Each state will be conducted for 60◦ electrical
degrees continuously, and there is a 60◦ interval between the positive and negative current
commutation. This commutating mode makes it possible to neglect the control of turn-off
angle, therefore commutating performance can be improved and reliability enhanced.

10.6 Design and Sizing of Traction Motors

The most important task in the design of a traction drive is to calculate the size of the
motor. Take a PM motor as an example. The power of the motor can be expressed as
in Equation 10.70 and the back emf can be expressed as in Equation 10.96. Substituting
Equation 10.96 into Equation 10.70, we have

P = mE0I cos δ = mI cos δ
√

2πKwf W� (10.121)

The linear current density (or specific current density) along the inner stator surface is
A (A/m) and the inner diameter of the stator is D . Then

2mWI = πDA (10.122)
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The total flux per pole can be expressed in terms of air-gap flux density B :

� = πDl

2p
Bα (10.123)

where l is the stack length of the stator, α is the pole enclosure as a percentage of the
pole pitch, and B is the air-gap flux density. In PM motor control, we set the inner power
angle δ to 0 to achieve maximum torque. Since f = pn/60,

P = m
πDA

2mW

√
2πKw

pn

60
W

πDl

2p
Bα (10.124)

Therefore

D2l = 60√
2π3

4

αKw

P

AB

1

n
(10.125)

Since Kw, A, and B are in a relatively narrow range for all types of motors, this expression
shows that the effective volume of the motor is proportional to power P and inversely
proportional to speed n . Typical values for A are 100 kA/m for small air-cooled motors, and
up to 400 kA/m for liquid-cooled motors. The typical range for B is about 0.4 T for small
motors, and up to 1.2 T for high-density motors. Considering that P = T 2πn/60, we have

D2l = k
P

n
∝ T (10.126)

In other words, the size of an electric motor is proportional to its torque rating.

10.6.1 Selection of A and B

In the above equations for sizing traction motors, both A and B are experience-based
selections. B shows how much the magnetic material (silicon steel) is utilized and A
shows how much the electric material (copper or aluminum) is utilized. B is limited by
magnetic losses in the teeth and yoke. A high B means less magnetic material but higher
magnetic losses. A high A means less copper material but higher electric losses. Ambient
temperature, operating frequency, and cooling method can impact the selection of A and
B . Large motors will generally have larger A and B values.

10.6.2 Speed Rating of the Traction Motor

The rotor volume is inversely proportional to rotor speed. Hence, a higher speed rating
means a smaller size. But a higher speed means a higher operating frequency, which
results in more magnetic losses (eddy current and hysteresis losses). Smaller values of A
and B may be necessary to limit the loss in high-speed motors.

For example, a four-pole 1500 rpm motor operates at 50 Hz, but a four-pole 12 000 rpm
motor operates at 400 Hz. Since eddy current loss is proportional to f 2, and hysteresis
loss is proportional to f α (1 < α < 2), if the same magnetic flux density is chosen for
the two motors, then the losses in the high-speed motor will be many times that of the
low-speed motor even if the size of motor is much smaller. This is because loss increases
64 times, but size (D2l) reduces by only a factor of 8.
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10.6.3 Determination of the Inner Power

In Equation 10.125, the power used in the sizing is inner power (not shaft power). There-
fore, for motors, that power is the shaft power divided by the efficiency and power factor,
P ′ = KEPN/(ηN cos ϕN), and for a generator, P ′ = KEPN/ cos ϕN , where KE is the
ratio of back emf and rated supply voltage.

Since the efficiency η and power factor are not known until the design is finished,
we have to start by making assumptions for these values and validate them at the end
of the design.

10.7 Thermal Analysis and Modeling of Traction Motors∗

Thermal issues are important aspects in traction motor design and analysis. Traction
motors exhibit high frictional and windage losses due to high-speed operation, high
magnetic losses due to high-frequency operation, and additional losses caused by PWM
harmonics. Thermal analysis is of particular importance for PM motors because the mag-
nets can be demagnetized at high temperatures [125].

Thermal studies on electric motors often approach the subject using FEA. Time-stepping
FEA can provide greater accuracy for the thermal distribution in a motor. However, it
remains relatively time consuming and does not provide as much insight as an analytical
solution. Various analytical and numerical methods have been developed for the thermal
analysis of various types of electric motors [126–138]. This section contains a discussion
on how to calculate the temperature in a PM motor.

Thermal resistances in the lumped-parameter representation circumscribe the paths for
heat transfer and are analogous to resistances in an electric circuit. The model thereby
establishes the equivalent parameters between the thermal and electrical domains as given
in Table 10.6.

The analogy allows the development of a lumped-parameter thermal model for any
electric motor. The thermal capacitances are usually neglected since only steady state
operation of the machine is of particular importance. Figure 10.48 shows the thermal
equivalent circuit of a SPM. Tin, Tstator , Tmagnet , Trotor , Tw, and Tshaf t respectively
describe the temperatures of the inner surface of insulation between stator and casing, the

Table 10.6 Analogy of thermal and electrical domains

Electric circuit Thermal circuit

Electric voltage u (V) Temperature T (K)
Current I (A) Heat loss Q (W)
Electrical resistance R (	) Thermal resistance R (K/W)
Electrical conductivity σ (S/m) Thermal conductivity k (W/(m K))

∗ Reproduced with permission from Xiaofeng Ding, Madhur Bhattacharya1, and Chunting Mi., “Simplified Thermal
Model of PM Motors in Hybrid Vehicle Applications Taking into Account Eddy Current Loss in Magnets,” Journal
of Asia Electric Vehicles, vol. 8, no. 1, pp. 1337–1343, June 2010.
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inner surface of the stator core, the outer surface of the magnet, the outer surface of the
rotor, the part of the winding within the stator core, and the part of the shaft under the
rotor core. Tcoolant and Tcase are assigned as boundary conditions.

The individual thermal resistances are:

Rag , convection thermal resistance of the air gap
Rmr , radial conduction thermal resistance of the pole
Rrs , radial conduction thermal resistance of the rotor core
Rshf , thermal resistance of the shaft
Rsy , radial conduction thermal resistance of the stator yoke
Rst , radial conduction thermal resistance of stator teeth
Rws , conduction thermal resistance between the windings and stator
Rin, contact thermal resistance between the stator and housing.

The Thermal Resistance of the Air Gap, Rag

Within the air gap the heat flow is greater than in the adjoining air as almost 99% heat
emitted from the rotor surface is transferred directly across it to the stator.

Taylor [127] developed the dimensionless convection correlation method from testing
two concentric cylinders rotating relative to each other, to consider the heat transfer across
the air gap; the method was further modified by Gazley [128]. The thermal resistance can
be defined in terms of the air-gap length lg , a dimensionless Nusselt number Nnu, the
thermal conductivity of motionless air Kair , and the average area of the air-gap cylindrical
surface Aag:

Rag = lg

NnuKairAag

(10.127)

Nnu = 2, NTa ≤ 41

Nnu = 0.212N0.63
Ta N0.27

Pr , 41 < NTa ≤ 100

Nnu = 0.386N0.5
Ta N0.27

Pr , NTa ≤ 41
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The values of the Nusselt Nnu, Taylor NTa , and Prandtl NPr numbers for two rotating
smooth cylinders were presented by Taylor. The flow in the air gap is laminar when
NTa ≤ 41, whereas the flow through the vertex with enhanced heat transfer ranges over
41 < NTa ≤ 100. If NTa > 100 there is fully turbulent flow in the air gap. Later, Gazley
[128] modified the heat transfer with a 10% increase in the experimental results due to
the slot effects.

The expression given in (10.127) is applicable to air-cooled electrical motors. In order
to analyze liquid-cooled motors, the thermal conductivity of the air gap is assumed to
have a constant value, and an equivalent air-gap resistance can be calculated considering
the air gap as equal to a cylinder. Hsu et al. [139] showed that the thermal conductivity
of the Toyota Prius traction motor is 10 W/(m ◦C) based on an oil and air convective
mixture. In this case, the simpler expression for deriving the air-gap thermal resistance
is given as follows:

Rag2 = ln(ris/rmagnet )

2πkagLg

(10.128)

where rmagnet is the outer magnet radius, ris the inner stator radius, and kag thermal
conductivity of the air gap.

The Radial Conduction Thermal Resistance of the Rotor Core, Rrs

Figure 10.49 shows the rotor core as a cylinder made of laminations. The radial heat
transfer is more pronounced than the axial heat transfer in the laminations, therefore the
heat transfer coefficient is calculated for the radial direction:

Rrs = ln(rrotor/rshaft )

2πkrotorLs

(10.129)

where rshaft is the shaft radius, krotor is the thermal conductivity of rotor core, and Ls is
axial length of the rotor core.

rrotor

Trotor

rmagnet

Tmagnetrshaft
Tshaft

q

Figure 10.49 Radial dimensions of the rotor
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The Radial Conduction Thermal Resistance of the Poles, Rmr

The surface-mounted magnets distributed on the rotor core are assumed to be an equivalent
cylinder with nθ radians:

Rmr = ln(rmagnet /rrotor )

nθkmLs

(10.130)

where rmagnet is the outer rotor radius, rrotor is the rotor core radius, n is the number of
poles, θ is the width of each pole in radians, km is the thermal conductivity of the magnet,
and Ls is the axial length of the poles.

The Thermal Resistance of the Shaft, Rshf

The shaft is represented as a cylindrical rod with axial heat conduction and separated
into three parts [126]: one that lies under the rotor core; a second that lies under the
bearing; and a third that acts as a thermal connection between the mean temperatures of
the previous two. As the bearings provide good thermal contact, it is sufficient to consider
thermal contact that exists between the shaft and the thermal casing (Figure 10.50). The
convection between the shaft and adjoining air is neglected as the heat transfer from the
air to the shaft is negligible. Thus

Rshf = (Ra + Rb)/2 (10.131)

where

Ra = 1

2πkshf Ls

+ Lbs

2πkshf (Dshf

/
2)2

Rb = 1

4πkshf Lb

+ Lbs

2πkshf (Dshf

/
2)2

kshf is the thermal conductivity of the shaft, Lb is the thickness of the bearing, Dshf is
the radius of the shaft, and Lbs is the distance from the bearing center to rotor mean.

Lbs

Dshf

LS

1/6 1/31/21/2
Lb

Figure 10.50 Axial dimensions of the shaft
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The Radial Conduction Thermal Resistance of Stator Teeth, Rst

As both the rotor and stator core consist of layers of laminations, only the thermal con-
ductivity in the radial direction is considered (Figure 10.51). In order to calculate the
thermal resistance of the stator precisely, the stator is modeled as two parts, one as the
stator yoke and the other as the stator teeth. The equivalent cylinder with a reduction
factor p is used to model the stator teeth. Thus

Rst = ln(rms/ris)

2πkiroLsρ
(10.132)

where ris the inner stator radius, rms is the inner stator yoke radius, kiro is the thermal
conductivity of the stator, ρ is the percentage of the teeth section with respect to the total
teeth plus all slots section.

The Radial Conduction Thermal Resistance of the Stator Yoke, Rsy

This is calculated from

Rsy = ln(ros/rms)

2πkiroLs

(10.133)

where ros is the outer stator yoke radius.

The Conduction Thermal Resistance between the Windings and Stator, Rws

This is obtained from

Rws = Sslot − Scu

lskcu,irAslot
(10.134)
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where Sslot is the stator slot surface, Scu is the copper section in the stator slot, ls is stator
slot perimeter, kcu,ir is the equivalent conductivity coefficient of the air and insulation
material in the stator slot, evaluated by simulation, and Aslot is the interior slot surface.

Convective Thermal Resistance between Windings External to the Stator
and Adjoining Air, Rwa

The convection coefficient between the end winding of the stator and adjoining air is
found from [126]

hwa = 15.5(0.29v + 1) (10.135)

where v = rmagnetωη and the speed of inner air v need be no more than 7.5 m/s; ω is the
rotor angular velocity and η is fan efficiency.

The value of 50% was assumed for the fan efficiency, usually due to unavailable
information on the radial air velocity. Sometimes, there is an oil and air mixture adjoining
the winding, so an equivalent increase of fan efficiency is used.

The total surface of the winding external to the stator can be calculated as

Swa = (Lc − Ls)2πris (10.136)

where Lc is the external casing length.
Therefore, from (10.135) and (10.137), the thermal resistance between the winding

external to the stator and adjoining air can be calculated,

Rwa = 1

Swahwa

(10.137)

Assigning the losses and casing temperature (90 ◦C) to the thermal circuit, the temper-
ature of individual components in the motor can be obtained after the calculation.

Consider the equivalent circuit model in Figure 10.48.
At node Tin

Tstator − Tin

Rsy + Rst
− Tin − Tcase

Rin
= 0 (10.138)

At node Tstator

Tstator − Tin

Rsy + Rst
− Tw − Tstator

Rl

− Tmagnet − Tstator

Rag
= QSFe (10.139)

At node Tw

Tw − Tstator

Rws
− Tw − Tcoolant

Rwa
= Qcu (10.140)

At node Tmagnet

Tmagnet − Tstator

Rag
− Trotor − Tmagnet

Rmr
= QEddy (10.141)
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At node Trotor

Trotor − Tshaft

Rrs
+ Trotor − Tmagnet

Rmr
= QRFe + QWF (10.142)

At node Tshaft

Trotor − Tshaft

Rrs
− Tshaft − Tcase

Rshf
= 0 (10.143)

The above equations can be written in matrix form and solved by numerical methods:




−1/(Rsy + Rst ) − 1/Rin Rsy + Rst a12 0 0 0 0

−1/(Rsy + Rst ) 1/Rag + 1/(Rsy + Rst ) + 1/Rws −1/Rws −1/Rag 0 0

0 −1/Rws 1/Rws 0 0 0

0 −1/Rag 0 1/Rmr + 1/Rag −1/Rmr 0

0 0 0 −1/Rmr −1/Rrs + 1/Rmr −1/Rrs

0 0 0 0 1/Rrs −1/Rrs − 1/Rshf




•




Tin

Tstator

Tw

Tmagnet

Trotor

Tshaf t




=




−90/Rin

QSFe

Qcu + 110/Rwa

QEddy

QRFe

QWF + 90/Rshf




(10.144)

The temperature of a PM motor is solved with the temperature shown in Figure 10.52.
The temperature of the different components is given in Tables 10.7 and 10.8 for a PM
motor operated under pure sinusoidal supply and under PWM supply, respectively.

Figure 10.52 Temperature profiles in magnet
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Table 10.7 Temperature distribution under sinusoidal and PWM
waveforms

Name Sinusoidal (◦C) PWM (◦C)

Insulation 90–113.23 90–159.14
Stator 113.23–152.35 159.14–198.25
Winding 155.29 202.47
Magnets 154.88–155.47 200.92–201.54
Rotor 155.47–169.76 201.54–213.83
Shaft 90–169.76 90–213.83

Table 10.8 Temperature distribution within the motor fed by a
sinusoidal waveform

Name Analytical method (◦C) Simulation (◦C)

Insulation 90–113.23 90–119.45
Stator 113.23–152.35 120.21–156.73
Winding 155.29 162.63–180.39
Magnets 154.88–155.47 158.68–161.13
Rotor 155.47–169.76 156.34–162.90
Shaft 90–169.76 90–163.58

10.8 Conclusions

Electric motors and associated controllers are one of the key enabling technologies for
electric, hybrid electric, and plug-in hybrid electric vehicles. Various types of electric
motors and drive systems are available for the powertrain of electrified vehicles. Traction
motors and drives experience very harsh environmental conditions, such as a wide tem-
perature range (−30 to 60 ◦C), severe vibration and shock, high electromagnetic noise,
size and weight constraints, stringent safety and reliability requirements, and so on. As a
result, there are many unique aspects in the design, development, analysis, manufacturing,
and research of electric motors and drives for traction applications which are all-important
aspects but cannot all be covered in this chapter. Readers might consult the references
below for further reading. For example, more in-depth studies about synchronous reluc-
tance motor design and optimization can be found in [114] and studies of the uncontrolled
generation in PM drive motors are covered in [140, 141].
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11
Batteries, Ultracapacitors, Fuel
Cells, and Controls

11.1 Introduction

In this chapter, the requisite energy storage systems for EVs and HEVs are discussed.
In a HEV or PHEV, onboard batteries or ultracapacitors are charged from the internal
combustion engine/generator set or from the electric power grid. The chemical energy
stored in batteries is converted to electrical energy for traction motor and vehicle propul-
sion. Also, energy storage systems are responsible for recuperating regenerative braking
energy to further increase vehicle efficiency. Thus, the performance of EVs and HEVs
depends on energy storage systems to a large extent. Therefore, this chapter is devoted
to a discussion of battery, ultracapacitor, and fuel cell technology. Here, we will focus
on the techniques of modeling, hybridization, equalization, charging control for batteries
and ultracapacitors.

Batteries are made of cells where chemical energy is converted to electrical energy
and vice versa. The battery energy storage system (BESS) comprises mainly batteries, the
power electronics-based conditioning system, and a control system. In HEVs, batteries
provide energy for the traction motor and store regenerative energy; a power electronics
converter, typically of bidirectional capability, provides an interface between the batteries
and power produced by the onboard internal combustion engine or utility power in the
case of a PHEV; the control system is responsible for power and energy management
including charging/discharging and equalization control. The above description applies as
well for the ultracapacitor energy storage system (UESS). The main difference is that the
battery is an electrochemical energy conversion device while the ultracapacitor does not
involve any chemical reactions. The BESS or UESS topology is illustrated in Figure 11.1.

In order to have the desired voltage rating and current rating for application in HEVs,
many cells must be connected in series and/or in parallel in the BESS or UESS. Voltage
balancing or equalization is required if more than three cells are connected in series.

Generally speaking, a battery has the characteristics of high energy density and
relatively low power density. The internal resistance is the major factor for its limited
discharging and charging current capability. The internal equivalent series resistance

Hybrid Electric Vehicles: Principles and Applications with Practical Perspectives, First Edition.
Chris Mi, M. Abul Masrur and David Wenzhong Gao.
 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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Figure 11.1 HEV BESS/UESS topology

(ESR) has different values under charging and discharging operating conditions. The
values are also dependent on the frequency of the discharging current [1]. For lithium-ion
batteries, the internal resistance could increase by 50% from 1000 Hz to 100 Hz. The
ampere-hour capacity is affected by the discharging current rate and is modeled by
Peukert’s equation [2], C p = I k t , where k is the Peukert constant; k = 1 for an ideal
battery. The charging and discharging efficiencies are nonlinear functions of current and
the state of charge (SOC).

The battery can be modeled as an equivalent circuit such as an internal resistance
model or a resistance–capacitance (RC) model in ADVISOR [3]. In an internal resistance
model, a battery is modeled as a voltage source and an internal resistor. Both the voltage
source and the internal resistor are functions of the SOC and temperature, which can
be implemented as lookup tables. In a RC model, a battery is represented as a parallel
combination of two RC branches. The very large capacitor models the battery’s charge
capacity while the smaller capacitor models the time constant due to surface effects that
limit the current. The model can be implemented as an S function in MATLAB/Simulink.

On the other hand, when compared to common capacitors, the ultracapacitor (electric
double-layer capacitor) has a very high energy density, which could be thousands of times
greater than a high-capacity electrolytic capacitor. Larger double-layer capacitors can have
capacitances up to 5000 F as of 2010. Compared to batteries, an ultracapacitor has the
characteristics of high power density and relatively lower energy density. Its equivalent
internal resistance is decades lower than that of a battery, thus allowing decades of higher
discharging/charging current. Its overall round-trip efficiency is higher than that of a
battery. Its capacitance is huge compared to an ordinary electrolyte capacitor, allowing
enough energy storage for HEV acceleration power requirements. Note that the internal
resistance and capacitance are highly dependent on the frequency because of the porous
nature of the electrodes. One big advantage of the ultracapacitor is that its SOC is allowed
to vary more widely and thus has longer life cycles. Its capability to provide high power
bursts is ideal for hybrid vehicle applications.

An ultracapacitor can also be modeled as an internal resistance model or RC model in
the same way as for a battery. The difference is that the ultracapacitor’s internal resistance
for charging is typically the same as for discharging.

To predict the behavior of battery/ultracapacitor voltage and current during transient
operation such as acceleration and deceleration, physics-based dynamic models are needed
to account for the time constants due to the electrochemical reactions in batteries or
double-layer effects in ultracapacitors.
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11.2 Battery Characterization

Capacity (C)

The battery capacity specifies the amount of electric charge a battery can supply before it
is fully discharged. The SI unit of battery capacity is the coulomb. A more general unit
for battery capacity is ampere-hour (Ah), with 1 Ah = 3600 C. For example, a battery of
20 Ah can supply 1 A current for 20 hours or 2 A for 10 hours, or in theory 20 A for
1 hour. But in general, the battery capacity is dependent on discharge rate.

There are two ways of indicating battery discharge rate: C rate is the rate in amperes,
while nC rate will discharge a battery in 1/n hours. For example, a rate of C /2 will
discharge a battery in 2 hours, and a rate of 5C will discharge a battery in 0.2 hours. For
a 2 Ah battery, the C /5 rate is 400 mA, while its 5C rate is 10 A.

As mentioned before, C depends on battery discharge current rate according to Peuk-
ert’s equation. For a lead acid battery, the Peukert constant can range from 2.0 to 1.05
depending on manufacturing technology.

Energy Stored (E)

The energy stored in a battery is dependent on battery voltage and the amount of charge
stored within. The watt hour or Wh is the SI unit for energy stored. Assume a constant
voltage (CV) for the battery. Then

E (Wh) = V × C (11.1)

where V is the voltage and C is the capacity in Ah. The capacity of the battery changes
with the discharge rate, and the associated discharging current affects the voltage value.
The energy stored is thus not a constant quantity and is a function of two variables,
namely, the voltage and capacity of the battery.

State of Charge (SOC)

A key parameter in the electric vehicle is the SOC of the battery. The SOC is a measure
of the residual capacity of a battery. To define it mathematically, consider a completely
discharged battery. The battery is charged with a charging current of Ib(t); thus from time
t0 to t , a battery will hold an electric charge of

t∫
t0

Ib (τ ) dτ

The total charge that the battery can hold is given by

Qo =
t2∫

t0

Ib (τ ) dτ (11.2)
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where t2 is the cutoff time when the battery no longer takes any further charge. Then,
the SOC can be expressed as

SOC (t) =

t∫
t0

Ib (τ ) dτ

Qo

× 100% (11.3)

Typically, the battery SOC is maintained between 20 and 95%.
A common mistake that people may make about a battery’s charge is that when a battery

“goes dead,” the voltage goes from 12 to 0 V (for a 12 V battery). In reality a battery’s
voltage varies between 12.6 V with a SOC of 100% to approximately 10.5 V with a SOC
of near 0%. It is advised that the SOC should not fall below 40%, which corresponds
to a voltage of 11.9 V. All batteries have a SOC vs. voltage curve which can be either
looked up from the manufacturer’s data or determined experimentally. An example of
an SOC vs. voltage curve of a lead acid battery is shown in Figure 11.2. Note that for
a lithium-ion battery, the curve may be much flatter, especially for the mid-SOC range
of 40–80%.

Depth of Discharge (DOD)

The depth of discharge (DOD) is the percentage of battery capacity to which the battery
is discharged. The DOD is given by

DOD (t) =
Qo −

t∫
t0

Ib (τ ) dτ

Qo

× 100% (11.4)
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Figure 11.2 Example SOC vs. voltage curve for a 12 V battery
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Generally, a battery is prevented from having a low DOD. The withdrawal of at least
80% of battery capacity is regarded as a deep discharge.

One important precaution is that the charge in a battery should never be discharged
down to zero voltage, otherwise the battery may be permanently damaged. So, in this case,
a cutoff voltage is defined for the battery voltage so that the voltage at the battery terminals
will never drop below this cutoff voltage. This point is referenced as 100% DOD.

Specific Energy

Specific energy means how much electrical energy can be stored per unit mass of battery.
The SI unit for this quantity is watt hour per kilogram. Knowing the energy stored and
specific energy of the battery, the mass of the battery can be easily obtained by dividing
the energy by specific energy. Again, the specific energy is not a constant parameter
since the energy stored varies with discharge rate. A comparison of the specific energy
of various energy sources (typical numbers) is given in Table 11.1.

Energy Density

Energy density means how much electrical energy can be stored per cubic meter of battery
volume. It is computed by dividing the energy stored in the battery by the battery volume.
The SI unit for energy density is watt hour per cubic meter.

Specific Power and Power Density

Specific power means how much power can be supplied per kilogram of battery. Note that
this quantity is dependent on the load served by the battery and is thus highly variable
and anomalous. The SI unit of specific power is watt per kilogram. Specific power is the
ability of the battery to supply energy. Higher specific power indicates that it can give and
take energy quickly. Volume specific power is also called power density or volume power
density, indicating the amount of power (time rate of energy transfer) per unit volume of

Table 11.1 Specific energy of different energy sources

Energy source Specific energy (Wh/kg)

Gasoline 12 500
Natural gas 9350
Methanol 6050
Hydrogen 33 000
Coal 8200
Lead acid battery 35
Nickel metal hydride battery 50
Lithium-polymer battery 200
Lithium-ion battery 120
Flywheel (carbon fiber) 30
Ultracapacitor 3.3
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battery. If a battery has high specific energy but low specific power, this means that the
battery stores a lot of energy, but gives it out slowly. A Ragone plot is used to depict the
relationship between specific power and specific energy of a certain battery.

Ampere-Hour (or Charge) Efficiency

Ampere-hour efficiency is the ratio between the electric charge given out during discharg-
ing a battery and the electric charge needed for the battery to return to the previous charge
level. In practice, these two values will never be equal, limiting the efficiency to 100%. In
fact the typical values of charge efficiency range from 65 to 90%. The efficiency depends
on various factors such as the battery type, temperature, and rate of charge.

Energy Efficiency

This important quantity indicates the energy conversion efficiency of the battery, which
depends a great deal on the internal resistance of the battery. It can be computed as the
ratio of electrical energy supplied by a battery to the amount of charging energy required
for the battery to return to its previous SOC before discharging. The efficiency decreases
considerably if a battery is discharged and charged very quickly. Typically, the energy
efficiency of a battery is in the range of 55–95%.

Number of Deep Cycles and Battery Life

EV/HEV batteries can undergo a few hundred deep cycles to as low as 80% DOD of
the battery. Different battery types and design result in different numbers of deep cycles.
Also, the usage pattern will affect the number of deep cycles a battery can sustain before
malfunction. The United States Advanced Battery Consortium (USABC) has a mid-term
target of 600 deep cycles for EV batteries. This specification is very important since it
affects battery life time in terms of deep-cycle number. So, generally, we should reduce
the chances of DOD in the control strategy for EVs and HEVs in order to limit the
operating cost of the vehicles.

Example: The NiMH traction battery of the Toyota Prius 2004 model has the
following specifications:

• 168 cells (28 modules)

• 201.6 V nominal voltage

• 6.5 Ah nominal capacity

• 28 hp (21 kW) output power

• 1300 W/kg specific power

• 46 Wh/kg specific energy.
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Assume that the voltage is relatively constant.

1. What is the energy rating of the battery in kilowatt hours?

Solution: 201.6 V × 6.5 Ah = 1310 Wh = 1.31 kWh

2. If the battery can be discharged at a maximum rate of 100 A, and only 40%
can be discharged, for how many seconds can the battery be used when fully
charged?

Solution:
(40%)6.5 Ah

100 A
= 0.026 h = 93.6 seconds

3. If the battery can be charged at a maximum rate of 90 A, and the current SOC
is 40%, how long does it take to charge the battery to 80% SOC?

Solution:
(80% − 40%)6.5 Ah

90 A
= 0.0289 hours = 1.73 minutes

4. The battery has an internal resistance of 0.15 	. What is the efficiency at maxi-
mum charge rate?

Solution: η = 1 −
(
902
)
(0.15)

(90) (201.6)
= 93.6%

5. The battery has an internal resistance of 0.1 	. What is the efficiency at maximum
discharge rate?

Solution: η = 1 −
(
1002

)
(0.1)

(100) (201.6)
= 95%

6. How much voltage drop is caused by this internal resistance at maximum
charge/discharge?

Solution: At maximum charge, the voltage drop is 90 × 0.15 = 13.5 V; at
maximum discharge, the voltage drop is 100 × 0.1 = 10 V.

7. Does the efficiency change with maximum charge/discharge current?

Solution: Yes, the battery efficiency depends on the maximum charge/discharge
current and internal resistance.

8. If the leakage current is 20 mA, how many days does it take for the battery to
self-discharge from 80% SOC to 40% SOC?

Solution:
(80 − 40%)6.5 Ah

20 × 10−3 A
= 130 hours = 5.4 days.

11.3 Comparison of Different Energy Storage Technologies
for HEVs

Different energy storage technologies, including but not limited to those shown in
Table 11.2, are available for HEV applications: Li-ion battery, nickel metal hydride
battery, lead acid battery, and ultracapacitors. In the table, the typical range of
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Table 11.2 Comparison of energy storage technologies suitable for HEVs

Storage Cycle Efficiency (%) Specific Specific
technology life power (W/kg) energy (Wh/kg)

Lead acid battery 500–800 50–92 150–400 30–40
Li-ion battery 400–1200 80–90 300–1500 150–250
Nickel metal hydride battery 500–1000 66 250–1000 30–80
Ultracapacitor 1 000 000 90 1000–9000 0.5–30
USABC long-term goals 1000 80 400 200

specification is given for each type of storage device along with the long-term goal
set by the USABC (http://www.uscar.org/, http://en.wikipedia.org/wiki/United_States_
Council_for_Automotive_Research). The advanced lead acid and Li-ion batteries are the
most promising for application in HEVs. While battery and ultracapacitor technologies
have their respective advantages and disadvantages, hybridization could result in better
vehicle performance and longer battery life. The vehicle road load transients can be
handled by ultracapacitors during acceleration and deceleration.

A battery is an electrochemical cell that can convert chemical energy into electrical
energy (redox reaction). There are three main parts in a battery: electrolyte, anode, and
cathode. At the anode, the “negative” terminal, an oxidation reaction takes place and the
electrode loses electrons. At the cathode, the “positive” terminal, a reduction reaction
takes place and the electrode gains electrons. There is also a porous separator between
the two electrodes.

Lead Acid Battery

This type of battery is the earliest and the most widely used in automotive applications.
For example, it is extensively used as the starting battery to provide “cranking amps” for
an automobile’s starter motor. One of the plates is made of lead while the other plate is
made of lead dioxide. The electrolyte is composed of sulfuric acid. These batteries can
last a long time if they are charged and discharged properly.

The energy-to-volume ratio is low for a lead acid battery. This ratio can be used
to measure the drive range of an EV. How to treat used lead acid batteries is another
serious problem. As a result, this type of battery cannot satisfy the requirements for
future environmentally-friendly vehicles. Fortunately, lead acid batteries have very high
recyclability with good recycling infrastructure.

The chemical equation for a lead acid battery during discharge is

PbO2 + Pb + 2H2SO4 → 2PbSO4 + 2H2O (11.5)

The chemical equation for a lead acid battery during charge is

2PbSO4 + 2H2O → PbO2 + Pb + 2H2SO4 (11.6)

According to the chemical equation, electrolyte and the active material on the battery
plates are consumed and water and lead sulfate are produced when a lead acid battery is
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discharged. On the other hand, during the charging process, electrical energy is absorbed
by the battery, water and lead sulfate are consumed, and electrolyte and the active material
at the plates are produced.

Nickel Metal Hydride Battery

The NiMH battery is a new type of high-capacity battery. Its technology has grown rapidly
in the past five years. It has many advantages such as environmental friendliness, high
specific energy and energy density, and a long cycle life. The NiMH battery has already
occupied a good market share as energy storage in HEVs.

The overall reversible chemical reaction occurring in a NiMH cell is:

MH + NiOOH ⇔ M + Ni(OH)2 (11.7)

Lithium-Ion Battery

In Li-ion batteries, Li ions alternatively move into and out of host lattices during charg-
ing and discharging cycles. This fundamental mechanism has led to the Li-ion battery’s
nick-name of “rocking-chair” battery. In its physical composition, a Li-ion battery has
anode and cathode plates like a lead acid battery, except that these are made of lithium
cobalt oxide (or other lithium composites) and carbon. These plates and the separator are
immersed in a solvent which is most commonly ether [4]. This type of battery can be
made with very high energy density. The overall reversible chemical reaction occurring
in a Li-ion cell is

LixC + Li1−xMyOz ⇔ C + LiMyOz (11.8)

Li-ion batteries do not have the “memory effect” that causes other rechargeable batteries to
lose their maximum charge level when repeatedly recharged or not charged to full capacity.
Li-ion batteries also impact the environment less due to their composition. Unlike lead
acid batteries, they have a much lower self-discharge rate, thus greatly increasing idle
period capabilities. These batteries also have a higher power-to-volume ratio which also
makes them ideal for automotive applications [5]. Two of the latest EVs, the Nissan Leaf
and Chevy Volt, both use lithium batteries. Different materials can be used for anode. The
Mn series Li-ion battery has been used in the Nissan Leaf, Mitsubishi i-MiEV, GM Volt,
Chrysler S400 Hybrid, BMW 7 series ActiveHybrid, THINK TH!NK City, and Hyundai
Sonata Hybrid Blue Drive.

However, lead acid batteries have remained the favored ones due to cost and the
fact that Li-ion batteries require a lot more safety attention. These batteries are much
more susceptible to overcharging and overdischarging and the associated safety hazards.
Overcharging or overdischarging the battery can severely damage the plates inside the
case. Overcharging can also cause gassing of the electrolyte and buildup of pressure in the
case, which can lead to an explosion, therefore a precise regulatory system is necessary.
The reduction in life due to this effect is much greater than in lead acid batteries. The
same reaction occurs when they are used improperly, leading to overheating and the risk
of an explosion. In the event of charging or discharging a Li-ion battery, the voltage
must be monitored carefully because the absolute limits are so close to the required 100%
SOC voltage [6].
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Ultracapacitors

Ultracapacitors have a very long shelf life, with much lower maintenance requirements,
enhanced performance at low temperature, and environmental friendliness. The only
downside to ultracapacitors is their initial cost and relatively low energy density when
compared to batteries [7]. Unlike batteries, no chemical reactions are needed for stor-
ing and retrieving electrical energy with ultracapacitors and thus the energy efficiency is
higher. The ultracapacitor’s SOC is easier to estimate than that of a battery because the
voltage is the only measurement needed (SOC is proportional to V 2). Also, ultracapacitors
can be charged to a specific value and, due to their shelf life and charging mechanism,
they can hold that charge with virtually no loss. Batteries are incapable of achieving
this. Repeated depletion cycles of a lead acid or Li-ion battery can be detrimental to its
lifespan; however, this is not the case with an ultracapacitor.

Ultracapacitors provide more freedom in the DC link voltage or wherever else they
are used because their charge does not depend on a certain voltage. Whatever voltage
they are charged to is what they retain [8]. As a result, a hybrid topology consisting of
ultracapacitors is desired when variable voltages are required. This would be beneficial
in portable fuel cell/ultracapacitor power supplies that could be used in emergencies or
general use. A vast array of loads or devices could be powered by this system.

Ultracapacitors allow rapid charging and discharging. This is especially useful for
faster and efficient regenerative energy recovery in HEVs as well as for rapid charg-
ing of PHEVs. Simple charging methods can be used without needing a sophisticated
SOC detection algorithm, and there is little danger of overcharging so long as the volt-
age is below the maximum allowable value. Ultracapacitors have a long cycle life (on
the order of a million cycles), with little degradation over hundreds of thousands of
discharge/charge cycles. In comparison, rechargeable batteries last for only a few hundred
deep cycles.

The ultracapacitor’s energy density is much lower than that of an electrochemical bat-
tery (3–5 Wh/kg for an ultracapacitor compared to 30–40 Wh/kg for a lead acid battery,
and 120 Wh/kg or more for a Li-ion battery), and its volumetric energy density is only
about 1/1000th of that of gasoline. As in any capacitor, the energy stored is a function
of voltage squared. Effective storage and retrieval of energy requires complex electronic
control and balancing circuits involving power electronics switches. The self-discharge
rate is much higher than that of an electrochemical battery and thus it is only suitable
for short-term energy storage. An enormous amount of energy could be released in a
fraction of a second from an ultracapacitor and this could be life threatening if pre-
cautions were not taken. The internal resistance of ultracapacitors is very low, resulting
in high cycle efficiency (95% or more). Environmentally, ultracapacitors are safer since
they do not contain corrosive electrolytes or other highly toxic materials. In compari-
son, the reactive chemical electrolytes of rechargeable batteries present a disposal and
safety hazard.

A comparison of the power density and energy density of different energy storage
systems (ESSs) is illustrated in Figure 11.3 (Ragone plot or chart).
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Figure 11.3 Comparison of power density and energy density for ESS in HEVs

11.4 Modeling Based on Equivalent Electric Circuits

11.4.1 Battery Modeling

A commonly used simple battery model is shown in Figure 11.4. It consists of an ideal
battery with open-circuit voltage Voc and a constant equivalent internal resistance Rint .
The battery terminal voltage is Vt . Voc can be obtained from the open-circuit measurement,
and Rint can be measured by connecting a load and measuring both the terminal voltage
and current, at fully charged condition. The terminal voltage Vt can be written as

Vt = Voc − IbRint (11.9)

+

+
−

−

Rint (SOC, T )

Ib

Voc Vt

Figure 11.4 Simple battery model
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Figure 11.5 Battery model accounting for the different charging and discharging resistances

Voc, the equilibrium potential of the battery, is a nonlinear function of the SOC and
temperature T given by Larminie and Lowry [9]:

Voc = Eo + (RT/F ) × ln(SOC/(1 − SOC)) (11.10)

where E o is the standard potential of the battery, R the ideal gas constant, T the absolute
temperature, and F the Faraday constant

This is a fairly good way of predicting the battery voltage. However, the battery open-
circuit voltage does not remain constant. As discussed above, the voltage is affected by
the SOC/DOD of the battery and temperature. The variation in the open-circuit voltage
due to DOD, for a lead acid battery cell, as given by Larminie and Lowry [9] is

Voc = (2.15 − DOD × (2.15 − 2.0)) (11.11)

The main drawback of this model is that it cannot capture the response to dynamic events
in a battery. For example, if a load is connected to the battery, the terminal voltage will
immediately change to a new, lower value according to this simplified model. In fact this
is not true; rather it will take some time for the voltage to settle to a new value.

The internal resistance of the battery has different values on charging and discharging.
To account for the different resistance values under charge and discharge conditions, the
circuit model in Figure 11.4 can be modified as shown in Figure 11.5. An improved model
can be obtained by incorporating a self-discharge resistance Rp in parallel with Voc.

In this model, the internal resistance takes different values during the charging and dis-
charging process: Rc for charging and Rd for discharging. The internal resistance is used
to model all energy losses within the battery during charging and discharging, including
electrical and non-electrical losses. The ideal diodes are present only for modeling pur-
poses of selecting either Rd or Rc as the internal resistance based on the current direction
and have no physical significance in the battery. For a given required power, the battery
current I b is expressed as

Ib = Voc −√V 2
oc − 4 × R × Preq

2R
(11.12)

where

R =
{
Rdischarge(SOC, T ) for Ib ≥ 0, Preq ≥ 0
Rcharge(SOC, T ) for Ib < 0, Preq ≤ 0
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Figure 11.6 Dynamic battery model

Vmin < Vt < VmaxCb = f (T)

Rc = f (T, SOC )

Re = f (T, SOC) Rt = f (T, SOC )

Cc = f (T)

+

−

Figure 11.7 RC model of a battery

The sign of the battery current, I b , appears to be positive in discharging mode and negative
in charging mode.

The models in Figures 11.4 and 11.5 have the disadvantage of not being sensitive to
dynamic events in the battery. In order to model such dynamic or transient effects in a
battery, a capacitor is added to the model as a parallel branch, as shown in Figure 11.6.

The model in ADVISOR [3], given in Figure 11.7, is called the “RC model”; it takes
power as an input and maintains the battery output voltage within the high- and low-
voltage limits. The “RC model” can predict the average internal battery temperature as a
function of time while driving and during soak periods. In this model, the capacitor C b

is large enough to hold the capacity of the battery and the smaller capacitor C c is used
to reflect the dynamic changes in the battery.

11.4.2 Battery Modeling Example

Here, the model in Figure 11.5 is implemented in MATLAB as an example. The SOC is
obtained by the following equation:

SOC = 1 − used Ah capacity

max Ah capacity
(11.13)
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where the used Ah capacity is calculated from

Used Ah capacity =




t∫
0
ib(t)dt for ib(t) ≥ 0 discharge

t∫
0
ηcoulombib(t)dt for ib(t) < 0 charge

(11.14)

where I b(t) is the charge/discharge current for the battery and ηcoulomb is the coulombic
efficiency for charging.

In this example, Voc is a function of the SOC; the data is obtained from the experimental
tests of a Hawker Genesis 12 V, 26 Ah, 10EP sealed valve-regulated lead acid (VRLA)
battery and implemented as a lookup table in MATLAB [3]. The open-circuit voltage of
each cell takes values ranging from 11.7 to 12.89 V corresponding to the SOC from 0 to 1.
The internal resistors Rd and Rc are also indexed by the SOC and T from two different
lookup tables corresponding to discharging and charging respectively. The coulombic
efficiency is assumed to be 90%. Voc, Rd , and Rc of this battery model are plotted in
Figure 11.8.
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Figure 11.9 Simulation results of the battery model

A battery pack consisting of 16 battery cells in series is simulated to test the developed
battery model. The magnitude of battery current pulse is 5 A with a frequency of 0.5 Hz
and pulse width of 1.6 seconds. The battery temperature is assumed constant at 34.7 ◦C.
Simulation results are shown in Figure 11.9. From the discharge and charge current pulse
profiles, in the first 10 seconds discharge current pulses are applied to the battery model,
while in the last 10 seconds charge current pulses of the same magnitude are applied.
The battery pack terminal voltage decreases from around 206 V over the first discharging
duration in the first 10 seconds. In the last 10 seconds, however, the terminal voltage gains
almost linearly over the charging intervals. From the SOC plot, it can be seen that in the
first 10 seconds, the SOC is reduced from 1.0 to 0.78 during discharging but increases to
0.975 after the pulsed charge currents are applied.

11.4.3 Modeling of Ultracapacitors

In any capacitor, the electrical energy is stored by using a positively charged electrode
surface and a negatively charged electrode surface with a dielectric separator between
them. In supercapacitors or ultracapacitors, special carbon-based electrodes are made to
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provide an extremely large internal active surface area. The charge and energy stored in
a capacitor are given by

Q = C × V (11.15)

E = 1

2
CV 2 (11.16)

where

Q is the charge in the capacitor,
C is the capacitance in farads,
V is the voltage across the capacitor,
E is the energy of the capacitor.

For ultracapacitors, the SOC can be computed with high accuracy:

SOC = C (V − Vmin)

C (Vmax − Vmin)
= (V − Vmin)

(Vmax − Vmin)
(11.17)

where Vmax and Vmin denote maximum and minimum allowable voltage for the
ultracapacitor.

The capacitance C of a capacitor is given by

C = ε
A

d
(11.18)

where ε is the permittivity of the dielectric medium, A is the plate area, and d is the
distance between the plates.

Supercapacitors get their name from their ability to store high energy. This can be done
by increasing the area of parallel plates in a capacitor. The capacitance is increased by
decreasing the separation distance between the parallel plates. This is the key to modern
capacitors, but the voltage across the capacitor must be small otherwise the capacitor
may be damaged and act like a short circuit. This puts a limit on the maximum energy
a capacitor can store. Connecting capacitors in series decreases the effective capacitance
and increases the voltage across them. The energy stored now increases, but not as the
voltage squared because of the problem of voltage imbalance among the cells. The fun-
damental reason for the voltage mismatch between the series-connected cells is due to
the variation of capacitance between the cells. The problem can be avoided by charge-
equalizing circuits. These circuits balance the charge on the adjacent capacitors keeping
the cell voltage the same.

The simplest equivalent electric circuit model for an ultracapacitor consists of a capac-
itance in series with an internal resistance, which models all the energy losses in the
ultracapacitor. This model can capture to a large extent the essential behavior and dynam-
ics of the ultracapacitor for most modeling and analysis needs. However, more detailed
and complex models can be developed as outlined in the following.

A slightly more complex model is shown in Figure 11.10. The equivalent circuit of the
ultracapacitor unit consists of a capacitor (C), an ESR to model the internal resistance
during discharging and charging, and an equivalent parallel resistance (EPR), Rp , which
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v(t)
Rp

ESR

i(t)

Figure 11.10 Simple electrical equivalent circuit of a supercapacitor

v(t)

i(t)

Figure 11.11 The fifth-order ultracapacitor model

is much higher than the ESR, to account for any self-discharging losses. These parameters
can be obtained from ultracapacitor data sheets provided by manufacturers.

For an accurate representation of an ultracapacitor, a fifth-order model is needed [10].
The ultracapacitor is represented by a series–parallel connection of resistors and capac-
itors, and the values of each can be varied to achieve the desired modeling accuracy
over a wide range of operating frequency. Figure 11.11 shows the representation of an
ultracapacitor by a fifth-order model. For electric vehicle modeling and simulation, the
model order can be reduced to third order to account for a frequency range of interest
between 0.0034 and 1.44 Hz [10].

11.4.4 Battery Modeling Example for Hybrid Battery
and Ultracapacitor

As mentioned previously, hybridization of battery and ultracapacitor could yield a bet-
ter energy storage system to supply transient loads with the benefit of longer battery
life. Based on the battery model described in Section 11.4.2, an electrical model for a
hybrid energy storage system (HESS) consisting of a battery and supercapacitor systems is
developed and implemented in MATLAB/Simulink to demonstrate the concept of passive
HESS. The equivalent circuit of the HESS is shown in Figure 11.12.

In Figure 11.12, the lead acid battery is modeled by the internal emf, E m , and the
internal resistor R2. The values of the internal series resistance R2 are dependent on the
charge/discharge current. R2,c and R2,d correspond to charging resistance and discharging
resistance respectively. In this HESS model, the internal parameters, including E m and
R2, are SOC and temperature, T dependent.
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Cc

Rc
R2,c

Em

i0

v
R2,d

ibic

+

−
+

−

Figure 11.12 Equivalent circuit model for HESS consisting of lead acid battery and ultracapacitor

Though the charge/discharge characteristic of the ultracapacitor can be modeled in more
complex forms as shown in previous section, the ultracapacitor model used in this example
is represented by a single lumped capacitance, C c , and a single lumped resistance, Rc . In
this model, C c is the capacitance between the double layers of the ultracapacitor and Rc

models the internal loss inside the supercapacitor.
For a given discharge current i 0, one can assume it is distributed between the battery

and ultracapacitor branches based on the impedances of the two branches, as denoted by
i b and i c respectively in Figure 11.12. The calculation of i b and i c for a given i 0 will be
detailed in the following.

The Thévenin equivalent circuit of the HESS as shown in Figure 11.12 can be depicted
as in Figure 11.13, where the Thévenin equivalent voltage and impedance of the HESS

+

−

IO (S )

Zth (S )

Vth (S )

Eth (S )

+
−

Figure 11.13 Thévenin equivalent circuit of the HESS
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circuit are denoted by E th (s) and Z th (s) respectively. Note that Figure 11.13 is derived
in the frequency domain and E th (s) and Z th (s) are obtained by

Eth(s) = Rc

R2 + Rc

Em

s + α

s(s + β)
+ R2

R2 + Rc

Vc0
1

s + β
(11.19)

Zth(s) = R2Rc

R2 + Rc

s + α

s + β
(11.20)

where s is the complex frequency, Vc0 is the initial voltage across the ultracapacitor, and

α = 1

RcCc

(11.21)

β = 1

(R2 + Rc)Cc

(11.22)

By assuming the charge/discharge current is a pulsed signal with period T 1 and duty ratio
D , the current for the first N pulses can be expressed as

i0(t) = I0

N−1∑
k=0

[�(t − kT1) − �(t − (k + D)T1)] (11.23)

where I 0 is the magnitude of the current and �(t) is a unit step change function at t = 0.
By applying the Laplace transform operation to this equation, one can readily obtain the
current in the frequency domain as

I0(s) = I0

N−1∑
k=0

[
e−kT1s

s
− e−(k+D)T1s

s

]
(11.24)

Based on this, the internal voltage drop due to internal equivalent impedance inside the
HESS, Vi(s), is given by

Vi(s) = I0(s) · Zth(s) = R2Rc

R2 + Rc

I0

[(
α

β

1

s
+ β − α

β

1

s + β

)
× (e−kT1s − e−(k+D)T1s

)]
.

(11.25)

Thus, the terminal voltage of the HESS, Vth(s), can be calculated by

Vth(s) = Eth(s) − Vi(s) (11.26)

Performing the inverse Laplace transform, we get

v(t) = Eth(t) − vi(t) = Em + R2

R2 + Rc

(Vc0 − Em)e−βt

− R2I0

N−1∑
k=0

[(
1 − R2

R2 + Rc

e−β(t−kT1)

)
�(t − kT1)

−
(

1 − R2

R2 + Rc

e−β[t−(k+D)T1]
)

�[t − (k + D)T1]

]
(11.27)
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Note that the second term in this equation is caused by the energy redistribution between
the battery and supercapacitor at the beginning of the discharge. This item decays as time
lapses. The Thévenin voltage of the HESS finally approaches E m .

After obtaining the HESS terminal voltage, the charge/discharge currents flowing
through the battery and the ultracapacitor can be calculated by the following two
equations respectively:

ib(t) = 1

R2
[Em(t) − v(t)] (11.28)

ic(t) = i0(t) − ib(t) (11.29)

The above HESS model equations are implemented in MATLAB/Simulink. To verify the
validity of this HESS model, a pulsed signal with a magnitude of 8 A, period T 1 = 2
seconds, and duty ratio D = 0.8 is applied in the model. Note that positive values of i 0

correspond to discharge currents, while negative values correspond to charge currents. The
battery pack consists of 16 Hawker Genesis 12 V, 26 Ah, 10EP sealed VRLA batteries
connected in series to obtain 206.24 V at the original state. The ultracapacitor system
consists of 77 modules of Nesscap 2.7 V/600 F capacitors connected in series to match the
BESS terminal voltage. We assume that the ultracapacitors are fully charged at the initial
stage having an initial voltage of 207.9 V. The internal resistance of the ultracapacitor is
1m	. The simulation results are shown in Figure 11.14.

The discharge/charge current applied to the HESS is given in Figure 11.14a. The
battery (BESS) current is shown in Figure 11.14b, from which one can find that the
BESS current increases gradually to approach the pulse magnitude, 8 A, after five periods
or 10 seconds. The current balance between the applied current and that taken by the
BESS is compensated by the parallel-connected supercapacitor, which can be found from
Figure 11.14c. This contribution of the supercapacitor will reduce the negative effect of
the high discharge/charge current on the battery and hence effectively extends the lifetime
of the BESS. The terminal voltage and SOC of the battery over the simulated interval
are depicted in Figure 11.14d,e respectively. The exchange current between the BESS
and supercapacitor is shown in Figure 11.14f. The exchange current originates from the
second term in the equation for v (t), which is due to the difference between the initial
voltage of the ultracapacitor Vc0 and E m . The negative exchange current indicates that
the ultracapacitor provides a decaying charging current to the battery. It can be observed
that the exchange current decays to 0 after about 25 seconds, which verifies the analysis
regarding v (t).

11.5 Battery Charging Control

Charging technology plays a key role in maximizing battery performance. A proper battery
charging technique ensures battery safety and increases system reliability. The primary
requirement of the charging process is to provide a fast and efficient way of charging
without degrading the battery. Some of the factors to be taken into account while charging
the battery are:
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Figure 11.14 Simulation results of the HESS model: (a) applied discharge/charge current;
(b) BESS current; (c) ultracapacitor current; (d) BESS terminal voltage; (e) SOC of the BESS;
and (f) the exchange current between the BESS and the ultracapacitor

• Avoiding overcharging and undercharging.
• Fast charging without affecting the battery life.
• Maintaining a good quality of charging current.

Conventional charging methods include passive charging, constant current (CC) charg-
ing, CV charging, and CC–CV charging. The pulse charging method is gaining popularity
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because of its advantages over CC and CV charging. In this section, different charging
techniques will be reviewed and discussed.

The simplest method is passive charging. This method is also the worst method for
the health of a battery. In passive charging, the battery is connected to a DC link which
has a fixed voltage higher (hopefully by only a small percentage) than the rated volt-
age of the battery. The charging current is unregulated in this method and can spike
greatly and possibly stay at a charging current above the safe value. As a result, there is
the risk of overcurrent and definitely overvoltage. This method is not recommended for
critical systems.

The second method is CV charging. For example, for a 12 V battery, the charging
voltage would be maintained at a value of about 12.1 V regardless of the SOC. As a
result of CV charging, the current supplied to the battery is unregulated. In turn, with
a low initial SOC there is a high current spike of unknown duration that could exceed
the safe charging current for the battery. This is a very fast method of charging with an
exponential profile; however, the initial current spike can be damaging.

In the CC scheme, the charging voltage is varied and tracks the SOC of the battery to
maintain a CC at the battery’s DC link. As a result, the charging current profile of the
battery stays well below the safe charging rate. A great advantage of this method is that
it prevents heat from building up during the charging process and thus increases the life
of the battery. The disadvantage of this method is that the constant higher current, even
at the end of the charging cycle, could lead to the growth of deposits which could short
the plates in the batteries. As a result, the method is harmful at the end of the charging
cycle. This method also requires monitoring of both voltage and current measurements.
It is slower than CV charging and has a linear charging profile.

In the CC–CV charging method, in the first stage a CC is maintained for charging the
battery. This current level is regulated at the safe charge limit by increasing or decreasing
the terminal voltage level of the charging source. Once the battery reaches a certain SOC
or voltage value, the current is decreased (voltage decreased) to prevent damaging currents
at the end stage. This particular charging stage is usually called the floating charge. This
method combines the best attributes of both the CV and CC methods and eliminates their
disadvantages. It is slower than the previously mentioned methods; however, it is the
safest for the battery [11].

The final charging method to mention is the pulsed current method. This method is
similar to pulse width modulation in that the pulse duration is proportional to the SOC.
When the SOC is low, the pulses have a longer duration; when the SOC approaches
100%, the pulse duration is reduced to near zero. At any pulse duration, there will
be a rest period in which the charging current is low. The relaxation period between
pulses equalizes the chemical reaction in the battery as the ions diffuse and distribute
evenly throughout the battery. This process normalizes the ion concentration in the
battery and thus prevents the negative effect experienced in CC charging. Because of
the equal charge distribution, battery performance as well as battery life are enhanced.
The charging rate can be controlled by varying the width of the pulses. This type of
charging is advantageous over CC charging in that the charging rate is higher and battery
internal impedance is kept lower [12]. This is the fastest method of the above-mentioned
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Figure 11.15 Plot of the battery voltage and charging current vs. SOC for a three-stage charger

methods and is becoming more popular with charging protocols. However, it would
require a power electronics converter with a dedicated control algorithm.

The three-stage charger is an example of a controlled charging method on the market
today and is mainly used for 12 V lead acid batteries. The CC–CV scheme is used. The
first stage is called the bulk charge stage. In this stage, the maximum current that the
batteries are rated for is delivered until the SOC reaches about 80–90%. The charging
voltage at this stage exists between 10.5 and 15 V. The second stage, called the absorption
stage, delivers reduced current and maximum voltage in the range of 14.2–15.5 V. The
third stage, the float charge stage, occurs when the batteries have reached nearly 100%
SOC and all that is needed is to keep them at full charge. In this stage the voltage can
vary between 12.8 and 13.2 V [13]. A sketch of a three-stage charger for a 12 V lead acid
battery is shown in Figure 11.15. An example of battery charge and discharge versus the
SOC of a Li-ion battery is shown in Figure 11.16.

11.6 Charge Management of Storage Devices

The voltage of energy storage devices in electric vehicles is designed to be in the range
of 300–400 V in order to provide adequate power for traction motors. As a result, many
cells must be connected in series. When dealing with long battery or ultracapacitor strings,
charge distribution must be equalized between the individual cells in order to prevent
under- or overcharging and extend energy storage life. For HEV batteries, the cells will
undergo many charge/discharge cycles, where major amounts of power are consumed
from and injected into them [14]. In HEVs, the battery bank is charged with power
from the IC engine or via regenerative braking. The charge/discharge lapses can cause
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Figure 11.16 Lithium-ion battery discharge and charge characteristics. (a) Voltage versus depth
of discharge (DOD) during the discharge of lithium ion battery at different discharge rates, at room
temperature. (b) Battery voltage versus state of charge of a lithium ion battery, calibrated through
testing data. (c) Charge current during pulsed charge of lithium ion battery. (d) Terminal voltage
during pulsed charge using the charging current shown in (c)
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Figure 11.16 (continued )

lasting damage to an unprotected battery string. A battery cell usually can act differently
from other cells in a string. Some may charge or discharge faster than others due to
differences in internal impedance, temperature, and so on. This can cause an imbalance in
charges among individual cells. If left unchecked, some can become over/undercharged
or over/underdischarged. As a result, battery longevity is severely shortened and the
overcharged batteries in an unprotected string could overheat, build up gas pressures, and
explode. The battery string presents a safety hazard and must be carefully maintained
[6, 15–17]. Thus, a carefully controlled charge equalization system is needed. Our
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discussion is focused on the battery system; a good discussion on cell balancing for an
ultracapacitor system can be found in [18].

The general principle behind the charge equalization circuit is to distribute an equal
amount of energy or voltage to every cell in the series-connected string. In order to do this,
the circuit must remove the energy from the more strongly charged cells and redistribute it
to the weaker cells in order to obtain a uniform voltage or uniform energy distribution. This
process is not instantaneous, it will happen over time, the length of which is determined by
the method used. Of course, this can be done in many different ways. Charge equalization
methods fall into several different categories. The two top categories are dissipative and
non-dissipative equalizers. In the dissipative charge equalizing method, resistive shunts
are used. An active version of the resistive shunt method utilizes a PWM control switch
in line with the resistive shunt. This method is the simplest but very inefficient.

Moving on to non-dissipative equalizers, there exist three more tiers in classification.
First of all, there is the charge type, discharge type, and the charge–discharge (bidirec-
tional) type. With respect to the charge–discharge type, the classification splits again
into current-fed equalizers and voltage-fed equalizers. For the former case, the equaliz-
ers contain bidirectional converters; and for the latter case, the circuit contains switched
capacitors. An equalization scheme using switched capacitors is shown in Figure 11.17.

The circuit in the figure is the double-tiered method. In this method, as in the single-
tiered method, no dedicated control system is necessary. The switches are set to a fixed
frequency and are all switched at the same time. As a result, only one switching signal
is necessary for this configuration. Even as the batteries reach an equalized state, the
switching action remains; however, this consumes negligible energy. The addition of
the second tier allows batteries 1 and 3 to also exchange charge between each other.
This allows for faster equalization. Another advantage is that sensors are not necessary,
resulting in cost savings [19].

As for the current-fed bidirectional converter type, the system presented by Lee
and Cheng [5] utilizes two bidirectional converters sharing one capacitor shown in
Figure 11.18.

C1

C2

C3B2

B3

B1

Control

+

−

+

−

+

−

Figure 11.17 Circuit diagram of non-dissipative equalization with switched capacitors
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Figure 11.18 Circuit diagram of the current-fed bidirectional converter method

In the process of equalization, if battery 1 has a higher voltage than battery 2, then
the first switch turns on at the duty cycle specified by the control system depending on
the system’s current state and measured values. This action charges the first inductor
and then releases that energy through the capacitor and into the second battery, charging
it. Hence the method is named a current-fed charge–discharge type. When the second
battery has a greater voltage than the first battery, the same process happens, just with
reversed currents, with the first battery being charged. PWM signals for controlling the
converters’ switches regulate the amount of current going into and out of each battery
cell. This would be dependent on the SOC of the batteries. Different methods can be
designed to control the PWM signals.

With respect to the discharge type, there exist two more tiers, namely, direct transfer
and indirect transfer. With direct transfer, a serial recovery method uses step-up converters
and a parallel recovery method uses primary multiple windings. With indirect transfer, a
two-step method uses buck–boost converters and a multi-step method uses unidirectional
converters. As with the charge type, there also exist two more tiers. The first is an
automatic method which uses secondary multiple windings. The second is a selective
method which uses secondary multiple windings plus switches [14].

11.7 Flywheel Energy Storage System

Flywheels are becoming of increasing interest in hybrid vehicle design, particularly for
larger passenger transit vehicles. This is because of the following reasons. First, the
requirements on specific power and specific energy of the battery can be decoupled,
affording optimization of the battery’s specific energy density and hence cycle life. Second,
as the high-rate power demand and high-current discharge are greatly reduced by the load
leveling effect of the flywheel, the usable energy, endurance, and battery cycle life can be
increased. Third, the flywheel can allow rapid interim recharges with high efficiency during
periods of low power demand or regenerative braking. Due to the combined effect of load
leveling of the main energy source and improved energy recovery during regenerative
braking, the range of the vehicle can be remarkably extended. The energy density is
primarily related to the flywheel’s speed of rotation. Increasing the speed of rotation
produces improved specific energy, but increases the potential safety hazard, and also
the cost, since special bearings and high-strength materials are required. Instead of using
a battery or fuel cell, an EV can potentially be powered solely by an ultrahigh-speed
flywheel. The corresponding long-term potential benefits for EV applications are possible,
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since it can potentially provide higher specific energy and higher specific power than any
batteries. Its specific power may possibly be even higher than the IC engine. The flywheel
should also mitigate the problem of limited cycle life suffered by other sources because
the life cycle of a flywheel is practically unlimited or at least longer than vehicle life
[20]. The mechanical energy stored in a flywheel can be expressed as

E = 1

2
Jω2 (11.30)

where J is the moment of inertia and ω the rotational speed. The above equation clearly
indicates that there is a squared relation between energy stored in the flywheel and its
rotational speed. Several companies have developed practical flywheel storage systems,
like CCM of the Netherlands and Magnet Motor in southern Germany, and have accu-
mulated considerable experience in the running of production flywheel–electric hybrid
vehicles [21]. CCM’s flywheels rotate at speeds of 15 000 rpm and operate with regener-
ative electronic drives of modern design; energy storage efficiencies of up to 93% have
been achieved [21].

Some basic concepts related to flywheels are important to consider. As noted above,
a flywheel involves the need to transfer one form of energy into another, that is, the
kinetic energy of the flywheel. In some cases electrical energy may be converted and
stored in a flywheel in mechanical form. But if mechanical energy from one body is
needed to be transferred into another, that is, to a flywheel in this case, then it will be
necessary to convert motion of the first body into motion of the flywheel. Consider the
case of regenerative braking in a hybrid vehicle. Here it is necessary for motion of the
vehicle’s wheel to be reduced and the energy of motion to be transferred to the flywheel.
In principle it is possible to transfer motion from one wheel to another as indicated in
Figure 11.19.

In this figure, J v and ωv represent the inertia and angular velocity of the vehicle’s
wheel, and J FW and ωFW represent the same quantities for the flywheel. If the energy
from the wheel is to be transferred to the flywheel, and assuming there is no loss in the
process, at the end of the energy transfer the following relationship should hold:

1/2Jvω
2
v = 1/2JFWω2

FW (11.31)

Vehicle wheel

Jv, wv JFW, wFW

Flywheel

Figure 11.19 A simple connection between the vehicle’s wheel and the flywheel
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Figure 11.20 Use of gears to mechanically transfer motion between the vehicle’s wheel and the
flywheel

where ωv is the original angular velocity of the wheel and ωFW is the final angular
velocity of the flywheel after the energy transfer is complete. When the flywheel speed
has satisfied the above equation, the full vehicle wheel energy will be transferred to the
flywheel, and the wheel’s speed should then be zero, theoretically speaking.

The question is: how is the motion transferred? If the transfer is to be done purely
mechanically, then one can introduce two sets of gears in the vehicle wheel shaft and
the flywheel shaft respectively and slowly transfer the motion in a seamless manner as
shown in Figure 11.20.

The idea is that initially the gears Aa will mesh together and other gears will be
displaced laterally by some gear shifting scheme so that they are not engaged. With gear
A having a very small diameter and gear a having a very large diameter, the flywheel
will slowly start moving. The angular velocity will be such that the energy is conserved,
that is, if the initial velocity of the wheel was ωv , then after Aa meshing, the relationship
at steady state should be

1/2Jvω
2
v = 1/2JFW ω2

FW + 1/2Jvω
2
v(new) (11.32)

The value of ωv(new), the vehicle wheel velocity after some transfer of motion, will obvi-
ously be smaller than the original value ωv . Next time the gear Aa can be disengaged (by
sliding the gears sideways) and Bb can be engaged. Following the same logic, the speed
of the flywheel now increases a little more and the speed of the wheel will be reduced a
little more. Similarly, continuing with the process of engaging Cc, and then Dd , and each
time disengaging the previous gear set, the speed of the wheel will reduce more and more
and the speed of the flywheel will increase ultimately until the energy of the flywheel
will be equal to the energy of the wheel at its original speed prior to motion transfer. In
principle this will be best achieved if the gears are continuously variable, rather than a
discrete set of gears as in Figure 11.20. Obviously, due to the fact that an infinite number
of gears are not possible, the process will be achieved through some discrete jumps if
Figure 11.20 is followed. Also, note that the final energy of the flywheel will be somewhat
less than the original energy of the wheel due to losses in the system.
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Figure 11.21 Electromechanical means to transfer motion between the vehicle’s wheel and the
flywheel

The other way of transferring motion is by electromechanical means but using the
same principle as above. Here a motor generator scheme is used, which provides the
continuously variable speed ratio and motion transfer through electromechanical means.
This is illustrated in Figure 11.21.

In this figure, if the motion is to be transferred from the wheel on the left to the
flywheel on the right, then the left electric machine will be a generator, and the power
converter will convert the generator power properly to energize the other electric machine
on the right. This one will then become a motor and will accelerate the flywheel. The
motor generator sets and the power converter serve as a continually variable transmission
if one wants to see it from that perspective. Eventually the speed of the wheel will be
reduced and the speed of the flywheel will increase by an amount such that the reduction
of mechanical energy of the wheel will be equal to the mechanical energy increase of the
flywheel, less any losses. If it is intended to accelerate the vehicle again, the process will
be reversed.

One final note regarding the flywheel is that, when it is rotating, it can cause a gyro-
scopic effect if the vehicle suddenly tries to turn quickly. This problem can be generally
remedied by having two rotational masses with the same inertia but moving in opposite
directions. This can be easily implemented by placing the two rotating members in a
single housing with a gear in between.

11.8 Hydraulic Energy Storage System

Energy can also be stored by using a hydraulic system, where it is stored in the form of
a compressed fluid or gas in a cylinder or similar means, known as an accumulator. To
pressurize a compressible fluid, one needs mechanical power and energy, which can come
from an IC engine or any other engine used to activate a hydraulic pump. Of course, in
this case the original source of energy which drives the engine is chemical energy of
the gasoline or diesel. While extracting the energy back from the hydraulic storage, one
can use a hydraulic motor. The system-level scheme for realizing a hydraulic energy
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Figure 11.22 Generic scheme for hydraulic energy storage and extraction

storage and extraction mechanism is shown in Figure 11.22. In this figure, the dashed
lines indicate the fluid flow path.

In Figure 11.22, chemical energy of the gasoline or diesel will drive an IC engine. The
engine will drive a hydraulic pump which will basically draw an incompressible fluid
from a low-pressure reservoir and increase its pressure. The high-pressure incompressible
fluid can be used to drive a hydraulic motor which can drive some mechanical load. In the
hydraulic motor, the mechanical fluid enters at high pressure and exits at low pressure,
doing mechanical work in the process. Upon exiting the hydraulic motor, the low-pressure
fluid flows to the low-pressure reservoir and the fluid flow circuit is completed. The high-
pressure reservoir fluid can also move a piston or similar mechanism which in turn
can push against a compressible gas. This compression will cause energy to be stored
in the gas. Once some predefined pressure has been achieved, a valve can be used to
prevent further pressurization of the gas. While extracting energy from the accumulator,
an appropriate valve can be opened and the compressed gas will work against some piston
and pressurize the incompressible fluid in the high-pressure reservoir, which in turn will
drive a hydraulic motor.

In Figure 11.22, it can be seen that the dashed fluid flow path forms a closed loop
system. It can also be seen that the fluid path can be bidirectional between the accumulator
and the high-pressure fluid reservoir. Note that energy itself is stored in the compressible
gas or fluid. The incompressible fluid (liquid) provides a flexible path or actuator, which
replaces any mechanical linkage which otherwise would have been used for actuation.

Note also that an accumulator by itself is not of much use without the peripheral
equipment or subsystems shown in Figure 11.22, since ultimately the goal is to be able
to use the stored energy in a beneficial manner when needed, or, when extra energy
is available, to store it in the accumulator. All the above items shown in Figure 11.22
together form the overall hydraulic energy extraction and storage system mechanism.
Further details on hydraulic systems are given in Chapter 6.

11.9 Fuel Cells and Hybrid Fuel Cell Energy Storage System

11.9.1 Introduction to Fuel Cells

Research and development have been carried out on fuel cells as possible alternative power
sources for a wide range of applications, from portable power sources, to the distributed
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Figure 11.23 Honda 2008 FCX Clarity fuel cell car. (Source: http://www.fueleconomy.gov/
feg/fuelcell.shtm. Courtesy American Honda.)

generation (DG) of electricity, to use in a new generation of fuel cell-powered electric
vehicles, and so on. There are different types of fuel cells, such as the proton exchange
membrane fuel cell (PEMFC), alkaline fuel cell, phosphoric acid fuel cell, molten carbon-
ate fuel cell, solid oxide fuel cell, and direct methanol fuel cell. Among them, PEMFCs
are primary candidates as power sources to drive next-generation vehicles, mainly due to
their relatively low operating temperature (around 80 ◦C). In the PEMFC, hydrogen fuel
is converted to electricity based on an electrochemical process involving the use of pre-
cious catalytic materials such as platinum. Some fuel cell prototype vehicles have already
been built for the purpose of proof-of-concept and commercial demonstration. Examples
include the GM HydroGen3, Honda 2008 FCX Clarity (as shown in Figure 11.23), Toyota
FCHV-adv, among many others. Many fuel cell buses have been developed and are in
operation around the world for demonstration purposes; an example fuel cell bus is shown
in Figure 11.24.

High cost, unsatisfactory durability, poor transient performance, and subzero temper-
ature startup issue are the main obstacles for the commercialization of clean fuel cell
vehicles. Further, current fuel cell systems do not allow bidirectional energy flow and
thus have difficulty in recovering braking energy. Therefore, some kind of hybridization
of fuel cells with other energy storage devices such as batteries and ultracapacitors will
be advantageous for a long period of time. For example, the Toyota FCHV fuel cell
vehicle uses a NiMH battery pack as the secondary energy source, and the Honda FCX
fuel cell vehicle uses ultracapacitors as an energy buffer to achieve powerful, responsive
driving [22, 23]. In hybrid powertrains, the fuel cell system provides the base power for
constant speed driving, while other energy storage devices provide additional peak power
during acceleration and high-load operation and recover braking energy by regeneration.
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Courtesy: ISE Corporation Photo Gallery, Cuong Huynh
http://www.isecorp.com/gallery/albums.php

Figure 11.24 The AC Transit Fuel Cell Bus – San Diego, 2005. (Courtesy ISE Corporation.)

Hence, the fuel cell system power rating and cost will be reduced; the powertrain transient
performance will be improved; and energy efficiency will be increased.

There have been some studies and experiments involving hybrid fuel cell vehicles
[22, 24, 25]. In [22], the requirements on energy storage devices in a fuel cell vehicle
are analyzed. A mid-size SUV and a mid-size car are designed and simulated using
ADVISOR in order to help the FreedomCar technical teams properly size the energy
storage devices onboard fuel cell vehicles. It is concluded that the powertrain cost and
volume can be greatly reduced over the pure fuel cell vehicle due to fuel cell downsizing
via hybridization. In [24], a fuel cell system with a nominal power of 48 kW is hybridized
with supercapacitors with a storage capacity of 360 Wh. The hybrid system is implemented
on a road vehicle and tested. The test results demonstrate that good transient performance
and impressive energy efficiency are achieved. In [25], optimization tools are linked to
ADVISOR for the optimal design of a battery fuel cell SUV. In particular, ratings of fuel
cell and battery and energy management strategy are optimized to maximize fuel economy,
while meeting the pre-specified vehicle performance constraints. For a US city/highway
composite test procedure, the optimizer chose a 66 kW fuel cell system and a 28-module
battery pack with a large ampere-hour capacity of 50 Ah per module.

A fuel cell may be considered as an “open” battery in that the energy capacity is not
limited by the reductant and oxidant contained within a cell. Instead, the energy generating
capacity is determined by the amount of onboard hydrogen fuel. As a power source, a
fuel cell can be three times more efficient (typical efficiency value of 60%) than an IC
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engine (typical efficiency value of 20%) [23] because the fuel cell is not subject to the
“Carnot cycle” efficiency limit [26, 27]. Except for water as the only by-product, there
are no CO2 and other harmful emissions. Thus, a fuel cell is a clean energy source.
However, current fuel cell systems still have a low power density (10–100 times lower)
compared to combustion engines. The short-term goal of power density for fuel cell
systems is 0.5 kW/l [22], while current IC engines can reach up to 50 kW/l. The fuel
cell vehicle drive range is still much shorter than conventional vehicles and is limited by
the hydrogen storage energy density and cost. In addition, the fuel cell system has the
disadvantages of slow startup and slow power response. Hence, a pure fuel cell vehicle
has an unsatisfactory acceleration performance. Further, a fuel cell system cannot make
use of any braking energy for improving fuel economy and driving range because of its
inability to regenerate energy. Another characteristic of the fuel cell system is that its
efficiency peaks near 25% of the rated power, with relatively lower efficiency at low and
high output power. Thus, a vehicle control strategy should avoid the fuel cell system’s
low-efficiency operating regions.

The general construction of a fuel cell consists of two plates between which a membrane
layer and catalyst are compressed. One plate serves as the anode and the other plate is the
cathode. These plates have channels which are etched in the material and let the reactant
fuels uniformly make contact with the catalyst. In the case of the PEMFC, these plates
are made of carbon and the polymeric ion exchange membrane is coated with a platinum
catalyst. The interconnections of the PEMFC are also made of carbon or some other type
of metal. This cell can generate approximately 0.6 V DC. In order to increase the current
capabilities, the surface area of the plates is increased. This also results in a power increase.

Similar to batteries and ultracapacitors, many individual fuel cells are connected in
series/parallel to form a fuel cell stack to achieve the desired voltage, current, and power
ratings for a particular application. A fuel cell system is composed of more than just the
stack and the hydrogen and oxygen fuel. A complete fuel cell system is composed of
blowers, pumps, fans, ejectors, turbines, compressors, valves, and regulators. All these
components work together to deliver and regulate the proper amounts of fuel and ensure
system safety. This management system is known as the balance of plant or (BOP). The
main objectives of the BOP are hydrogen fuel preparation, air supply, thermal manage-
ment, and water management. Fuel cell performance depends on the following parameters:
temperature, reactant gas stoichiometric flow rates, anode and cathode pressures, anode
and cathode humidification.

Once the reactant fuels flow through the channels and come into contact with the
catalyst, a chemical process takes place. On the anode side (+), pressurized hydrogen
flows through the network of small pathways. Through these pathways the hydrogen
comes into contact with the platinum catalyst and splits into positive hydrogen ions and
negative electrons. The polymer electrolytic membrane only allows positive ions to flow
through. As a result, the hydrogen ions pass through the membrane and the electrons are
forced to pass through an external electric circuit. On the cathode side (−), the oxygen
gas (or ambient air) is passed through its own set of pathways. When it comes into
contact with the catalyst, the bonded oxygen atoms split into two independent atoms.
Once the hydrogen ions have passed through the membrane, they join up with the oxygen
atoms. Two hydrogen ions bond with one oxygen atom and two electrons pass through
the cathode. As a result, the “exhaust” of the PEMFC is water vapor and heat [26, 27].

www.FreeEngineeringbooksPdf.com



Batteries, Ultracapacitors, Fuel Cells, and Controls 349

Figure 11.25 A 300 W fuel cell stack with BOP controller and hydrogen connections

Figure 11.25 shows a fuel cell power source with a power rating of 300 W, made by
Horizon Fuel Cell Technologies. It has a maximum current output of 7 A at 42 V.

The fuel cell system contains the controller, electrical connections, rubber hydrogen
lines for secondary hydrogen connections, primary valve, and purge valve. Details con-
cerning the physical characteristics of the stack are given in Table 11.3. A 12 V source is
required to power its BOP controller.

11.9.2 Fuel Cell Modeling∗

The relationship between cell current and voltage is modeled as the polarization curve
and is based on the fuel cell’s steady state performance. In particular, the fuel cell output
voltage is modeled as the thermodynamic potential with three types of overvoltages sub-
tracted: activation overvoltages, ohmic overvoltages, and concentration overvoltages. The
activation-related losses, or kinetic regime, are caused by the chemical reactions them-
selves. The chemical reactions are not instantaneous when the reactants come into contact
with the catalyst; that is, the reaction must first be activated. This is mainly due to the
surface area of the catalyst. Ohmic losses are due to electrical resistances in the leads,
connections, and the plates of the stack. This type of loss is greatly affected by heat, the
surface area of the plates in the stack, and the types of materials used in the fuel cell
system. As for the concentration overvoltage or transport losses, these are caused by the
limit on mass transport rate of hydrogen and oxygen reactants.

In practical application such as powertrains of land-based vehicles, the output power
from the fuel cell system undergoes large variations, especially during acceleration and

∗  [2008] Inderscience. Reprinted, with permission, from the International Journal of Electric and Hybrid Vehicles.
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Table 11.3 List of technical specifications for the Horizon Fuel Cell

Technical specifications

Type of fuel cell PEM
Number of cells 72
Rated power 300 W
Performance 43 V at 7 A
H2 supply valve voltage 12 V
Purging valve voltage 12 V
Blower voltage 12 V
Reactants Hydrogen and air
External temperature 5–35 ◦C
Maximum stack temperature 65 ◦C
Composition 99.999% dry H2

Hydrogen pressure 5.8–6.5 psi
Humidification Self-humidified
Cooling Air (integrated cooling fan)
Weight 2 kg
Dimensions 32.4 cm × 10.9 cm × 9.4 cm
Hydrogen flow rate 3.9 l/m at max power
Stack efficiency 40% at 43 V
Controller weight 250 g
Low-voltage shutdown 36 V
Overcurrent shutdown 12 A
Over-temperature shutdown 65 ◦C

deceleration. During such transient operating periods, due to the existence of the double-
layer capacitance at the interface between the electrodes and the electrolyte, the reactant
gas manifold filling dynamics, cell surface dynamics, and other effects, the fuel cell stack
system’s performance cannot be adequately represented by a pure algebraic steady state
model. Hence, a dynamic fuel cell model is needed to provide more accurate predictions
of fuel cell system performance for the dynamic simulation and analysis of the fuel cell
power system. Such a model is illustrated in Figure 11.26.

In this equivalent circuit model, E cell represents the internal potential of the fuel cell.
The output of fuel cell voltage Vd is E cell with three types of voltage drop subtracted:
activation voltage drop, ohmic voltage drop, and concentration voltage drop. Activation
voltage drop can be separated into two parts: the one affected by internal temperature
and the other one caused by the equivalent resistance of activation. Capacitor C is the
equivalent capacitor due to the double-layer charging effect. The formula for calculating
these parts is as follows [28, 29]:

Vd = Ecell − Vact1 − Vact2 − Vconc − RohmicI (11.33)

where
Ecell = E0,cell + RT

2F
ln
[
P ∗

H2

(
P ∗

O2

)0.5
]

− kE (T − 298)

and where E 0,cell is the standard reference potential at standard state (298 K and 1 atm
pressure), R is the gas constant, and F is the Faraday constant. PH2

and PO2
represent
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Figure 11.26 A dynamic fuel cell model

the partial pressure of H2 and O2 activated inside the fuel cell. The asterisk * represents
the effective value of the parameter. kE is an empirical constant in volts per kelvin and
T is the actual temperature when the fuel cell is operating. Thus

Vact1 = η0 + a (T − 298) (11.34)

where η0 is the temperature-invariant part of Vact1 and a is an empirical constant in volts
per kelvin. Similarly,

Vact2 = Ract2I (11.35)

Vconc = RconcI (11.36)

VC =
(

I − C
dVC

dt

)
(Ract + Rconc) (11.37)

At steady state, the static characteristics of the fuel cell are as depicted in the following
equation, in which the relationship between the output voltage and current of the fuel
cell can be approximately considered as linear by ignoring Vact2 and Vconc due to small
values of the two parameters at steady state:

Vd = Ecell − Vact1 − RohmI (11.38)

At steady state, E cell , Vact1, and Rohm can be considered as constants; therefore, the above
equation can be modified approximately with the following expression:

Vd = K1 + K2I (11.39)

where
K1 = Ecell − Vact1 and K2 = −Rohm

Typical values of the parameters of the fuel cell model are given in Table 11.4.
Figure 11.27 shows I –V polarization characteristics and the power–current curve for

a typical PEMFC model.
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Table 11.4 Parameters of a typical fuel cell

E 0,cell (V) R(J/(mol K)) F (C/mol) PH2
(Pa) PO2

(Pa)

58.9 8.3143 96 487 1.5 1.0
k E (V/K) η0(V) a(V/K) Rohm (	) T (K)
0.00085 20.145 –0.1373 0.2793 307.7
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Figure 11.27 Fuel cell characteristic curve

11.9.3 Hybrid Fuel Cell Energy Storage Systems

The continuous power output of PEMFCs is satisfactory, but the voltage regulation is
poor and their response to instantaneous transient power load requirements is often too
sluggish. To meet such peak power requirements economically, that is, to eliminate fuel
cell overdesign, the PEMFCs are hybridized with batteries or ultracapacitors. Fuel cells
have a high specific energy while supercapacitors have high specific power, with secondary
batteries lying in between. The fuel cell/ultracapacitor hybrid system will ideally provide
both high power and energy densities at low cost. Further, since supercapacitors have
limited energy storage capability compared to batteries, a fuel cell/battery/supercapacitor
hybrid system will have better power supplying capability. In vehicular applications, the
battery is also needed to start up the fuel cells. This kind of hybrid system has the flexibility
to be optimally sized for different applications so that the advantages of each device can be
utilized to maximum extent. At the IEEE Vehicular Power and Propulsion Conference held
on 6–8 September 2006 in Windsor, UK, faculty members at the University of Manchester
presented their hybrid fuel cell–battery electric London Taxi project with a 6 kW PEMFC
and ZEBRA Z5C traction battery [30]. Their results show that the hybridization of a fuel
cell and battery can extend the driving range and reduce fuel cell size under dynamic
urban driving cycles.

There are several configurations for the design of hybrid systems. In the simplest
topology, the output of the fuel cell stack is connected through a DC–DC converter to
a DC link, where fuel cells can be hybridized with other energy storage devices such as
batteries or ultracapacitors. The load is also connected in parallel at the DC link. Note
that the load can be a DC traction motor or an inverter-driven AC traction motor in
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Figure 11.29 A hybrid fuel cell system with both batteries and ultracapacitors

vehicle applications. Such a topology is shown in Figure 11.28. One key component is
the hybrid controller that will control the power flow among the different power sources
under different load conditions. The hybrid controller will be responsible for the hybrid
system’s power and energy management.

The use of batteries can restrict the DC link voltage. Depending on the number of cells
in series, batteries have a definite voltage value. As a result, the output of the converter
must maintain a value corresponding to the battery voltage. However, with the use of
ultracapacitors, which are not voltage dependent, the output of the converter can be set
to whatever voltage is needed by a particular load. If the use of batteries is desired at the
output of the converter, ultracapacitors can still be used at the input of the converter or
the output of the fuel cell to further stabilize the system and reduce current spikes in the
fuel cell. This hybrid topology is shown in Figure 11.29.

We can also use a double input DC–DC converter (DIC) to accommodate a PEMFC
and a battery unit. This hybrid system is illustrated in Figure 11.30. The PEMFC and
the battery unit are connected in parallel so that both sources can supply the load. This
topology will allow each power source to operate independently with the benefits of each
fully utilized in an appropriate hybrid control strategy. For example, the battery unit can
be voltage controlled to maintain constant DC link voltage VDC , while the PEMFC is
current controlled in order to provide the connected load with the required current. The
DIC can be based on the buck–boost converter, which allows the voltage levels of each
power source to be above or below the DC link voltage level. The battery in Figure 11.30
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Figure 11.30 A hybrid fuel cell–battery system using a double-input DC–DC converter
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Figure 11.31 Hybrid system with a multi-input DC–DC converter

can be replaced by an ultracapacitor to achieve another hybrid fuel cell–ultracapacitor
system, but a different control strategy will be needed due to the different characteristics
of the battery and ultracapacitor.

Since the buck–boost converters are connected in parallel, the topology can be extended
by connecting additional converters allowing the use of additional sources (i.e., super-
capacitor and/or IC engines). Such a topology is illustrated in Figure 11.31, in which a
multiple input DC-DC converter is used to allow connections of fuel cell, battery, and
ultracapacitor to the load. Again, the load can be a DC load or inverter-driven AC load.

A variation of the topology in Figure 11.31 is shown in Figure 11.32, where multiple
converters can be used. The fuel cell would have either a buck or boost converter and the
batteries or ultracapacitors would have a bidirectional buck–boost converter. Bidirectional
DC–DC converters allow currents to flow into or out of the energy storage devices and
thus allow the devices to supply power to the load or to be charged by either the fuel
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Figure 11.32 Hybrid fuel cell energy storage system with a bidirectional converter [27]

cell or electric generator. This topology would also allow for a variable DC link voltage.
Both topologies in Figures 11.31 and 11.32 require sophisticated hybrid control strategies
for the power and energy management.

11.9.4 Control Strategy of Hybrid Fuel Cell Power System∗

In this section, a hybrid power source consisting of a PEMFC and a lead acid battery is
used as a case study. The PEMFC is used as the main energy source while the battery
is used as the auxiliary part to improve power quality. A DC–DC boost converter is
connected between the fuel cell and the battery to ensure a proper voltage level at the
DC bus and also to control the power flow.

The control strategy takes into account the load profile and the battery SOC. In order
to protect the fuel cell, load transients mitigation control is utilized to filter out the peak
values of the load. The fuel cell is controlled to provide the steady state load current after
mitigation and the battery supplies the peak currents. The SOC is estimated using the
battery’s voltage and current, which are constantly measured.

In case the SOC is below a specified limit, the fuel cell supplies the charging current
to the battery, until the desired SOC is achieved. Additionally, the control strategy also
improves fuel cell efficiency, limits its maximum power output, and controls the load
bus voltage, thus ensuring longer lifetime for the fuel cell and providing reliable working
conditions for the load.

The configuration of the hybrid PEMFC–battery system is shown in Figure 11.33. The
PEMFC, battery, and load are connected in parallel so that both power sources can supply
the load. The PEMFC voltage varies over a large range, depending on the load current.
In order to maintain a constant voltage at the DC bus, the fuel cell is isolated from the
battery and the load using a DC–DC boost converter. Using the measured load current,
battery current, and DC bus voltage, the main controller calculates the reference current
I ref , which together with the converter output current i con_out is used to determine the
duty ratio for the DC–DC converter via the current controller. A three-step-starting DC
motor with a rated voltage of 220 V and a rated power of 2 kW is used as a load.

∗  [2009] IEEE. Reprinted, with permission.
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Figure 11.33 Configuration of the hybrid fuel cell–battery system

The main objective of the hybrid control strategy is to use the fuel cell to satisfy the
energy demands of the load, while the transient peak power demand is covered by the
battery. In order to improve the lifetime of the battery and to maintain the DC bus voltage
within a small range (±5%) around 220 V, the battery’s SOC is controlled as well. In
case of a low SOC, the fuel cell will provide a charging current.

Two controllers are required for the hybrid control strategy: a current controller and a
main controller. The current controller, a PI controller, regulates the output current i con_out

of the DC–DC converter by controlling the duty ratio of the PWM generator. Reference
current I ref is provided by the main controller. The tasks of the main controller consist
of regulating the steady energy for the load and any additional charging energy for the
battery, both provided by the PEMFC. Thus, the main controller is split into two parts:
the load transient mitigation controller [31], which supplies steady load current i LoadREF ;
and the battery SOC controller, which supplies the battery charging reference current
i BatREF . Details of the two controllers can be found in [32]. The flow chart of the overall
control strategy is shown in Figure 11.34. The objective of the control strategy is to
provide an optimum response to the load demand, to maintain the SOC of the battery
(i.e., maintaining the energy reserve), and to ease operation of the PEMFC (i.e., extending
the life cycle of the fuel cell).

Two different simulation scenarios are presented. The first scenario includes a lead acid
battery pack, consisting of 17 cells connected in series, with a relatively high capacity of
1 Ah for each battery cell up to a total of 17 Ah for the battery stack. With such a high
capacity the battery stack should be able to provide the load with enough peak power
without needing to be charged. The second scenario includes a battery pack, with the
same amount of batteries, with a significantly lower capacity of 0.05 Ah each up to a total
of 0.85 Ah for the battery stack. The batteries in this scenario should be discharged to a
point where charging will become necessary.
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The purpose of using two different battery capacities is to illustrate the battery charging
control algorithm implemented in the system, where the fuel cell is used not only to supply
the load demand, but also to maintain the SOC of the battery.

It is assumed that at the beginning of the simulations the batteries are fully charged
with the SOC equal to 1.

11.9.4.1 Maximum Capacity of 1 Ah per Battery Cell

As expected, the SOC of the battery stack with such a high capacity remains above 85%.
Thus no charging current provided by the fuel cell is necessary in this scenario. There-
fore, the main controller output i ref equals the converter output current i con_out , which
is shown in Figure 11.35. The low-pass filter, implemented in the load mitigation con-
troller, smoothes the transients of the load current providing a steadily growing reference
current, resulting in a smooth converter output current. At the same time, the battery
covers all peak power transients of the load and is zero at steady state load, as shown in
Figure 11.36.

The fuel cell output current as shown in Figure 11.37 has the same profile as the
converter output current. As can be seen at the starting point, the fuel cell is controlled to
have a rapidly increasing output current to avoid low efficiency due to small output current.

As an auxiliary part of the fuel cell system, the battery may not need a very high capac-
ity. In comparison the fuel cell is supposed to be a large energy storage source. Therefore
a simulation for a smaller battery capacity (0.05 Ah per battery cell) was performed.

11.9.4.2 Maximum Capacity of 0.05 Ah per Battery Cell

The output current of the fuel cell shows a smooth profile, as seen from the inset in
Figure 11.38, until the third transient of the load at around five seconds of the simulation,
when the battery SOC drops below 85% and the charging of the battery is triggered. The
fuel cell is controlled to provide charging current until the battery is fully charged again,
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Figure 11.35 Reference current and converter output current (1 Ah/battery cell)
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as shown in Figure 11.39. A dead-band is necessary to avoid the chattering effect of the
controller from charging/discharging the battery at a faster rate. At the beginning of the
charging mode, the current output of the fuel cell significantly steps up, following the
increase of the reference current from the current controller, providing charging current
to the battery and mitigated load current to the DC motor. However, the increase in the
fuel cell current seems to be smooth enough due to the low-pass filter action in the load
current measurement, thus assuring a longer life cycle for the fuel cell in applications
with dynamic load profiles.

The simulation results show that the whole system works well and both the fuel cell
current and battery current can be controlled as desired to meet different load demands.

11.10 Summary and Discussion

In this chapter, the most important energy storage devices – batteries, ultracapacitors,
flywheel energy storage systems, hydraulic energy storage systems, and fuel cells – are
discussed in detail. Since many cells of batteries and ultracapacitors are connected in
series and parallel to achieve desired voltage and current ratings, equalizing circuits are
indispensible for the energy management and control of onboard energy storage devices.
Different battery charging techniques that are commonly used for charging the battery in
HEVs are compared. There are different advantages and disadvantages for each charg-
ing method. Conventional methods like CC and CV have many disadvantages; the pulse
charging technique is gaining popularity and will be a better option for HEV battery
charging. Integration of an ultracapacitor with a battery can potentially mitigate the dis-
advantages of each component and deliver superior performance for a HEV or PHEV.
Fuel cell technologies are promising for future clean vehicles, but current PEMFCs cannot
meet the requirements of high peak power, low cost, and robustness. Therefore, hybridiza-
tion of fuel cells with batteries or ultracapacitors will result in higher energy efficiency
with regenerative braking capability under dynamic driving cycles.
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12
Modeling and Simulation
of Electric and Hybrid Vehicles∗

12.1 Introduction

Compared to conventional vehicles, there are more electrical components used in electric,
hybrid, and fuel cell vehicles, such as electric machines, power electronics, electronic
continuously variable transmissions (CVTs), and embedded powertrain controllers [1, 2].
Advanced energy storage devices and energy converters, such as Li-ion batteries, ultra-
capacitors (UCs), and fuel cells are introduced in the next-generation powertrains. In
addition to these electrification components or subsystems, conventional internal combus-
tion engines (ICEs), mechanical systems, and hydraulic systems may still be present. The
dynamic interactions among various components and the multidisciplinary nature make it
difficult to analyze a newly designed hybrid electric vehicle (HEV). Each of the design
parameters must be carefully chosen for better fuel economy, enhanced safety, excep-
tional drivability, and a competitive dynamic performance – all at a price acceptable to
the consumer market. Prototyping and testing each design combination is cumbersome,
expensive, and time consuming. Modeling and simulation are indispensable for concept
evaluation, prototyping, and analysis of HEVs. This is particularly true when novel hybrid
powertrain configurations and controllers are developed.

Furthermore, the complexity of new powertrain designs and dependence on embedded
software are a cause for concern among automotive research and development efforts.
This results in increasing difficulty in predicting interactions among various vehicle com-
ponents and systems. In such situations, a modeling environment that can model not only
components but also embedded software, such as the electronic throttle controller (ETC)
software, is needed. Effective diagnosis also presents a challenge. Modeling can play an
important role in the diagnostics of the operating components. For example, running an
embedded fuel cell model and comparing the actual fuel cell operating variables to those
obtained from the model can help fault diagnosis of fuel cells.

∗  [2007] IEEE. Reprinted, with permission, from the Proceedings of the IEEE.

Hybrid Electric Vehicles: Principles and Applications with Practical Perspectives, First Edition.
Chris Mi, M. Abul Masrur and David Wenzhong Gao.
 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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A face-off with modeling and simulation tools in the electronics industry has demon-
strated that similar tools in the automotive domain still lack the power, sophistication,
and automation required by and available to the electronics designers [3]. Advances in
electronic design tools have validated Moore’s law (as applied to the complexity of inte-
grated circuits) and have helped achieve amazing standards in computing power while
simultaneously decreasing costs. For designers of automotive systems to duplicate and
manage similar levels of complexity, design tools that automate the low-level details of
the design process need to be developed [3, 4].

Depending on the level of detail of how each component is modeled, the vehicle
model may be steady state, quasi-steady, or dynamic [5–15]. For example, an ADVISOR
(ADvanced VehIcle SimulatOR) [5, 6] model can be categorized as a steady state model,
a powertrain system analysis toolkit (PSAT) [7] model as quasi-steady, and PSIM [8]
and virtual test bed (VTB) [9] models as dynamic. On the other hand, depending on the
direction of calculation, vehicle models can be classified as forward-looking or backward-
facing models [5]. In forward-looking models, vehicle speed is controlled to follow a
driving cycle during the analysis of fuel economy, thus facilitating controller development.

The main advantage of employing a steady state model or quasi-steady model is fast
computation, while the disadvantage is inaccuracy for dynamic simulation. On the con-
trary, physics-based models can facilitate high-fidelity dynamic simulations for the vehicle
system at different time scales. This kind of dynamic model should be useful for devel-
oping an effective powertrain control strategy [10]. The models are tied closely to the
underlying physics through a link such as a lumped-coefficient differential equation or
some digital equivalent model.

This chapter addresses different modeling and simulation methods for electric and hybrid
vehicles. The chapter is organized as follows: Section 12.2 reviews the fundamentals of
vehicle system modeling. Sections 12.3 and 12.4 provide an overview of the existing vehicle
modeling tools ADVISOR and PSAT, with application examples, using ADVISOR to study
a hybrid battery–ultracapacitor energy storage system, and using PSAT to optimize a parallel
powertrain design. Section 12.5 looks at physics-based dynamic modeling, introducing the
resistive companion form (RCF) of modeling method with examples of a DC machine,
a DC–DC boost power converter, and vehicle dynamics including a wheel slip model.
Section 12.6 looks at bond graphs and other modeling tools such as PSIM, Simplorer, V-
ELPH, Saber, and Modelica for hybrid powertrain modeling. Section 12.7 addresses the
issue and mitigation methods of numerical oscillations for dynamic simulation involving
power electronics. Finally, conclusions are given in Section 12.8.

12.2 Fundamentals of Vehicle System Modeling

It is important to define the common terms used in modeling. The following definitions
are based on the text by Dr Peter Fritzson of Linköping University in Sweden [16] and
are related to HEV modeling:

• System: The object or objects we wish to study. In the context of this chapter, the
system will be an electric vehicle or HEV.

• Experiment: The act of obtaining information from a controllable and observable
system by intelligently varying system inputs and observing system outputs.
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• Model: A surrogate for a real system upon which “experiments” can be conducted to
gain insight about the real system. The types of experiments that can be validly applied
to a given model are typically limited. Thus, different models are typically required
for the same target system to conduct all of the experiments one wishes to conduct.
Although there are various types of models (e.g., scale models used in wind tunnels),
in this chapter we will mainly discuss physics-based mathematical models.

• Simulation: An experiment performed on a model.
• Modeling: The act of creating a model that sufficiently represents a target system for

the purpose of simulating that model with specific predetermined experiments.
• Simulator: A computer program capable of performing a simulation. These programs

often include functionality for the construction of models and can often be used in
conjunction with advanced statistical engines to run trade (sensitivity) studies, design
of experiments, Monte Carlo routines, and other routines for robust design.

Vehicle system modeling is conducted over various areas of interest to answer vastly differ-
ent questions (i.e., different experiments). Traditional areas include modeling for the analysis
of noise vibration harshness (NVH); modeling of vehicle performance (e.g., acceleration,
gradability, and maximum cruising speed); modeling for the prediction, evaluation, and opti-
mization of fuel economy; modeling for safety, stability, and crashworthiness; modeling of
vehicle controls; modeling for structural integrity; modeling to facilitate component testing
and validation; modeling for preliminary conceptual design/design exploration; modeling
for cost and packaging; and modeling for the prediction of emissions.

There are various types of mathematical models and simulators available to perform
vehicle system simulations. For example, some simulators can be used to construct models
that use macro statistics from duty cycles and cycle-averaged efficiencies of components
for near-instantaneous prediction of fuel consumption and performance, whereas other sim-
ulators perform detailed sub-second transient simulations for more detailed experiments.
There is also a typical tradeoff in the vehicle modeling between the amount of engineer-
ing assumptions the modeler has to make and the amount of time required to set up and
construct a model. A simple high-level model can estimate fuel consumption using the
engineer’s knowledge of “typical” cycle-averaged component efficiencies. A more detailed
model would actually simulate each of the components over time and mathematically deter-
mine cycle-averaged efficiencies. In addition to the assumption/specificity tradeoff, there is
also a tradeoff between model detail and run time. In general, the more detailed the results,
the longer the total time for model setup, simulation, and interpretation of the results.

Detailed vehicle system models typically contain a mix of empirical data, engineering
assumptions, and physics-based algorithms. Good simulators provide a large variety of
vehicle components along with data sets to populate those components. The components
can then be connected together as the user desires to create a working vehicle powertrain,
body, and chassis. Connections between components mathematically transmit effort and
flow (e.g., torque and speed or voltage and current) during a simulation.

Depending upon the desired degree of detail, there are various models available such as
steady state spreadsheet models, transient power–flow models, and transient effort–flow
models (effort–flow refers to the combinations of torque–angular speed, voltage–current,
force–linear speed, etc.).

The transient vehicle system models can be divided into two categories based on the
direction of calculation. Models that start with the tractive effort required at the wheels and
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“work backward” toward the engine are called backward-facing models. Models that start
from the engine and work in transmitted and reflected torque are called forward-facing
models. So-called non-causal models allow for forward or backward operation depending
on the experiment being performed. Backward-facing models are typically much faster
than forward-facing models in terms of simulation time. Forward-facing models better
represent real system setup and are preferred where controls development and hardware-
in-the-loop (HIL) will be employed. Forward models must typically use some kind of
“driver model” such as a proportional–integral–derivative (PID) controller to match a
target duty cycle. Some “hybrid” models include both concepts.

In addition, vehicle system models may interact with any number of more detailed
models such as structural analysis models, vibrational models, thermal models, and so on.

Driven by the need for fast simulation times, complex components such as engines and
motors are typically simulated using “lookup maps” of energy consumption versus shaft
torque and angular speed. Once the average torque and angular shaft speed for a given
time step are determined, an interpolation on empirical data is performed to determine
the component’s energy consumption rate.

There have been extensive studies in the modeling and simulation of hybrid and electric
vehicles [4–15]. Modeling tools such as ADVISOR and PSAT are available in the public
domain, and are discussed in more detail in the following sections.

12.3 HEV Modeling Using ADVISOR

ADVISOR is a modeling and simulation tool developed by the US National Renewable
Energy Laboratory (NREL) [5, 6]. It can be used for the analysis of performance, fuel
economy, and emissions of conventional, electric, hybrid electric, and fuel cell vehi-
cles. The backbone of the ADVISOR model is the Simulink block diagram shown in
Figure 12.1, for a parallel HEV as an example. Each subsystem (block) of the block
diagram has a MATLAB file (m-file) associated with it, which defines the parameters of
that particular subsystem. The user can alter both the model inside the block as well as
the m-files associated with the block to suit the modeling needs. For example, the user
may need a more precise model for the electric motor subsystem. A different model can
replace the existing model as long as the inputs and the outputs are the same. On the other
hand, the user may leave the model intact and only change the m-file associated with the
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Figure 12.1 Block diagram of the parallel HEV in ADVISOR [6]
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block diagram. This is equivalent to choosing a different make of the same component
(e.g., choosing a 12 Ah battery manufactured by Hawker Genesis instead of a 6 Ah battery
manufactured by Caterpillar). ADVISOR provides modeling flexibility for a user.

ADVISOR models fit empirical data obtained from the component testing to simulate
a particular subsystem. In general, the efficiency and limiting performances define the
operation of each component. For example, the ICE is modeled using an efficiency map
that is obtained via experiments. The efficiency map of a Geo 1.0 l (43 kW) engine is
shown in Figure 12.2. Various contour lines on this diagram indicate particular efficiency
values labeled beside the corresponding contour. The maximum torque curve is also
shown in this map. The engine cannot perform beyond this maximum torque constraint.
Maximum torque change is another constraint on the engine subsystem. In other words,
the model considers the inertia of the component in the simulation.

The program also allows for the linear scaling of components. For an ICE, this means
linear scaling of the torque so as to provide the required maximum power. This type of
scaling is valid only in the neighborhood near the actual parameter where the efficiency
map for a slightly larger or smaller component would not change drastically. Scaling of
the Geo ICE is shown in Figure 12.3 so that the ICE gives a maximum power of 50 kW
instead of the nominal 43 kW.

In the latest version of ADVISOR, the functionality of the software was improved by
allowing links to other software packages such as Ansoft Simplorer [17] and Synopsys
Saber [18]. These powerful packages allow for a more detailed look at the electric systems
of the vehicle.

As an application example, ADVISOR is used to simulate a hybrid battery–ultra-
capacitor energy storage system. More extensive applications can be found in [19],
where ADVISOR is used to model a hybrid fuel cell/battery powertrain and hybrid fuel
cell/ultracapacitor powertrain and simulate their fuel economy and performance. The con-
cept of using a hybrid energy storage system consisting of a battery and a UC is well
known and well documented in the literature [20, 21]. The UC provides and absorbs
the current peaks, while the battery provides the average power required for the electric

www.FreeEngineeringbooksPdf.com



368 Hybrid Electric Vehicles

100

80

60

40

20

0
0 1000 2000 3000

Speed (rpm)
4000 5000 6000

Fuel Converter Operation
Geo 1.0L (41kW) SI Engine - transient data

0.15

0.3 0.25
0.25

0.25

0.2

0.15

T
or

qu
e 

(N
m

)

+ + +

+

+

++

Figure 12.3 Geo 1.0 l engine scaled to give a maximum power of 50 kW by linear alteration of
the torque characteristics

motor. This arrangement of hybrid energy storage in a HEV extends the life of the battery
and allows the motor to operate more aggressively. Simulating such a system in ADVI-
SOR allows the user to visualize the fuel economy benefit. At the same time, the program
allows the user to design the best control strategy for the battery–ultracapacitor hybrid
to improve the battery life and the overall system performance. Finally, the size of the
components can be optimized and, thus, the cost and weight of the system can be reduced.

The default battery model in ADVISOR operates by requesting a specific amount
of power from the battery as decided by the vehicle control strategy. Depending on
the amount of power that the battery is able to supply, the battery module will send
out the power available from the battery to the other subsystems. Due to the hybrid
backward/forward simulation method of ADVISOR, the amount of power that the batteries
are able and required to supply in a given time step is calculated in a single iteration.
From this value, the battery model calculates the battery variables like current, voltage,
and temperature.

However, hybrid battery–ultracapacitor energy storage systems cannot be modeled
within ADVISOR using the above default battery model. Here, we have to replace the
energy storage model with a more complex model. Fortunately, the subsystem model in
ADVISOR can be altered as long as the types of inputs and outputs to the rest of the
vehicle are not altered. In our simulation, we replaced the battery model by a model of
the combination of a battery and a UC connected to a local control strategy unit that
splits the power demand between the battery and the UC. Detailed information about the
control strategy is available in [21]. The block diagram representation of the system is
shown in Figure 12.4.

The use of the model described above gives the user a way to quickly and easily
simulate the battery–ultracapacitor subsystem in a vehicle environment. It allows the user
to observe the benefit of using the UC on the fuel economy of the vehicle as well as the
benefit to the battery by making the battery’s state of charge more even and by reducing
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Figure 12.4 Block diagram representation of the new battery subsystem that consists of the battery
and ultracapacitor. The input/output relation with the rest of the system is left unchanged

the peaks of the battery current that the battery has to accept. It also allows the user to
validate whether the system operates as efficiently as it would if the battery size were
reduced. Finally, the user can optimize the battery–ultracapacitor control strategy (in other
words, how the power demand will be split) without having to think about the complexities
of designing the power electronics to make this control system feasible. In addition, the
system can be optimized before any system is built and the system cost and possible
savings can be easily calculated at the early design stage. Once the control strategy
is optimized, the actual DC–DC converter with the required control strategies can be
integrated into the simulation by interfacing with Saber or Ansoft Simplorer software [20].

12.4 HEV Modeling Using PSAT

PSAT (AUTONOMIE) is state-of-the-art flexible simulation software developed by
Argonne National Laboratory and sponsored by the US Department of Energy (DOE)
[7]. PSAT is modeled in a MATLAB/Simulink environment and is set up with a graphical
user interface (GUI) written in C#, which makes it user friendly and easy to use. Being
a forward-looking model, PSAT allows users to simulate more than 200 predefined
configurations, including conventional, pure electric, fuel cell, and hybrids (parallel,
series, power split, and series–parallel). The large library of component data enables
users to simulate light-, medium-, and heavy-duty vehicles.

The level of detail in component models can be flexible; for example, a lookup table
model or high-fidelity dynamic model can be used for a component, depending on the
user’s simulation requirements. To maintain modularity, every model must have the same
number of input and output parameters. The use of quasi-steady models and control
strategies including propelling, braking, and shifting strategies in PSAT sets it apart from
other steady state simulation tools like ADVISOR. This feature allows PSAT to predict
fuel economy and performance of a vehicle more accurately. Its modeling accuracy has
been validated against the Ford P2000 and Toyota Prius. PSAT is designed to co-simulate
with other environments and is capable of running optimization routines. HIL testing
is made possible in PSAT with the help of PSAT-PRO, a control code to support the
component and vehicle control [7].

As an application example, PSAT is used to optimize a parallel HEV for maximum
fuel economy on a composite driving cycle. Four global algorithms, namely, divided

www.FreeEngineeringbooksPdf.com



370 Hybrid Electric Vehicles

rectangle (DIRECT), simulated annealing (SA), genetic algorithm (GA), and particle
swarm optimization (PSO), are used in the model-based design optimization [22]. Details
can be found in Chapter 13.

12.5 Physics-Based Modeling

PSAT and ADVISOR are based on experiential models in the form of lookup tables
and efficiency maps. The accuracy of these tools may not be good enough for vehicles
operating under extreme conditions. For detailed dynamic modeling and simulation of a
HEV system, physics-based modeling is needed. VTB, PSIM, Simplorer, and V-Elph are
good examples of physics-based modeling tools, where the state variables of a component
or subsystem are modeled according to the physical laws representing the underlying
principles. The resulting model is a function of device parameters, physical constants, and
variables. Such physics-based models can facilitate high-fidelity simulations for dynamics
at different time scales and also controller development.

In this section, the physics-based modeling technique, RCF [23] modeling in particular,
is explored. The RCF method originates from electrical engineering, but is suitable for
multidisciplinary modeling applications such as the hybrid powertrain.

RCF Modeling Technique

The RCF method has been used successfully in a number of industry-standard elec-
tronic design tools such as SPICE [24] and Saber. Recently, it has also been applied in
VTB [9, 23], which is recognized as the leading software for prototyping of large-scale,
multi-technical dynamic systems. Using the RCF modeling technique, we can obtain
high-fidelity physics-based models of each component in modular format. These models
can be seamlessly integrated to build a system simulation model suitable for design. Just
as a physical device is connected to other devices to form a system, the device can be
modeled as a block with a number of terminals through which it can be interconnected
to other component models, as shown in Figure 12.5. Each terminal has an associated
across variable and a through variable. If the terminal is electrical, these variables are the
terminal voltage with respect to a common reference and the electric current flowing into
the terminal, respectively. Note that the concept of across and through variables in RCF
is similar to the effort–flow concepts used in ADVISOR and PSAT.

V1

V2

V3

I1

I2

I3

RCF

Device

Figure 12.5 Physics-based resistive companion form (RCF) modeling technique
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The general form of the RCF model can be expressed as follows, which is obtained
by numerically integrating the differential–algebraic equations describing the dynamics
of the component:[

i(t)
0

]
= G[v(t), v(t − h), i(t), i(t − h), y(t), y(t − h), t]

×
[

v(t)

y(t)

]
−
[

b1[v(t), v(t − h), i(t), i(t − h), y(t), y(t − h), t]
b2[v(t), v(t − h), i(t), i(t − h), y(t), y(t − h), t]

] (12.1)

where i is a vector of through variables; v is a vector of across variables; y is a vector of
internal state variables; h is the numerical integration time step; G is a Jacobian matrix;
b1, b2 are vectors depending in general on past history values of through and across
variables and internal states, and on values of these quantities at time instant t . Note that
G, b1, and b2 depend on the chosen integration method. The most common integration
methods that can be used are the trapezoidal rule and second-order Gear’s method.

After all the powertrain components are modeled in RCF, they can be integrated into one
set of algebraic equations by applying the connectivity constraints between neighboring
modular components, which can then be solved to get system state variables.

Hybrid Powertrain Modeling

Modeling examples for powertrain components are given for a DC machine, a DC–DC
boost power electronics converter, and vehicle dynamics. Through these modeling
examples, the principles of physics-based modeling techniques are demonstrated.
Extensive coverage of models for all the powertrain components is not intended for
this chapter.

Modeling of a DC Machine

An equivalent circuit model of the DC machine is illustrated in Figure 12.6, where R
and L are the armature resistance and inductance, respectively. The DC machine has two
electrical terminals (0,1) and one mechanical terminal (2).

The through variables are: i = [i0, i1, Tsh]t , where T sh (= i 2) is the mechanical torque
at the machine shaft; the superscript t indicates matrix transpose. The across variables
are: v = [v0, v1, ω]t , where ω (= v2) is the rotational speed of the machine shaft.

+
−

0

1

2DC
machine

R L

Figure 12.6 DC machine modeling
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The differential algebraic equations describing the machine dynamics are


i0 = −L

R

di0

dt
+ 1

R
(v0 − v1) − keφ

R
v2

i1 = −i0

i2 = − (kT φ) i0 + J
dv2

dt
+ d • v2

(12.2)

where J is shaft inertia, d is the drag coefficient, and φ is the flux per pole. Applying
the trapezoidal integration rule, we get the following RCF model:

i(t) = G(h) • v(t) − b(t − h) (12.3)

where

G(h) =




h

hR + 2L

−h

hR + 2L

−hkeφ

hR + 2L

−h

hR + 2L

h

hR + 2L

hkeφ

hR + 2L

−hkT φ

hR + 2L

hkT φ

hR + 2L

(
hkeφkT φ

hR + 2L
+ 2J

h

)




(12.4)

b(t − h) =




b0(t − h)

−b0(t − h)

b2(t − h)


 (12.5)

b0(t − h) = hR − 2L

hR + 2L
i0(t − h) − h

hR + 2L
v0(t − h)

(12.6)+ h

hR + 2L
v1(t − h) + hkeφ

hR + 2L
v2(t − h)

b2(t − h) = −kT φb0(t − h) + kT φi0(t − h) + i2(t − h) + 2J

h
v2(t − h) (12.7)

Modeling of DC–DC Boost Converter

An equivalent circuit model of the DC–DC boost converter is illustrated in Figure 12.7.
The DC–DC boost converter has three electrical terminals (0, 1, and 2). Here, we derive
the average state space model, based on the two states of the circuit when the switch is
on or off.

When the switch Q is ON, we have the following state space dynamic equations:

di0

dt
= 1

L
(v0 − v1)

d(v2 − v1)

dt
= 1

C
i2

(12.8)
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Figure 12.7 DC–DC boost converter modeling

When the switch Q is OFF, we have the following state space dynamic equations:

di0

dt
= 1

L
(v0 − v2)

d(v2 − v1)

dt
= 1

C
(i0 + i2)

(12.9)

Hence, the Middlebrook state space averaging model is as follows (d = duty):

di0

dt
= d

L
(v0 − v1) + (1 − d)

L
(v0 − v2)

d(v2 − v1)

dt
= d

C
i2 + (1 − d)

C
(i0 + i2)

(12.10)

Applying the trapezoidal integration rule, we get the following RCF model for the boost
power converter:

i(t) = G(h) • v(t) − b(t − h) (12.11)

where

G(h) =




h

2L

−hd

2L

−h(1 − d)

2L

−hd

2L

hd2

2L
+ 2C

h

hd(1 − d)

2L
− 2C

h

−h(1 − d)

2L

hd(1 − d)

2L
− 2C

h

hd(1 − d)2

2L
+ 2C

h




(12.12)

b(t − h) =




b0(t − h)

−b0(t − h) − b2(t − h)

b2(t − h)


 (12.13)

b0(t − h) = −i0(t − h) − h

2L
v0(t − h) + hd

2L
v1(t − h) + h(1 − d)

2L
v2(t − h) (12.14)

b2(t − h) = −(1 − d)b0(t − h) + (1 − d)i0(t − h) + i2(t − h)

(12.15)

− 2C

h
v1(t − h) + 2C

h
v2(t − h)
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Modeling of Vehicle Dynamics

The vehicle dynamic model can be derived from Newton’s second law considering all the
forces applied to the vehicle. The driving force comes from the powertrain shaft torque,
which can be written as the wheel torque:

Twh = RgηtransTsh (12.16)

where Rg and ηtrans are the transmission gear ratio and transmission efficiency, respec-
tively. This wheel torque provides the driving force to the vehicle:

Fd = Twh

r
(12.17)

where r is the wheel radius.
The total resistance force consists of rolling resistance, aerodynamic resistance, and

gravitational force. Hence, the vehicle dynamic equation can be obtained:

Fd = Fgxt + Froll + Fad + ma

= mg sin(α) + mg (C0 + C1v) sgn(v)

+ 1

2
ρCdAF (v + v0)

2 sgn(v) +
(

m + Jwh

r2

)
dv

dt

(12.18)

where Fgxt is the gravitational force on a grade, Froll is the rolling resistance, Fad is
the aerodynamic resistance, m is the vehicle mass, g is the natural acceleration, α is the
angle of grade, C0 and C1 are the rolling coefficients, ρ is the air density, Cd is the
aerodynamic drag coefficient, AF is the vehicle frontal area, v0 is the wind speed, v is
the vehicle linear speed, and Jwh is the wheel inertia.

Similarly, applying the trapezoidal integration rule, we get the following RCF model
for the vehicle dynamics:

i(t) = G(h) • v(t) − b(t − h) (12.19)

where the through variable is i (t) = F d and the across variable v (t) = v (vehicle velocity).
Note that Equation 12.18 is a nonlinear model, requiring an iterative Newton–Raphson

solution procedure at each simulation time step; the Jacobian G(h) is as follows:

G(h, v(t)) = mgC1 sgn(v) + ρCdAF (v(t) + v0) sgn(v) + 2

h

(
mveh + Jwh

r2

)
(12.20)

Other RCF models for induction machine, batteries, UCs, and so on, can be found in
[23, 25, 26] respectively. Based on the same principles, an ICE model and fuel cell
model can be developed.

Finally, as an example of employing RCF techniques for HEVs, a hybrid fuel
cell–ultracapacitor–battery vehicle model is modeled in VTB, as shown in Figure 12.8.
Upon simulation, variables that are of interest can be plotted, as shown in Figure 12.9,
where the reference vehicle speed, battery, UC, and DC motor currents are plotted.
Details of how to use VTB can be found in [9].
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Figure 12.9 Simulation results of hybrid vehicle in VTB

Wheel Slip Model

In simulations involving vehicle dynamics, the wheel slip model must be implemented.
Figure 12.10 shows the one-wheel model of a HEV. Applying a driving torque or a braking
force F m to a pneumatic tire produces tractive (braking) force F d at the tire–ground
contact patch due to the wheel slip. The slip ratio λ is defined as

λ = Vω − V

max{V, Vω} (12.21)

where V is the speed of the vehicle and V ω is the linear speed of the wheel.
The wheel speed can be expressed as

Vω = ωr (12.22)

where ω is the angular speed of the wheel and r is the radius of the wheel.
During normal driving, λ > 0, there exists a friction force on the wheel in the direction

of the forward motion. This friction force, also known as traction force, is caused by the
slip between the road surface and the tire. This force contributes to the forward motion
of the vehicle during normal driving. During braking, external forces are applied to the
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Figure 12.10 One-wheel model of vehicles, where F m is the force applied to the wheel by the
powertrain, F d is the tractive force caused by tire slip, m is the vehicle mass, and g is the natural
acceleration rate
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Figure 12.11 Typical adhesive coefficient between the road surface and the tires, as a function of
slip ratio and road surface conditions

wheel so that the wheel linear speed is less than the vehicle speed; for example, λ < 0.
Therefore, there exists a braking force opposite to the forward motion.

The traction force, or braking force in the case of braking as shown in Figure 12.10,
can be expressed as follows:

Fd(λ) = µ(λ)mg (12.23)

where µ(λ) is the adhesive coefficient between the road surface and the tire. µ(λ) is a
function of slip ratio λ and is a function of tire condition and road condition as shown in
Figure 12.11.

The equation of the vehicle motion can be expressed as

m
dV

dt
= Fd(λ) − (Fgxt + FAD + Froll) (12.24)

This equation is similar to Equation 12.18 but the tractive force is linked with the slip ratio.
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During normal driving, the external torque applied to the wheels is positive. In order
to enter braking mode, an external torque must be applied to the wheel to slow it down.
In a HEV, this torque is the sum of the motor regenerative braking torque and additional
braking torque provided by the mechanical braking systems, in case the motor torque is
not enough to provide effective braking.

During normal driving, the powertrain torque tries to accelerate the wheel while the
tractive force will try to slow it down. During braking, the powertrain torque applied to
the wheel is in the opposite direction of the wheel’s rotation and slows down the wheel.
The tractive force, on the other hand, is in the same direction as the wheel rotation and
therefore will accelerate the wheel, as shown in Figure 12.10.

Therefore, the equation of motion of the wheel can be expressed as follows:

Jω

dω

dt
= Tm − rFd(λ) (12.25)

where J ω is the inertia of the wheel and T m is the total braking torque, T m = F mr .

12.6 Bond Graph and Other Modeling Techniques

Bond Graph Modeling for HEVs

Created by H. M. Paynter in 1959, bond graphs are a graphical tool used to describe and
model subsystem interactions involving power exchange. This formulation can be used
in hydraulics, mechatronics, thermodynamics, and electrical systems. Bond graphs have
been proven effective for the modeling and simulation of multi-domain systems including
automotive systems [27–38].

In a bond graph model, a physical system is represented by basic passive elements
that are able to interchange power: resistances (R), capacitances (C ), and inertias (I ).
Although these names suggest a direct application in electrical systems, they are used in
any other domains as well; for example, friction as a mechanical resistance, a compressible
fluid as a capacitance, and a flywheel as an inertial element.

Each element has one or more ports where power exchange can occur. This power
(P ) is expressed as a product of two variables: effort (e) and flow (f ). These names
are used extensively in all domains, but have a unique name in each domain: force and
speed in mechanical systems, voltage and current in electrical systems, pressure and flow
in hydraulics, and so on. Additional variables are defined: momentum (p) as the time
integral of effort and displacement (q) as the time integral of flow.

Additional elements are needed to fully describe a system: sources of effort (S e) and
sources of flow (S f ) are active elements that provide the system with effort and flow,
respectively; transformers (TF s) and gyrators (GY s) are two-port elements that transmit
power, but scale their effort and flow variables by its modulus; and one junction (1 )
elements are multi-port elements that distribute power sharing equal flow, while zero
junction (0 ) elements distribute power, having equal effort among all ports.

Bond graph elements are linked with half arrows (bonds) that represent power exchange
between them. The direction of the arrow indicates the direction of power flow when both
effort and flow are positive. Full arrows are used when a parameter is to be passed between
elements, but no power flow occurs.
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Figure 12.12 A bond graph modeling example: a HEV powertrain model connected to a road
model

A bond graph can be generated from the physical structure of the system. For example,
the HEV powertrain connected to the road load model can be drawn as shown in
Figure 12.12, where the road load is described by Equation 12.18

Causality in bond graph models is indicated with a vertical stroke at the start or end of
the bond arrow. This causal stroke establishes the cause and effect relationships between
elements. Causality in bond graphs enables the extraction of system dynamics equations.
It also provides an insight into the dynamic behavior of the model and is useful to predict
modeling problems such as algebraic loops, differential causality, and causal loops.

Modeling presented in [37, 38] demonstrated that bond graph modeling is an appropriate
tool for the modeling and simulation of hybrid and electric vehicles.

HEV Modeling Using PSIM

PSIM is a user-friendly simulation package that was originally developed for simulating
power electronics converters and electric machine drives. Its new version allows inter-
active simulation capability and provides magnetic and thermal models for more flexible
and accurate analysis of automotive mechatronics design. However, with a few addi-
tional customer-built models, it can also be used to model and simulate electric and
hybrid vehicles.

Module boxes for necessary electrical systems and also mechanical, energy storage, and
thermal systems are created. These modules include ICEs, fuel converters, transmissions,
torque couplers, and batteries. Once these modules are made and stored in the PSIM
model library, the user can build an electric or a hybrid vehicle model. As an example, a
series hybrid configuration, shown in Figure 12.13, is modeled in PSIM [39].

Since load torque is imposed only on the propulsion motor, the ICE can be operated
at its optimal efficiency all the time regardless of the load torque. Therefore, the energy
management strategy is simple. The main design task is focused on how and where to
operate the ICE in an optimum region [39, 40].

Simulation results of the engine speed for the UDDS drive cycle are presented in
Figure 12.14.

This simulation model assumed that the power produced by the engine is equal to the
power generated by the generator and stored directly in the battery. It can be observed
that power is produced when the engine is on (Figure 12.15).
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HEV Modeling Using Simplorer and V-Elph

Simplorer is a multi-domain simulation package that can be used for system-level HEV
modeling. It has a comprehensive automotive component library, including batteries, fuel
cells, wires (conductors), fuses, lamps, electric motors, alternators, engine models, relays,
in addition to the electronics, power electronics, and controller models. Further, Sim-
plorer can be linked for co-simulation with a finite element-based electromagnetic field
simulation package, Maxwell [17]. This capability provides even greater modeling and
simulation accuracy for automotive electronics and machine design. In [41], a series
hybrid electric HMMWV is modeled in Simplorer. The vehicle model consists of an
ICE/generator, a PM DC motor, a DC–DC converter, a battery and battery management
system, PI controller, and vehicle model. The simulation facilitates the development and
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functional verification of controller and battery management. Dynamic/transient responses
of battery voltage, motor torque, and motor voltage under different drive cycles can be
simulated. Also, the vehicle’s response to the incline of road grades can be obtained to
predict overall system performance.

V-Elph [12] is a system-level MATLAB/Simulink-based modeling, simulation, and
analysis tool developed at Texas A & M University. This package uses detailed dynamic
models of electric motors, ICEs, batteries, and the vehicle. The dynamic performance and
fuel economy, energy efficiency, emissions, and so on, can be predicted for hybrid and
electric vehicles.

In addition, software packages such as Modelica [42, 43] are also used in the physics-
based modeling and simulation of hybrid and electric vehicles.

12.7 Consideration of Numerical Integration Methods

Numerical integration of differential equations or state equations is essential for perform-
ing dynamic system simulation. Therefore, discussion of numerical integration methods
is an integral part of a study focusing on modeling and simulation. There are several
varieties of numerical integration methods: backward Euler’s, trapezoidal, Simpson’s,
Runge–Kutta, Gear’s method, and so on. Among these methods, trapezoidal integration
is the most popular one in dynamic modeling and simulation due to its merits of low
distortion and absolute stability (A-stable). For example, the trapezoidal integration rule
is used in EMTP, Spice, and VTB. However, numerical oscillations are often encountered,
especially in the simulation of power electronics circuits, which are very often used in
hybrid powertrains. Specifically, the numerical values of certain variables oscillate around
the true values. In other words, only the average values of the simulated results are cor-
rect. The magnitude and frequency of these numerical oscillations are directly related to
the parameters of the energy storage elements and the simulation time step. Sometimes,
this problem is so severe that the simulation results are erroneous.
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Two techniques can be used to mitigate the problem for this kind of numerical
oscillation: the trapezoidal with numerical stabilizer method and Gear’s second-order
method. Elimination of numerical oscillations is of great significance in performing a
meaningful simulation for power electronics circuits in which switching of semiconductor
devices cause current interruptions.

12.8 Conclusion

This chapter has presented an overview of the modeling and simulation of HEV, with
specific emphasis on physics-based modeling. Methods for the mitigation of numerical
oscillations in dynamic digital simulations are briefly discussed. Additional simulation
techniques, such as bond graph modeling, provide added flexibility in HEV modeling
and simulation [44].

With the advent of powerful computing, development of computational methods, and
advances in software-in-the-loop (SIL) and HIL modeling and simulations, it is now pos-
sible to study numerous iterations of different designs with combinations of different
components and different topology configurations. HIL is becoming increasingly impor-
tant for rapid prototyping and development of control systems for new vehicles such as
X-by-Wire [45].

With the evermore stringent constraints on energy resources and environmental con-
cerns, HEVs will attract more interest from the automotive industry and the consumer.
Although the market share is still insignificant today, it can be predicted that HEVs will
gradually gain popularity in the market due to their superior fuel economy and vehicle
performance. Modeling and simulation will play important roles in the success of HEV
design and development.
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13
HEV Component Sizing and
Design Optimization

13.1 Introduction

One key research and development topic for hybrid electric vehicles (HEVs) is an inno-
vative hybrid powertrain, whose parameters must be tuned for desired performance of
the hybrid vehicle [1]. A hybrid powertrain comprises electric motors, power electronics
converters, energy storage devices such as batteries and ultracapacitors, and sophisticated
controllers in addition to such classical components as internal combustion engines (ICEs),
transmissions, clutch, drive shafts, differentials, and so on. Therefore, a hybrid power-
train is much more complicated than a conventional powertrain. The component sizing
and system prototyping of a hybrid powertrain is difficult because of the many design
options and the rapidly developing technologies in the automotive industries [2]. The cost
and performance of the designed hybrid powertrain are determined by the chosen config-
uration and hundreds of design variables and parameters. A parametric design method can
be used to determine hybrid vehicle component sizes. Example design variables include
the power ratings of the fuel converter (ICE), motor controller, number of battery cells,
the final drive ratio, and control strategy parameters. The parametric design can yield a
hybrid vehicle with better performance than the baseline vehicle. The overall design is
unlikely to be optimal, but can be used as a rough design for further optimization so as
to maximize fuel economy and minimize emissions, weight, and cost. At the same time,
vehicle performance requirements must be satisfied [3, 4].

There are a variety of optimization algorithms available for HEV design. They can
be categorized in different ways: for example, the local optimization algorithm versus
the global optimization algorithm; the deterministic optimization algorithm versus the
stochastic optimization algorithm; or the gradient-based algorithm versus the derivative-
free algorithm. A good selection of optimization algorithms for the application of hybrid
powertrain design is not very obvious. In this chapter, four optimization algorithms are
thoroughly discussed. Design optimization examples are given for a parallel HEV and a
series HEV. Since an analytical expression for the objective function does not exist, a
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vehicle simulation model is used for function evaluations. PSAT (Powertrain System Anal-
ysis Toolkit) and ADVISOR are chosen as HEV modeling tools for the optimization study.

This chapter explores the feasibility of different global optimization algorithms by com-
paring their performance and accuracy. The chapter is organized as follows. Section 13.2
reviews the principles and procedures of four global optimization algorithms. Section 13.3
presents the methodology of the model-in-the-loop design process used for this study. In
Section 13.4, the constrained HEV design optimization problem is set up; the results are
presented with the associated comparison. Section 13.5 presents another design example
of a series HEV using the non-dominated sorting genetic algorithm (NSGA). Finally,
conclusions are given in Section 13.6.

13.2 Global Optimization Algorithms for HEV Design∗

For HEV design, the performance and design objectives, such as fuel economy, can be
evaluated from a vehicle model and computer simulation. The value is also called the
response function, which is typically multimodal (involving many local minima), and
sometimes noisy and discontinuous [3]. Gradient-based algorithms such as sequential
quadratic programming (SQP) [5] use the derivative information to find the local minima.
The major disadvantage of local optimization algorithms is that they do not search the
entire design space and cannot find the global minimum. Derivative-free algorithms such
as divided rectangles (DIRECT) [6, 7], simulated annealing (SA) [8], genetic algorithm
(GA) [9], and particle swarm optimization (PSO) [10, 11] do not rely on the derivatives
and can therefore work exceptionally well when the objective function is noisy and dis-
continuous. Derivative-free methods are often the best global algorithms because they
must often sample a large portion of the design space to be successful. A comparison of
the gradient-based and derivative-free algorithms for the optimization of a HEV is given
in [3, 12]. Note here that even though DIRECT, SA, GA, and PSO algorithms search the
design space globally, the main difference is that DIRECT is a deterministic algorithm,
whereas SA, GA, and PSO are stochastic algorithms.

13.2.1 DIRECT

DIRECT is a sampling algorithm, developed by Donald R. Jones [6]. This global opti-
mization algorithm is a modification of the standard Lipschitz approach that eliminates
the need to specify the Lipschitz constant [7]. This constant is a weighing parameter,
which determines the different emphasis on the global or local search [7]. The use of the
Lipschitz constant is eliminated in [6] by searching all possible values for it, thus putting
a balanced emphasis on both the global and local search.

A brief introduction to the DIRECT algorithm is presented here. A detailed explanation
of it can be found in [6]. DIRECT is a modification of a one-dimensional Lipschitz
algorithm by Shubert [13] and extension to multidimensional problems. The approach
proposed by Shubert is given as follows.

A function f (x ) defined in the closed interval [l , u] is said to have a lower bound such
that there exists a positive Lipschitz constant K that satisfies the following condition:∣∣f (x) − f

(
x′)∣∣ ≤ K

∣∣x − x′∣∣ for all x, x′ ∈ [a, b] (13.1)

∗  [2005] IEEE. Reprinted, with permission.
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−K +K

ba X(a, b, f , K )

fmin(a, b, f, K )

f (x)

Figure 13.1 Lower bound of a function f (x) using the Lipschitz constant

From Equation 13.1, the change in the value of function f (x ) should be less than the
change between x and x ′ multiplied by a constant K . Further, let us substitute a or b for
x ′ in Equation 13.1; then the following inequality constraints are obtained for f (x ):

f (x) ≤ f (a) + K(x − a) (13.2)

f (x) ≤ f (b) − K(x − b) (13.3)

These two equations correspond to two lines with slopes −K and +K as shown in
Figure 13.1. These two lines form a V shape and the smallest value that f (x) can
possibly be is at the bottom of the V shape; that is, X (a, b, f, K). So, fmin (a, b, f, K)

corresponds to the lower bound of f (x):

X (a, b, f, K) = (a + b) /2 + [f (a) − f (b)
]
/2K (13.4)

fmin (a, b, f, K) = [f (a) + f (b)
]
/2 − K (b − a) (13.5)

where f (a) and f (b) are the function values of f at a and b.
This minimum point is taken as x1, which is used to divide the search space into two

intervals. Then one of the two intervals with the least function value fmin is selected
for further division. This division is continued until some pre-specified tolerance of the
final solution is met. Equation 13.5 explains the local and global search of the algorithm.
The first term leads to the local search and the second term leads to the global search.
The relative weight between the local and global search is determined by the Lipschitz
constant. The larger the value of K , the higher the emphasis on the global search.

However, the Lipschitz approach followed by Shubert has the following two main
disadvantages:

1. The need to specify the correct value of the Lipschitz constant K .
2. The need for 2n function evaluations for n-dimensional design space.

These problems are fixed in the DIRECT algorithm, in which the sampling is done
at the center point of the interval rather than at the endpoints to reduce the number of
function evaluations [6]. The balance between the local and global search in the DIRECT
algorithm is achieved by selecting the optimal intervals (optimal rectangles) assuming
all possible values for the Lipschitz constant. For example, assume that Figure 13.1 is
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f (c)

Center – vertex distance (d )

Potentially optimal

Not considered

fmin

Figure 13.2 Rectangle selection using all possible K

divided into 10 intervals so that 10 center points are obtained. The function values at
the center points of the intervals are evaluated. A plot showing these 10 points with
the width of the interval on the x axis and the corresponding function value is given
in Figure 13.2. If a line with a slope given by the Lipschitz constant K is drawn from
a point, then the y intercept is the local bound for the function. Instead of fixing one
value of K , various possible values of K are taken. This gives the lowest lower bound
intervals represented by the lower convex hull of points shown in Figure 13.2. The same
procedure will be followed to select the optimal rectangles in the DIRECT algorithm for
the n-dimensional problem.

The DIRECT algorithm is based on the above theoretical background, and is basically a
sampling algorithm. At the beginning of the algorithm, the n-dimensional design space box
is scaled to an n-dimensional unit hypercube. To initiate the search, the design objective
function is evaluated at the center point of the hypercube. DIRECT then trisects this
hyperrectangle and samples the center points of the two resulting hyperrectangles. From
here, DIRECT selects the optimal hyperrectangles using various values of the Lipschitz
constant and trisects them. An example selection of the optimal hyperrectangles is shown
by the lower convex hull of dots in Figure 13.2. The selection of optimal hyperrectangles
selects the larger rectangles (global search) as well as smaller rectangles (local search).
This division process continues until pre-specified function evaluations are reached or
convergence is achieved. The division of rectangles in the first three iterations of a two-
dimensional problem is illustrated in Figure 13.3. In this figure, d denotes the distance
between center and vertex and each center point is labeled with a numeral for the sake
of explanation.

In the first iteration, the unit hypercube is trisected into three rectangles. The objec-
tive function value is evaluated at the center points of the three resulting rectangles.
The objective function values are plotted versus the center–vertex distance as shown in
Figure 13.4a. Then the rectangle with the least objective value in each column of dots
is selected as the optimal rectangle. In the first iteration, there is only one column of
dots; therefore rectangle 1 is selected as the optimal rectangle and trisected in the second
iteration. Similarly, in the second iteration, rectangle 4 and rectangle 2 have the least
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Figure 13.4 Selection of optimal rectangles in each iteration

objective function values as shown in Figure 13.4b. These two rectangles are selected as
optimal rectangles and further trisected in the third iteration. This process is continued
until the maximum number of function evaluations is exhausted.

The inequality constraints are handled by an auxiliary function given in [6] that com-
bines the information of the objective and constraint functions. The auxiliary equation is
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Figure 13.5 Flow chart showing the DIRECT algorithm

given in Equation 13.6 and is a weighed sum of the violated constraints and the deviation
of the objective function value from a projected global minimum:

max
(
fr − f ∗, 0

)+
m∑

j=1

cj max
(
grj, 0

)
(13.6)

In this equation, fr is the objective function value at the center point of the rectangle r ,
f ∗ is the assumed global minimum, m is the number of inequality constraints, cj are the
positive weighing coefficients, and grj is the constraint violation of the j th constraint at
the mid-point of rectangle r .

A flow chart explaining the DIRECT algorithm is shown in Figure 13.5.
Initially, DIRECT converts the n-dimensional design space into an n-dimensional unit

hypercube. It samples and evaluates at the center point of this rectangle. This function
value is assigned to a variable fmin which holds the minimum function objective value.
Then a set of optimal rectangles is selected assuming various possible values for the
Lipschitz constant. These rectangles form the lower convex hull of dots as shown in
Figure 13.4. However, in the first iteration, the only present rectangle is selected as the
optimal rectangle. Each rectangle in the optimal rectangle set is trisected to give two more
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rectangles (left and right rectangles). The objective function is evaluated at the center
points of the left and right rectangles and fmin is updated if there is an improvement in
the objective function. The whole process is continued until a pre-specified number of
function evaluations is reached.

13.2.2 Simulated Annealing

SA belongs to the class of stochastic hill-climbing algorithms, which means that they
follow a random path in every searching process for the global optimum. SA has been
presented by a large number of authors but Kirkpatrick et al. in 1983 [8] started using
it in various combinatorial problems. SA is based on the Metropolis et al. Monte Carlo
simulation proposed in [14].

13.2.2.1 Algorithm Description

The SA algorithm is analogous to the physical annealing process occurring in metals
and function minimization. This analogy is explained briefly here. When metals are at
high temperatures, the atoms in the lattice structure can move relatively freely in the
higher energy states due to heating, but as the temperature is decreased slowly, the atoms
can move freely enough and begin adopting the most stable orientation by taking the
lowest possible energy state. If the temperature is decreased rapidly, the atoms become
frozen at a high energy state. Attaining the lowest possible state can be thought of as
reaching a global minimum in the optimization process. The temperature is decreased
slowly (cooling) so that the design will find the global minimum (lowest energy state).
At the beginning of the algorithm, the objective function value is evaluated at a random
feasible design point. From this design point, a new, random, design point is selected
and the objective function value and feasibility of the new design point are evaluated. If
the new neighbor is better than the previous one, then the new point is accepted as the
optimal point; otherwise, acceptance or rejection of the new design point depends on the
Metropolis et al. probability criterion

P (f, T ) = e−[(fnew−fcurrent)/T ] (13.7)

From this equation, it can be seen that the new point is more likely to be accepted if
the new design point function value is close to the current design point function value.
Also, the probability of accepting a design point is higher when the temperature is high.
Note here that a new design point might be accepted even when it is not as good as (i.e.,
the function value at the new point is higher) the current design point. However, this
feature will help the method avoid becoming trapped in a local minimum. So, initially,
when the temperature is high, the algorithm does a global search where even the worse
design points are more likely to be accepted, and then switches to a local search when the
temperature is decreased, where worse design points are less likely to be selected. Thus,
switching from the global search to local search depends on the value of the temperature;
this is called gradual cooling – to gradually reduce the probability of accepting a neighbor
design point with worse performance. Another parameter that is responsible for switching
from the global to local search is the maximum step size. This variable is reduced as
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the algorithm progresses, forcing it to search more locally. If either the specified number
of temperature reduction cycles or the predetermined number of function evaluations is
exceeded, then the algorithm will stop.

13.2.2.2 Tunable Parameters

SA has many parameters that need to be tuned to improve the efficiency of the algorithm.
So, particular attention should be given to these parameters. The parameters used in this
algorithm are described below:

• num_steps: The number of steps before reducing the temperature and maximum
step size.

• T 0_init : The initial temperature.
• V 0_init : The initial step size (maximum).
• temp_red : The temperature reduction factor. The temperature for the next cycle is

reduced by this factor.
• V 0_red : This factor is multiplied by the initial step size to get the step size for the

next design point.

13.2.2.3 Flow Chart

A flow chart showing the core of SA is given in Figure 13.6.
SA starts by initializing a temperature t . Next, a random design point xn is selected

such that it satisfies all the constraints and all the design variables are within the bounds
(i.e., a feasible point). This point is passed as the current point to the algorithm core. SA
is carried out in two loops. The outer loop defines the number of function evaluations that
the algorithm must run before terminating. This parameter is defined by the max_funevals
parameter. The inner loop defines the number of steps after which the temperature and the
step size for xn to jump to xn+1 are reduced. This parameter is defined by the num_steps
parameter. As discussed above, this parameter is responsible for switching from the global
to local search. As shown in the flow chart, the feasible point found initially is made the
current point xn. Then, it makes a random step to xn+1 and the objective function value
and the constraints are calculated in the next step. The current step size is used in finding
the new design point. In the next step, the function value and the constraints at this design
point are evaluated. Then the new design point is compared to the old design point to see
whether it is better or not. This comparison is done by a penalty method. The following
quadratic penalty function is used:

Penalty(xi) = f (xi) +
n∑

j=1

{
f (xi)

[
max

(
0, gj (xi)

)
boundingvaluej

]}2

(13.8)

where gj indicates the design constraint and n is the total number of design constraints.
This function gives a higher penalty value to the design points which violate the design
constraints more. So, if the penalty value of the current point xn+1 is less than the penalty
for the design point xn then it is accepted and tested if it is better than the current
optimum. If it is better, then it is assigned as the current optimum and this point is fed
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Figure 13.6 Flow chart showing the simulated annealing algorithm

back to generate a new design point. If the penalty of the current point xn+1 is more
than the penalty for the design point xn then the decision of its acceptance is taken using
the Metropolis criterion given in Equation 13.7. If the current point is accepted then a
new design point is generated based on the design point xn+1. If it is not accepted then
temp_step is increase by 1 and then a new design point is generated from the previous
design point xn.

13.2.3 Genetic Algorithms

GAs [9] are based on evolutionary processes and Darwin’s concept of natural selection.
In this selection, only the fittest populations survive and are allowed to produce offspring
while the bad populations are weeded out. During the process, several natural processes
like crossover, mutation, and natural selection are used to select the best fit population. The
same concept is extended to mathematical optimization problems where only good design
points are selected while bad design points are neglected. In this context, the objective
function is usually referred to as a fitness function, and the process of “survival of the
fittest” implies a maximization procedure. The design constraints can be incorporated as
penalties in the fitness function.
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Figure 13.7 Flow chart showing the genetic algorithm

13.2.3.1 Flow Chart

The flow chart for the GA is given in Figure 13.7. The GA begins by randomly generating
or seeding an initial population of candidate solutions (design points). Starting with the
initial random population, the GA then applies a sequence of operations like the design
crossover where two individuals (parents) from the initial population are selected randomly
and reproduced to get two new individuals (children), and mutation where one individual
from the initial population is slightly changed to get a new individual. If the newly
generated individuals created by the crossover and the mutation operators are better than
the parents used, then the parents are replaced by the newly created individuals. Again, at
the end, the worst design points are weeded out from the population in order to improve
the fitness function. The entire process can be termed as one generation and continued for
multiple generations or until the maximum number of function evaluations is exhausted
in order to further improve the fitness function.
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13.2.3.2 Operators and Selection Method

There are numerous operators for the GA. The arithmetic crossover operator is described
as follows. Two parents reproduce to generate two new individuals (children). The parent
individuals are selected randomly. The newly generated individuals can be represented as
a linear combination of the parents as follows:

Xind1 = r.Xpar1 + (1 − r) .Xpar2

Xind2 = (1 − r) .Xpar1 + r.Xpar2

(13.9)

In Equation 13.9, Xind1, Xind2 represent the two newly created individuals, Xpar1, Xpar2

represent the parents, and r represents a random variable between 0 and 1.
In mutation, a parent is selected and is altered to get a new individual.
A selection method is needed to choose the best fit individuals. A normalized geometric

selection method, which is a ranking-type method, is used as the selection method. The
ranking method was chosen because of the presence of negative fitness. With this selection
method, a probability is assigned to each individual of the population given by Equation
13.10, where q denotes the probability of choosing the best design, r denotes rank of the
individual, and P denotes the population size:

Each individual probability = q

1 − (1 − q)P
(1 − q)r−1 (13.10)

13.2.3.3 Tunable Parameters

Like SA, the GA has many parameters that need to be tuned for a better performance,
although the GA has fewer tunable parameters compared to SA. The tunable parameters
and their description are given below:

• Pop_size: The number of individuals in a generation.
• xoverFNs: The number of times the crossover operation is to be done.
• mutFNs: The number of times the mutation operation is to be done.

13.2.4 Particle Swarm Optimization

PSO was developed by Kennedy and Eberhart and belongs to evolution-based stochastic
global optimization techniques [10, 11]. The idea of PSO came from the swarm intel-
ligence found in many natural systems with group behavior. Such systems are typically
made up of a population (swarm) of simple agents or particles interacting locally with
their neighbors and with their group organization. Ant colonies, bird flocks, and animal
herds are a few of the examples of such natural systems. In these systems, the agents
interact locally and this can result in a global behavior. For example, individuals can
change position or velocity locally and a global behavior pattern can be observed. The
underlying principle is used to develop a technique to find global maxima in optimiza-
tion problems.
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13.2.4.1 Algorithm Description

Just like the GA, PSO is a population-based search procedure. At the beginning, random
solutions called particles are initialized in the multidimensional design space. In a PSO
system, each particle flies in the multidimensional design space seeking the global maxi-
mum. Each particle in the PSO is defined by a point in the design space called position and
its flight speed is called velocity. Also, each particle is aware of its best position reached
so far (pbest) and the best position of the group so far (gbest). During flight, each particle
adjusts its position according to its own experience (pbest value), and also according to
the experience of its neighboring particles (gbest value). The position is modified using
the concept of velocity. The velocity of each particle is updated as follows:

vn+1
i = kvn

i + α1rand1
(
pbesti − pn

i

)+ α2rand2
(
gbest − pn

i

)
(13.11)

where vn+1
i is the velocity of particle i at iteration n + 1, k is the weighing function, α1

and α2 are the weighing factors, rand1 and rand2 are two random numbers between 0
and 1, pn

i is the position of particle i at iteration n, pbesti is the best position of particle
i, and gbest is the best position of the group (best of all pbests). For the study example in
section 13.4, k = 0.6 and α1 =α2 = 1.7 are taken for better convergence [11]. Similarly,
the position is updated as follows:

pn+1
i = pn

i + vn+1
i (13.12)

The velocity and position updating for particle i is illustrated in Figure 13.8. Note that
this figure represents a two-dimensional problem.

From Figure 13.8, it can be seen that the position of the particle is adjusting itself
toward the gbest position. This is because the velocity has changed its direction toward
the pbest and gbest values.

The constraints in PSO are treated the same way as in SA and the GA. A penalty is
assigned to each design point using Equation 13.8. The penalty is used to update pbest
and gbest for each particle. For a particle i, the pbest value is updated if the penalty

x

y

pn

vn vn+1

pn+1

vgbest

vpbest pbest

gbest

Figure 13.8 Velocity and position updating in particle swarm optimization
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Figure 13.9 Flow chart of particle swarm optimization

of the particle is less than the previous best penalty. The same is done when gbest is
updated. This makes sure that the objective function is maximized.

13.2.4.2 Flow Chart

The flow chart representing the PSO algorithm is shown in Figure 13.9. The algorithm
starts by initializing a population (particles) of random design points. In the case of PSO,
the random solutions are normalized for a better performance. The population size (n)
is defined by the user. The random design points are evaluated to give the next step.
Initially, the best position values (pbest) and the best objective values (pbestval) of each
particle are assigned to starting position values (pos) and the best starting values (out).

The best value of all the particles (gbestval) is the least value of all the pbest. The
variable gbestval holds the current best global maximum of the objective function. Next,
a while loop is run for a specified number of function evaluations. The while loop updates
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the pbest and pbestval values if there is any improvement in the current pbestval value. It
also updates gbestval if there is an improvement. The updated pbest and gbest are used in
determining the new velocity (vel) and position (pos). The function evaluations (fevals)
are incremented by the population size every iteration.

13.2.5 Advantages/Disadvantages of Different Optimization Algorithms

In the following, the advantages and disadvantages of the above four different optimization
algorithms are discussed.

13.2.5.1 DIRECT

DIRECT has no tuning parameters in order to get good algorithmic performance. Also, the
user is not required to specify the starting point since DIRECT starts at the center point
of the design space as its initial point. Therefore, it eliminates the problem of choosing
a good starting point. Note here that the local optimizers require a good initial point to
reach the optimum value. Another advantage is that DIRECT covers the entire design
space, avoiding any chance of missing the global optimum.

DIRECT can converge to a global optimal region after fewer function evaluations, but
in order to actually reach the global optimum point more function evaluations are often
required. The algorithm can be implemented for paralleling computing.

13.2.5.2 SA

The main advantage of SA is that it is a very efficient algorithm for finding global
minima. It accepts some worse points during the process in the expectation of finding
global minima.

The disadvantage of SA is the tuning parameters discussed above. The right set of
parameters is needed to improve the efficiency of the algorithm. This tuning in turn
becomes an optimization problem. Similar to DIRECT, SA is efficient in finding the
region of global minima, but in order to reach the true global minima more function
evaluations are often required.

13.2.5.3 GA

The initial population generated primarily determines a good starting point for the GA.
So, it can be seeded by some good design points to improve its efficiency. According to
the nature of the design problem, different types of selection method and operators for
crossover and mutation can be chosen in using GA.

The major disadvantage is the tuning of the parameters. Also, the initial population is
randomly chosen. This random initial population may not cover the entire design space
uniformly. It was observed that most of the design points generated by the crossover and
mutation operators were not able to meet the constraints (infeasible points) because the
operators have no knowledge of the constraints. This resulted in many infeasible points.
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This was the reason why the algorithm had difficulty in improving the best objective
function value found in the initial random population.

13.2.5.4 PSO

The major advantage of the PSO algorithm is that fewer parameters need to be adjusted
compared to SA and the GA. The constants for updating velocity are very critical in
obtaining better performance. Many sets of constants are available and suitable for spe-
cific problems. Moreover, no natural operators such as crossover, mutation, and selection
are needed in PSO. Also, PSO is easier to understand with simpler equations. The dis-
advantage lies in the selection of the constants in updating the velocity. If inappropriate
constants are chosen then the problem may not converge to the optimum.

13.3 Model-in-the-Loop Design Optimization Process

The approach for HEV design optimization is typically a model-in-the-loop design opti-
mization process, as illustrated in Figure 13.10. In the middle of the diagram, the vehicle
is modeled in a simulation tool such as PSAT [15], ADVISOR [16], or VTB [17], and this
model is embedded in a computational loop. Initially, the vehicle model is simulated using
the initial values of the design variables, and we get the numerical values of the objective
function, in this case the composite fuel economy measured in mpgge (miles per gallon
gasoline equivalent). At the same time, the constraint functions, in this case the vehicle
performance, are evaluated. Then these simulated results are fed back to the optimization
algorithm, which generates a new set of values for the design variables. Subsequently,
the vehicle model is simulated again to get the values for the objective function and the
constraint functions. The simulation results are fed back to the optimization algorithm
again to generate yet another new set of design variables. This iteration process goes on
and on until some stopping criteria are reached for the optimization process. Note that
the design variables are restricted within their bounds during this process.

For illustration purposes, in this chapter PSAT is used as the modeling and simula-
tion tool. PSAT was developed by Argonne National Laboratory, sponsored by the US
Department of Energy (DOE) [15]. It can help a vehicle designer to size components
and develop a realistic hybrid powertrain and its control system. PSAT can accurately
simulate vehicle performance, fuel economy, and emissions. In using PSAT, we mainly

Optimization
Algorithms

PSAT
ADVISOR

VTB
(MODEL)

Design
Parameters

Evaluate objective
(mpgge)

Evaluate
Design Constraints

(System performance)

Figure 13.10 Model-in-the-loop design optimization process
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Figure 13.11 Configuration of the selected parallel HEV in PSAT [15]

need to select powertrain topology, define components sizes, and construct the control
strategy. Note that the component sizing is automated by the model-in-the-loop process.

13.4 Parallel HEV Design Optimization Example∗

As an application example, PSAT is used to optimize a parallel HEV for maximum fuel
economy on a composite driving cycle. Four global algorithms, DIRECT, SA, GA, and
PSO, are used in the model-based design optimization. The main focus of the example is
to show the comparison of different optimization algorithms for optimal vehicle design
rather than the result. The vehicle model “gui_par_midsize_cavalier_ISG_in” (available
in the PSAT model library) has been chosen for this optimization study. This vehicle
is a two-wheel-drive starter–alternator parallel configuration with manual transmission.
The basic configuration of the parallel HEV used for the simulation study is illustrated
in Figure 13.11 and the main components of the HEV are listed in Table 13.1.

The objective is to maximize the composite fuel economy, which is computed based on
city fuel economy and highway fuel economy. For example, composite fuel economy can

Table 13.1 Parallel HEV components

Component Description

Fuel converter 84 kW and 2.2 l Cavalier gasoline engine
Motor ECOSTAR motor model with continuous power of 33 kW and peak power of

66 kW
Battery Panasonic NiMH battery with a capacity of 6.5 Ah and 240 cells
Transmission Four-speed manual gearbox with final drive ratio 3.63
Control strategy Default propelling, shifting, and braking strategies

∗  [2007] Inderscience. Reprinted, with permission, from the International Journal of Electric and Hybrid Vehicles.
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Figure 13.12 The FTP-75 drive cycles

be computed as the weighted average of the state of charge (SOC) balanced fuel economy
values during the city drive cycle and highway drive cycle, as given below [18]:

Composite fuel economy = 1
0.55

City_FE
+ 0.45

Hwy_FE

where City_FE and Hwy_FE denote the city and highway fuel economy values,
respectively.

The driving cycles selected are Federal Test Procedure city driving cycle FTP-75 and
Highway Fuel Economy Test drive cycle HWFET. The two drive cycles are shown in
Figures 13.12 and 13.13, respectively.

The design problem’s constraints come from the following required vehicle
performance:

• Acceleration time 0–60 mph (0–96 km/h) ≤ 18.1 seconds
• Acceleration time 40–60 mph (64–96 km/h) ≤ 7 seconds
• Acceleration time 0–85 mph (0–136 km/h) ≤ 35.1 seconds
• Maximum acceleration ≥ 3.583 m/s2.

Table 13.2 shows the six design variables used in this study. The first two define the
power ratings of the fuel converter (the engine) and motor controller. The third, fourth,
and fifth variables define the number of battery modules, minimum battery SOC allowed,
and maximum battery SOC allowed. Note that the SOC values are part of the control
strategy parameters. Although they are not related to component sizing, they have a direct
impact on fuel economy of a HEV design. The sixth design variable defines final drive
ratio. Each design variable is also restricted within a lower and an upper bound.

The problem now becomes quite challenging since this is a constrained multi-variable
optimization problem.
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Figure 13.13 The HWFET drive cycles

Table 13.2 Upper and lower bounds of design variables

Design variable Description Lower bound Upper bound

eng.scale.pwr_max_des Fuel converter power rating 40 kW 100 kW
mc.scale.pwr_max_des Motor controller power rating 10 kW 80 kW
ess.init.num_module Battery number of cells 150 350
ess.init.soc_min Minimum SOC allowed 0.2 0.4
ess.init.soc_max Maximum SOC allowed 0.6 0.9
fd.init.ratio Final drive ratio 2 4

Table 13.3 Initial design variable values

Design variable Initial value

eng.pwr_max_des 86 kW
mc.pwr_max_des 65.9 kW
ess.init.num_module 240
ess.init.soc_min 0
ess.init.soc_max 1
fd.init.ratio 3.63

First, the default vehicle is simulated in PSAT. The design variables and their ini-
tial values are listed in Table 13.3. The fuel economy was observed to be 35.1 MPG
(6.7 l /100 km) as given in Table 13.4 under the first column.

Second, the optimization algorithms, DIRECT, SA, GA, and PSO, are looped with the
PSAT Vehicle Simulator and the optimization is carried out. For this step, the same default
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Table 13.4 Comparison of fuel economy

Fuel economy

Before After optimization

optimization DIRECT SA GA PSO

35.1 MPG 39.64 MPG 40.37 MPG 37.6 MPG 37.1 MPG

Table 13.5 Final design variable values

Design Initial Final value

variable value DIRECT SA GA PSO

eng.pwr_max_des (kW) 86 83.1 82.4 95.5 87.1
mc.pwr_max_des (kW) 65.9 20.2 21.9 24.2 14.8
ess.init.num_module 240 245 311 300 238
ess.init.soc_min 0 0.25 0.22 0.34 0.26
ess.init.soc_max 1 0.84 0.78 0.89 0.78
fd.init.ratio 3.63 3.9 4.0 3.49 3.42

vehicle configuration given in Figure 13.12 and Table 13.1 is taken and the bounds for the
design variables are taken as given in Table 13.2. The four algorithms are allowed to run
for 400 function evaluations. Using the same number of function evaluations will allow
us to compare the performance of the different optimization algorithms. A comparison of
the fuel economy before and after the optimization is given in Table 13.4. A significant
improvement in the fuel economy is seen due to optimization (to a less extent in the
case of PSO and the GA, though). Of all the four algorithms, SA performs well with an
approximate improvement of 5 MPG.

Table 13.5 shows the final values of the six design variables after optimization. Note
that the rating of the electric motor is greatly reduced, implying that downsizing of the
electric motor has been achieved. On the other hand, the engine is downsized to a lesser
extent in the DIRECT and SA cases, while upsized in the GA and PSO cases. Given the
vehicle performance constraints, the tradeoff of engine downsizing and motor downsizing
can be realized by adjusting the lower and upper bounds of the design variables.

Table 13.6 shows the performance results of the hybrid powertrain after optimization.
Essentially, all the optimization algorithms resulted in improved vehicle performance.

The vehicle mass changes as the design variables change because the mass of the
vehicle depends directly on some design variables. In particular, of the chosen six design
variables, three design variables (power ratings of engine and motor, and energy modules)
affect the vehicle mass. The vehicle mass before and after the optimization is given in
Table 13.7. The vehicle mass decreased for the DIRECT and SA cases and increased
slightly in the case of the GA and PSO.

Figure 13.14 shows how the objective function (fuel economy) value improves versus
the design iteration number. The cross curve is for the SA case; the circle curve is for the
DIRECT case; the star curve is for the GA case; and the square curve is for the PSO case.
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Table 13.6 Comparison of the HEV performance

Constraint Constraint Before After optimization

value optimization DIRECT SA GA PSO

0–60 mph ≤18.1 s 18.1 s 15.5 s 10.8 s 11.9 s 11.1 s
40–60 mph ≤7 s 7 s 6.8 s 5 s 4.4 s 4.9 s
0–85 mph ≤35.1 s 35.1 s 30.6 s 20.7 s 21.2 s 20 s
Maximum
acceleration

≥3.583 m/s2 3.583 m/s2 3.97 m/s2 4.07 m/s2 3.94 m/s2 3.99 m/s2

Table 13.7 Mass of HEV before and after optimization

Mass of the vehicle (kg)

Before After optimization

optimization DIRECT SA GA PSO

1683 1635 1656 1694 1690
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Figure 13.14 Performance comparison of DIRECT, SA, GA, and PSO

We can see that fuel economy improvement with the SA and DIRECT algorithms is very
close until about 125 function evaluations, after which SA leaped ahead of DIRECT. The
GA is slow to catch SA and DIRECT initially because it takes some function evaluations
to generate the initial populations. After about 50 function evaluations, the GA did not find
any good design point to get further improvement in the fuel economy. The performance
of PSO is similar to that of the GA. Overall, SA performed the best for this particular
design optimization problem.
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13.5 Series HEV Design Optimization Example∗

In this section, NSGA-II is applied for design optimization of a series HEV [19, 20].
NSGA-II is one of the most efficient evolutionary algorithms. Three different operators
(crowded tournament selection, simulated binary crossover, and polynomial mutation)
are applied to the population to yield a better population at each iteration. The main
task of a selection operator is to emphasize good solutions of the population by making
multiple copies of them to replace bad solutions of the population. The task of a
crossover operator is to exchange partial information between two or more reproduced
solutions and to create new offspring solutions. The task of a mutation operator is to
locally perturb the offspring solutions. Successive applications of such iterations have
been demonstrated to converge close to the true optimal solution of the problem both
theoretically and computationally [21, 22].

Figure 13.15 illustrates the major computational steps in NSGA-II. The parent popu-
lation Pt is first initialized based on the range and constraints of the design variables.
Through crowded tournament selection, simulated binary crossover, and polynomial muta-
tion, the offspring population Qt is generated. Then the parent population Pt and the
offspring population Qt are combined together to form Rt of size 2N . After that, a non-
dominated sorting procedure is applied to classify the entire population Rt into a number
of hierarchical non-dominated fronts. Once the non-dominated sorting is completed, the
crowding distance of each solution is also calculated. The new parent population Pt+1

of size N is derived from Rt of size 2N through the following calculation [19, 20]. The
calculation starts with the best non-dominated front and continues with the solutions of
the second non-dominated front, and so on. When the last allowed front is being consid-
ered and there are more solutions in the last front than the remaining slots in the new
population, the crowding distance has to be considered to choose the members of the last
front, which reside in the least crowed region in the front. The iteration of generating
new populations repeats until some terminating conditions are met. As the generation
progresses, the solutions in the new populations are optimized.

13.5.1 Control Framework of a series HEV Powertrain

A typical powertrain configuration of a series HEV is shown in Figure 13.16. The vehicle
is propelled by a traction motor. The traction motor is powered by a battery pack and/or
an engine/generator unit. The engine/generator unit either helps the batteries to power
the traction motor when load power demand is high, or charges the batteries when load
demand is low. The electric motor can also be used as a generator to charge batteries by
regenerative braking. The motor controller is to control the traction motor to produce the
power required by the vehicle.

The series thermostat control strategy uses the generator and engine to generate electrical
energy for use by the vehicle. The powertrain control strategy is described as follows [23]:

• To maintain charge in the battery, the engine turns on when the SOC reaches the
low limit.

• The engine turns off when the SOC reaches the high limit.
• The engine operates at the most efficient speed and torque level.

∗  [2009] IEEE. Reprinted, with permission, from IEEE VPPC Conference.
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Non-dominated sorting and calculate
crowding distance of each solution
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Pt of size N
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Resize Rt from the size of 2N to N

Crossover and mutation
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A set of solutions
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Figure 13.15 Computational steps in NSGA-II
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Figure 13.16 Powertrain configurations of series HEV

Table 13.8 Vehicle parameters

Gross mass (kg) Full load mass (kg) Wheelbase (m)

1373 1659 2.6
Windward area (m2) Rolling coefficient Aerodynamic coefficient
2.0 0.015 0.335
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Table 13.9 Series HEV main components

Component Description

Fuel converter Geo 1.0 l SI 41 kW
Motor 75 kW Westinghouse AC induction motor
Battery Hawker Genesis 12 V, 26 Ah, 10EP sealed

valve-regulated lead acid (VRLA) battery
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Figure 13.17 Combined UDDS and HWFET drive cycle

The major vehicle parameters and main components of the series HEV are given in
Tables 13.8 and 13.9.

13.5.2 Series HEV Parameter Optimization

ADVISOR is used to evaluate the vehicle performance. ADVISOR is a vehicle simulation
package developed on the MATLAB/Simulink software platform, which adopts forward
and backward modeling methods. Figure 13.17 shows the test drive cycle used in our
simulation. The test drive cycle is composed of city driving represented by UDDS and
highway driving represented by HWFET. Table 13.10 shows that the optimization is
initially limited to eight design variables, three component parameters, and five control
strategy parameters. The initial default values and the boundaries of design parameters
are also given in the table.

www.FreeEngineeringbooksPdf.com



408 Hybrid Electric Vehicles

Before optimization, the vehicle model has the following dynamic performances:

• 0–60 mph: 10.5 seconds
• 40–60 mph: 5.6 seconds
• 0–85 mph: 24.6 seconds
• Gradability: 6.8% grade at 55 mph (88 km/h).

Since the dynamic performance must be kept during optimization, the above perfor-
mances are imposed constraints in the optimization process. At the same time, in order to
eliminate the influence of initial battery energy on the fuel consumption and emissions,
the SOC correction has to be selected, so the initial and final SOC can be set at almost
the same level and the delta SOC tolerance is within [–0.5%, +0.5%]. We can consider
that the entire output energy for the cycle is from the engine alone.

For each solution in a population, which contains eight design variables, the algorithm
calls ADVISOR to run a simulation using these parameters specified for the test drive cycle
to obtain the fuel consumption and emission data. The optimization algorithm calculates
the fitness value for each solution, and then generates a new set of solutions by the
crossover and mutation operations. The non-dominated sorting algorithm is applied to
the newly generated solutions to select the next population. This iteration process repeats
until the terminating condition (such as the maximum number of generations) is satisfied.

13.5.3 Optimization Results

The NSGA-II algorithm shown in Figure 13.15 is implemented in ADVISOR. The ini-
tial population is 40 randomly selected individuals of the design parameters given in
Table 13.10 from the solution space. The terminating condition is set to 80 generations.
For each individual, the drive cycle simulation for the evaluation including the objec-
tive function and constraints takes an average of about 1 minute on a 3.4 GHz Pentium
computer, and takes about four days for the whole program to run. Figure 13.18 shows the
fuel consumption and emission data generated by the 40 solutions after 80 generations of

Table 13.10 Design variables

Design variable Description Default value Lower bound Upper bound

eng_pwr Engine power 41 kW 25 kW 53 kW
mc_pwr Motor power 75 kW 38 kW 112 kW
ess_cap Capacity of batteries 26 Ah 13 Ah 39 Ah
cs_high_soc Highest SOC allowed 0.8 0.7 0.85
cs_low_soc Lowest SOC allowed 0.6 0.3 0.5
cs_max_pwr Maximum power commanded

of fuel converter
30 kW 25 kW 40 kW

cs_low_pwr Minimum power commanded
of fuel converter

20 kW 5 kW 20 kW

cs_off_time The shortest allowed period of
fuel converter off

Inf. 10 s 1000 s
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Figure 13.18 The fuel consumption and emission data generated by the tradeoff solutions gener-
ated by the optimization algorithm

optimization, along with the result generated by the default controller in ADVISOR. All
40 solutions consumed less fuel than the default controller, and all 40 solutions generated
less emission in CO, NOx, and HC than the default controller.

In order to illustrate progress through the generations during the optimization, we
use the following equation as an evaluation function to select the best one from the 40
solutions at each generation:

F = 0.7 · fuel + 0.1 · HC + 0.1 · CO + 0.1 · NOx

The results are illustrated in Figure 13.19. The data in the figure shows that the algorithm
converges to the evaluation value of 3.72 after 50 generations.

Table 13.11 lists the optimization results generated by the top-ranked five solutions
in the final population based on the non-dominated sorting method. Take solution 1, for
example: the fuel consumption and the three emissions are reduced by 15, 14, 31, and
40%, respectively, in comparison to the performances generated by the default controller.
This suggests that if the design parameters suggested by this solution are used in the
series HEV design, an online controller can be optimized to reach the same or better
performances than those generated by this optimal solution.

Corresponding to the five solutions in Table 13.11, Table 13.12 shows the value of the
design variables and performance after optimization. Although the engine power is scaled
down, by increasing the motor power and battery capacity, the acceleration ability and
gradability of vehicle performance are still improved.

Table 13.13 shows the optimization results generated by the top five solutions selected
by the evaluation function from the final population. We can see that the solutions in
Table 13.13 are different from those shown in Table 13.10. We use this example to show
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Figure 13.19 Evaluation of generation progress during optimization

Table 13.11 The optimization results generated by the top
five solutions selected by the non-dominated sorting

No. Fuel HC CO NOx

(l/100 km) (g/km) (g/km) (g/km)

1 5.268 0.213 0.779 0.231
2 5.681 0.170 0.593 0.223
3 5.439 0.201 0.526 0.272
4 5.183 0.238 0.568 0.270
5 5.758 0.184 0.589 0.242

the importance of the proposed optimization algorithm: it generates a population of multi-
ple tradeoff optimal solutions. Vehicle designers and control engineers can use their own
evaluation criteria to select optimal solutions from this population of tradeoff solutions.

13.6 Conclusion

Based on the optimization results of the example parallel HEV, the following observations
can be made. The fuel economy of the parallel HEV is increased from 35.1 to 39.64 MPG
with the DIRECT algorithm, and from 35.1 to 40.37 MPG with the SA algorithm. The
performance of the optimized HEV shows a great improvement. The power rating of the
traction motor is reduced significantly [24]. The second example uses the evolutionary
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Table 13.12 The value of design variables and performance after optimization

No. 1 2 3 4 5

eng_pwr 25 kW 25.1 kW 25 kW 25.1 kW 25 kW
mc_pwr 82.8 kW 81.4 kW 86.7 kW 80.9 kW 82.9 kW
ess_cap 39 Ah 38.2 Ah 38.9 Ah 38.3 Ah 38 Ah
cs_high_soc 0.73 0.75 0.75 0.74 0.74
cs_low_soc 0.49 0.48 0.50 0.48 0.49
cs_max_pwr 33.1 kW 33.5 kW 32.2 kW 33 kW 31.9 kW
cs_low_pwr 13.2 kW 6.7 kW 9.8 kW 5.6 kW 12.4 kW
cs_off_time 750 s 538 s 598 s 519 s 711 s
0–60 mph 10.2 s 10 s 10 s 10.3 s 9.9 s
40–60 mph 5.4 s 5.3 s 5.3 s 5.5 s 5.2 s
0–85 mph 23.8 s 23.4 s 23.4 s 24 s 22.8 s
Gradability at 55 mph 8.1% 7.9% 7.9% 8.0% 7.2%
Delta SOC 0.21% 0.26% 0.31% –0.17% –0.24%

Table 13.13 The optimization results generated by the top five solutions selected by the
evaluation function

No. Fuel HC CO NOx Evaluation
(l/100 km) (g/km) (g/km) (g/km) value

1 5.183 0.238 0.568 0.270 3.7357
2 5.188 0.234 0.578 0.268 3.7396
3 5.193 0.238 0.582 0.268 3.7439
4 5.194 0.237 0.601 0.266 3.7462
5 5.199 0.238 0.592 0.267 3.7490

algorithm, NSGA-II, for the multi-objective optimization problem in a series HEV. The
algorithm has the capability of simultaneously optimizing fuel economy as well as three
emissions. At the end of the optimization process, the algorithm generates 40 optimal
tradeoff solutions and performances. All of these solutions are better, in all four cate-
gories, than the performances generated by the default controller in ADVISOR. We also
demonstrated that vehicle designers and control engineers can derive their own tradeoff
criteria to select the solutions that best suit their specific needs.

In these studies, only global optimization algorithms are tested for a hybrid vehicle
design, which generally have slower convergence. On the other hand, derivative-based
algorithms are known for their faster convergence. In fact, a hybrid optimization algorithm
can be used that combines the benefits of both global and local algorithms. The global
algorithm can reach a design point near the global optimum region after a certain number
of optimization steps. Then a local algorithm kicks in and the process is continued until
a global optimum is found.

For the parallel HEV example, the design optimization takes about 100 hours running
PSAT on a single PC. This long design time necessitates the development of a more
efficient optimization methodology such as using parallel and distributed computing.
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14
Vehicular Power Control Strategy
and Energy Management

14.1 A Generic Framework, Definition, and Needs

The terms power and energy management are “almost” synonymous when used in the
context of vehicular systems. To be more precise, power is an instantaneous quantity,
whereas energy involves a period of time over which the power is applied. Although the
meaning will become clearer as we progress through this chapter, normally when power
is “managed,” in general energy will be managed as well.

The question of management of power or energy arises due to the following rea-
sons. Consider Figure 14.1 which represents a very generic system involving several
power/energy sources and loads, including distribution of power to the loads.

In this diagram we have several sources [1]. Each of these sources could be of any
particular type. For example, it could be an IC engine, which is a power source, that is, an
energy converter which translates chemical energy into mechanical power. It could also
be a battery, which is an electrical energy storage device, or it could be a fuel cell, which
converts chemical energy into electrical power, or it could be a flywheel, which stores
kinetic energy in mechanical form. In the case of the flywheel, energy could be injected
into the flywheel by running through an electric motor and speeded up. The sources could
be hydraulic or pneumatic power sources as well.

It is apparent from the above that the sources could be of a different nature, but they
could be similar as well, or even identical. For example, sources 1 and 2 in Figure 14.1
could both be IC engines. Or one could be a diesel and the other a gasoline engine.
Similarly, one source could be a battery, the other a fuel cell.

Loads could also be of different types as well. Again, for a hybrid or electric vehicle
the load could be a propulsion motor type of electrical (or rather electromechanical) load,
or it could be an electric light or heater, that is, some kind of resistive load. It could also
include auxiliary motors like pumps, air-conditioners, and so on. Thus it is obvious that
in a vehicle there are various kinds of loads due to needs. But the question is: why should
one have multiple sources in a vehicular system?

Hybrid Electric Vehicles: Principles and Applications with Practical Perspectives, First Edition.
Chris Mi, M. Abul Masrur and David Wenzhong Gao.
 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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Source # 1
Load # 1

Source # 2

Source # 3

Distribution,
protection, and control
mechanism

Load # 1

Load # 1

Load # 1

Figure 14.1 A block diagram schematic showing the source and load distribution system

Even in a regular non-hybrid vehicle we have the IC engine and also a battery. Here
we have at least two sources to cater for two different types of loads, that is, mechanical
propulsion and electrical loads. In a HEV we also have two sources at least. The only
difference is that in a HEV the battery can be much larger (actually consisting of a number
of separate battery modules combined together) than in a regular non-hybrid vehicle. The
simple answer as to why we have different types of sources is that we have a heavy
mechanical propulsion load which can be catered for by means of IC engines. Then of
course we can use the battery to deliver smaller loads like electric lights, pumps, and so
on. But a more complex answer regarding the need for multiple sources is due to the fact
that the load demand (amount of power) varies with time, and the characteristics of the
load (i.e., torque–speed characteristics of a mechanical load like propulsion) also change
with time. Sources also have characteristics in terms of their power delivery profile, and
efficiency. In other words, to deliver a particular load at a particular moment, if it is found
that a particular source is capable of doing so at the best efficiency compared to several
choices of sources, then obviously one should select the best source accordingly. Here
one has to first see if one or more sources (individually or collectively) can meet the
particular load demand in terms of load performance. If there are more than one source
which can do the job, then one has to choose the most efficient source (or a combination
of the most efficient ones) to do the job.

The reason why the above situation arises is due to the fact that the IC engine has better
efficiencies in a certain torque–speed region of its engine efficiency map. The same thing
applies to the electric motor, but electric machines have much higher efficiencies over
a wide range in the torque–speed region, compared to an IC engine. Similarly, for the
sake of discussion, if we assume that a system has both a diesel and a gasoline engine
(multi-engine, multi-fuel system), then their efficiency characteristics will be different,
and at a certain torque–speed point a diesel engine will be better than a gasoline engine,
and vice versa.

This idea forms the main rationale behind power management from performance and
efficiency points of view. This can also be termed energy management since this rationale
also increases overall system efficiency and reduces energy consumption.
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In addition, other things which fall within the scope of power management involve
the overall means through which the power is distributed to various loads. For example,
the mechanism used to connect the loads to the source and the protection mechanism
used for problems like short circuits in an electrical system are also within the scope of
power management.

14.2 Methodology to Implement

We will treat power management and control from two different perspectives, one related
to optimization and the other to distribution and control. Optimization deals with things
like energy efficiency, or maintaining the battery’s state of charge (SOC) within some
threshold values, and has more to do with generation control and management, based on
load demand. Although the second perspective relates to distribution and control, there is
some, or rather a good, interrelationship between the two as will be evident in the following.

First let us consider the characteristics of power/energy sources and look at the char-
acteristics of the following: gasoline IC engine, diesel engine, alternator, battery, and
fuel cell.

For these engines, the curves shown in Figure 14.2 actually should contain a family
of curves corresponding to different throttle positions or fuel input (additional discussion
can be found in the web article cited in further reading at the end of this chapter). One
could have another set of curves showing the relationship between speed and efficiency
at different throttle positions (or equivalently the fuel input) for each of the sources. Both
of these sets, that is, speed–torque and speed–efficiency curves, together constitute the
engine map.

Similarly, for the electrical components, like motors and generators, one could have
another set of curves showing the relationship between speed and efficiency for a given

Speed in rpm Speed in rpm Speed in rpm

Engine torque
curve

Load curve Load curve
Load curve 

Engine torque
curve

Engine torque
curve

Engine power
curve

Engine power
curve

Engine power
curve

Torque

Power

(a) (b) (c)

Figure 14.2 (a) Diesel engine with relatively high torque rise, (b) diesel engine with relatively
low torque rise, and (c) gasoline engine (maximum torque and power points are shown by )
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power output (or equivalently the speed versus power input at a given efficiency). For
static components like a battery and fuel cells, one could plot voltage versus current at
a given SOC (or equivalently the power input versus current). These characteristics for
components such as a generator and battery can constitute the required information in
terms of the operating point of these devices.

For the characteristic curves in Figure 14.2, the engine curves and the load curves are
indicated. As noted previously, the curves involving an IC engine are for a specific throttle
position corresponding to the engine fuel intake. The intersection points between the load
curves and the source (e.g., engine, battery, etc.) curves dictate the exact operating point
of the load and source. When we want to drive a load, this means we want to generate
a specific speed at a specific torque. The load and its characteristics are dependent on
things outside of the engine (or source). To meet the load speed and torque, it is in
general necessary to include some gear train in the system, since engines in general
cannot handle the wide range of load demand, even after controlling the throttle. Once
the throttle position and gear ratio are chosen, they define the precise engine operating
point. At that point the engine operates at a given efficiency or fuel economy.

The electrical system characteristics and their nature are shown in Figure 14.3. For
convenience of comparison we have made the curves identical in form to show what
variables change in each case. The variables are voltage and current on the Y and X axis
respectively. The parameter that is fixed is the SOC in the case of a battery, and fuel
(could be hydrogen) flow rate in the case of a fuel cell. For the generator the speed is held
constant while the load changes. Some electrical load can be connected or applied to each
of these electrical source devices, as depicted by the respective load curves. For example,
an electrical resistance (could be a light) characteristic could be the straight line in the
figure. In each of these graphs, the operating point is defined by the intersection point
between the curves. Corresponding to each of these diagrams, a companion diagram
showing the actual energy input needed at the operating point might be drawn, which
would indicate the energy used and would depend on the efficiency at each operating
point. That might be one of the ingredients in defining the cost of power production at
each point.

At this point we can define the above situation mathematically as follows:

Engine: Te1 = fe1(ωe1, �e1) (14.1)

which is the torque corresponding to a specific engine e1, where ωe1, �e1 are speed and
throttle positions.

As noted earlier, the engine will also have another equation involving its power con-
sumption or energy, or equivalently the efficiency, which can be written as follows:

ηe1 = ζe1(ωe1, �e1) (14.2)

Similarly one can write an equation for another engine

Te2 = fe2(ωe2, �e2) (14.3)

which can have different characteristics than e1. Together, the engines can deliver the
total load.
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Figure 14.3 Characteristic curves for (a) battery, (b) fuel cell, and (c) generator

The second engine can have an efficiency defined by

ηe2 = ζe2(ωe2, �e2) (14.4)

and the load is assumed to have the characteristics

TL = fL(ωL, �L) (14.5)

where T L is the torque, ωL is the load speed, and �L depends on the road profile and
external environmental issues and driver demand. �L also depends on any auxiliary load
demand within the vehicle due to direct action of the driver (e.g., increased electrical load,
which can lead to a higher torque on the generator) or due to indirect control actions taken
within the vehicle automatically, for example, some mechanical or electrical pump being
activated. Even if the quantity �L is dependent on only the driver input in terms of desire
to accelerate, the functional nature of the torque, that is, f L, will depend on the road
characteristics and other factors outside the vehicle. Hence this function f L will change
from one road to another or from one drive cycle to another.
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There may be a gear ratio between the load and the individual engine. In other words,

ωL/ωe1 = g1 (14.6)

and

ωL/ωe2 = g2 (14.7)

Assume that the gears are ideal and lossless for the sake of discussion. Under the
above scenario, if the loads are driven by the two engines together, and assuming the
conservation of power, the power equation will be

TLωL = Te1ωe1 + Te2ωe2 (14.8)

So, the total fuel consumption in this case will correspond to a total input power to the
two engines taken together:

Pin = {power of engine 1/efficiency of engine 1}
+ {power of engine 2/efficiency of engine 2}

= Te1ωe1/ηe1 + Te2ωe2/ηe2 (14.9)

= {fe1(ωL/g1, �e1) × (ωL/g1)}/{ζe1(ωL/g1, �e1)}
+ {fe2(ωL/g2, �e2) × (ωL/g2)}/{ζe2(ωL/g2, �e2)}

and of course

TL = {fe1(ωL/g1, �e1)/g1)} + {fe2(ωL/g2, �e2)/g2)} (14.10)

It can be immediately seen from this equation that fuel input is dependent only on the
gear ratios and the throttle position. The strategy in this case will be: given the load torque
T L and load speed ωL, choose gear ratios g1, g2, and throttle positions �e1, �e2, such
that the fuel consumption rate corresponding to Pin is a minimum, while satisfying the
torque and speed demand. It is of course understood that the various function expressions
for torque and efficiency are available from the engine specifications or manufacturer’s
data. If this objective can be met, it will deliver the correct torque and speed to the
load at a minimum fuel intake, which is very much desirable. In a real system these
actions are coordinated through the fuel/throttle controller and transmission controller. If
the transmission is not a continually variable type, then the choice for g1 and g2 will be
limited. In addition, the engine controller and other sensor information in the vehicle will
become involved in the above decision process. But the point here is that, in principle, the
best strategy can be realized to meet the load demand with minimum fuel consumption.

On top of the equations indicated above, it may be necessary to impose certain con-
straints. For example, we can impose the requirement that the engine speed, for either
engine 1 or 2, should not exceed a certain limit, due to the engine’s structural design,
physical size, and other factors. This can be written in the form

ωe1 ≤ ωthreshold1 (14.11)

ωe2 ≤ ωthreshold2 (14.12)
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and similarly for the torques:

Te1 ≤ Tthreshold1 (14.13)

Te2 ≤ Tthreshold2 (14.14)

In other words, we have not only to observe certain engine characteristics defined
previously through an engine map or equivalent information, but also to make sure that
we are within the maximum threshold limits of the devices based on the manufacturer’s
specifications. Hence our optimization problem has to take into account these constraints,
and then try to minimize the fuel economy, and so on.

We will present the methodology of optimization after further discussion on other
multi-source systems.

Continuing with the previous plots (torque vs. speed etc.) showing the characteristics of
various sources, the idea can be extended as follows. Just as we have done for the engines,
we can write similar equations for the other sources. For example, for the electrical source
or storage elements such as the generator, battery, fuel cell, and so on, we can write
the following for their electrical characteristics based on the previous diagrams showing
their characteristics:

IG1 = fG1(VG1, ωG1) (14.15)

(the voltage–current relationship at fixed speed, for the generator)

ηG1 = ζG1(VG1, ωG1) (14.16)

(the efficiency relationship at fixed speed, for the generator)

IB1 = fB1(VB1, SOCB1) (14.17)

(the voltage–current relationship at fixed SOC, for the battery)

ηB1 = ζG1(VB1, SOCB1) (14.18)

(the efficiency relationship at fixed SOC, for the battery)

IFC1 = fFC1(VFC1, FRFC1) (14.19)

(the voltage–current relationship at fixed fuel rate, for the fuel cell)

VFC1 = ζFC1(VFC1, FRFC1) (14.20)

(the efficiency relationship at fixed fuel rate, for the fuel cell)
In the equations above the subscripts G , B , and FC stand for generator, battery, and

fuel cell, respectively. SOC indicates the state of charge, and FR indicates the fuel rate.
The equations imply that the current of the generator is dependent on its speed and output
voltage. Similarly the battery current is dependent on the battery voltage for a given SOC,
and the fuel cell current is dependent on the fuel cell voltage for a given fuel rate. The
efficiency of each of these devices depends on the voltage (or equivalently the current)
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and the other parameters like speed, SOC, or FR, which are also included above. Again,
we might have some constraints imposed on these devices as follows:

IG1 ≤ IG1threshold (14.21)

IB1 ≤ IB1threshold (14.22)

IFC1 ≤ IFC1threshold (14.23)

SOCB1 ≤ SOCB1_high_threshold (14.24)

SOCB1 ≥ SOCB1_low_threshold (14.25)

Here the upper bounds of current limits in the devices, and upper and lower bounds for
the SOC of the battery, are shown as constraints.

For the sake of simplicity we can write

SOCB1 = fSOC_B1(VB1) (14.26)

which indicates that the SOC is related to voltage. This is a simple equation for the sake
of illustration only, since SOC equations can be quite complex and a method to evaluate
them can include various nonlinearities as well.

We can also assume that there is a total electrical load current and load voltage in the
system, which can be written as follows:

IL = fL(VL) (14.27)

IL = IG1 + IB1 + IFC1 (14.28)

These are just examples. In a similar manner, additional constraints, depending on the
needs and specifications, could be included. Once all these constraints and equations are
in place, which can involve a large number of equations, some formal method has to
be introduced to deal with them. We will now briefly touch on some of these methods,
since there are quite a number available nowadays, as well as computer-based modeling,
design, and development, which are often necessary and effective.

14.2.1 Methodologies for Optimization

One stage in the process of dealing with the above is the development of a “cost function,”
where a single function is developed such that the equations and the constraints are all
included in a manner such that if the energy consumption in a particular device increases,
the cost function increases. Similarly, if a constraint is violated, the cost function increases.
The word “cost” in this context implies that some “undesirable” thing happens somewhere
in the system when the “cost” increases. It can mean more fuel intake indicating fuel cost,
or it can be an overcurrent or overvoltage in a component, or exceeding the SOC in a
battery, and so on, all ultimately somehow related to something “undesirable” and in
some sense having the connotation of actual cost in terms of expense or money.

As an example, one can develop a cost function with the following philosophy.
One can directly include the number 1 – η (i.e., inefficiency of the device) as a “cost.”

Similarly, one can say that if the current I in a device exceeds the threshold, then
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|(|I | – |I threshold |)|, that is, absolute value of the amount exceeded, multiplied by some
constant, can form part of a cost function. The constant multiplier can serve as a weight-
ing function, that is, how important this threshold item is, and taken into account through
this multiplier. Say, for example, that the “cost” of exceeding the SOC in a battery by 5%
may be much higher than the “cost” of going below the lower threshold. The physical
meaning of this is that the “cost” or damage to the battery will be much higher if the
upper SOC limit is exceeded compared to the lower one. Similar judgment has to be
exercised in developing the individual ingredients of the cost function corresponding to
other devices. As we indicated earlier, it is obvious that the word “cost” in cost function
can be construed as system inefficiency (which is tantamount to actual cost of fuel), or
damage done in terms of cost, or it could be in terms of poor performance of a device
which can lead to undesirable ramifications and hence is “costly” in some sense. Thus, a
proper development of the cost function is very important in terms of system optimization.

In a real system it may be necessary to implement the above in real time. Hence,
depending on the complexity of the system, a significant amount of computational power
might be necessary. It is therefore beneficial to develop a cost function which serves the
needs of optimization and at the same time it is not too complex.

Considering the above system, with two engines (for the sake of generality), which
need not necessarily be IC engines (one could be an IC engine and the other an electric
propulsion system), and with one battery, one fuel cell, and one generator, we could set
up an overall cost function as follows:

C = Pin + Kprop × |Pprop_actual − Pprop_demand|
+ ηG1 × (VG1 × IG1) + ηB1 × (VB1 × IB1) + ηFC1 × (VFC1 × IFC1)

+KB_high × |SOCB1 − SOCB1_high_threshold| + KB_low × |SOCB1 − SOCB1_low_threshold|
+KFC_high × |IFC1 − IFC1_threshold| + KG1 × |(|IG1| − |IG1threshold|)|
+KB1 × |(|IB1| − |IB1threshold|)| (14.29)

In this equation the power input to the engine, Pin , is dependent on the propulsion power
demand and also any auxiliary power, for example, the power needed to drive a generator,
pumps, and so on. Other terms in C involve the efficiency of individual items like the
generator, battery, any fuel cell, and so on. The remaining terms involve the exceeding
of current and SOC thresholds, which is penalized. Since Pin is the input fuel to the
engine, the higher its value, the higher the value of C . The term K prop × |Pprop_actual –
Pprop_demand | tells us that if the actual power output from the engine does not meet the
demand for some reason, then we incorporate a penalty in C . Here this discrepancy in
the actual power output from the demand can be an indicator of lack of performance by
the engine, and not necessarily as inefficiency. The values of various constant multipliers
can be chosen depending on their importance. For example, if engine performance is very
important, we should use a relatively high value for the multiplier K prop . Similarly, if an
item is less important it should be given a lower value.

Once again, the items above are all included for the sake of a general discussion and
merely to give an idea of what a cost function can imply. A real system might include
more of these items or less, depending on the situation.
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Although the function C above is already quite involved, it should be noted that the
full expression for each of the individual functions, based on all the previous equations,
should be inserted to make it complete. Once that is done, the issue will be to minimize
this cost function C , which will, in our illustrative example, already have taken into
account the various constraints.

As noted above, the input from the driver is provided to the vehicular system through
the accelerator pedal and brake pedal positions. The input basically serves as the desire
of the driver to either increase or decrease speed, which is implemented through the
accelerator and brake pedals. This is compared against the actual speed and a control
action is invoked. The situation on the road and the environment outside the vehicle
are also taken into account through various sensors. The power management algorithm
includes all of these and integrates them together to come up with a control action. This
mechanism is shown in Figure 14.4.

The diagram is self-explanatory. The only input to the system comes through the
accelerator and brake pedals. In addition, depending on certain actions by the driver or
through the various controllers, different electrical or mechanical loads might be engaged.
Examples could be the window lift motor, which is due to an action by the driver; or the
activation of the air-conditioner, depending on the cabin temperature; or perhaps the water
pump motor, depending on the engine temperature. All these inputs, together with the
environmental and road conditions, dictate what the real fuel intake will be or the battery
current will be. The outcome of the above situations (due to driver action etc.) will be
transmitted through various sensor data, or certain indirectly computed information like
the battery SOC will be generated, which will then be fed into the power management
algorithm. The algorithm looks at the cost function (as in the equation for C above),

Modified road and
outside environment
information
(e.g. vehicle speed,
torque at the wheels) 

Optimum decision result from power
management to control gear ratio, throttle
input for actual fuel/air control, battery
current etc. Power electronics may be used
to control certain currents or voltages in the
system.

Outcome from the vehicle system and controllers -- engine
torque, speed (directly sensed or computed indirectly),
various power demands, voltage, current, battery SOC
(computed in general), any other additional sensor data and
information.

Road and outside
environment input
measured through
various sensors or
computed
(e.g. vehicle speed,
torque at the wheels)

Brake pedal input

Accelerator pedal
input

Vehicle system (this is the physical
vehicular system – includes engine
characteristics, gears, batteries,
generator, propulsion motors, and
auxiliary loads. Also included are
various controllers like engine
controller, fuel system controller,
transmission controller, body
controller etc.)

Power management
algorithm (cost
function optimization
takes place here)

Auxiliary load
demand

Figure 14.4 Schematic diagram of the overall power management control implementation inter-
face for a vehicular system
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created through the use of all this information. The algorithm then tries to optimize C ,
and its end result could be the updated choice of a particular gear ratio, throttle position,
or battery current value. These updated values will be used to tell the various controllers
to command a new status for the respective quantities. In consequence, information on
speed, torque, and so on, is also updated – which also depends on the road and environ-
mental conditions. This update is shown by the dashed line in Figure 14.4. This line can
be considered to be the outcome of the various controller updates which interact with the
environment and road outside, and generate new information. In reality the dashed line
should not exist – it is shown for the sake of convenience. Note that the road and outside
environment are outside the vehicle, so information on them has to be acquired through
various sensors or otherwise computed.

It is apparent, therefore, that the ultimate outcome in Figure 14.4 on power management
control is due to cost function optimization within the power management algorithm block.
This optimization can be done as follows.

14.2.2 Cost Function Optimization

In our example above, the only things that can be controlled are the throttle, gear ratios
in the two engines, and current control in the alternator or battery through some power
electronics. It is assumed that the propulsion and non-propulsion load powers have already
been decided based on the driver demand and external conditions. Hence the optimization
is involved with trying to minimize the function C while observing various constraints.
The idea here will be to achieve a global optimization (or rather minimization in our case)
so that cost C is minimized. In essence, it involves identifying various local minima in
the system, and then trying to find the one which gives the global minimum. There are
certain numerical techniques available to do this.

Assume the situation shown in Figure 14.5 with two engines in a vehicle. Let us say
that the vehicle is at point A and intends to go to point B, where A and B are defined
in time. Between these two points the path or drive cycle is defined by the load power

Best allocation of power to one
engine assuming the path is
known segment-wise

Best allocation of power to one
engine assuming the whole path
is completely known beforehand

Minimum over segment AC + minimum over
segment CB ≠ minimum over whole segment AB
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Figure 14.5 Load demand cycle segments as a function of time
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demand of the vehicle L(t), which depends on the speed between A and B, the actual
road surface, and other external environmental inputs. Sometimes an alternative way to
define a drive cycle is by means of speed as a function of time, along with information on
the type of road. But ultimately, the end result of the drive cycle will be mapped to some
power demand L(t) which will be used by the power management process to generate
the optimization decision. The statement of the problem is as follows: given L(t), we
have to find the individual power allocations in the two engines, as discussed in more
detail below.

In our example where we have two engines, the objective is to select the torque and
speed of the engines, and also the gear ratios as a function of time, in a manner such that
the “cost” C (which can be equivalent to fuel cost, but not necessarily so) is minimized. As
long as the total power demand is met, we have the freedom to choose any combination of
individual engine torques and speeds along with the corresponding gear ratios. In meeting
the power demand we may be meeting the various constraints in terms of a certain quantity
being less than or equal to some threshold. Thus it is very possible that in going from A
to B, we have some unique (torque–speed) profile for the individual engines which gives
the minimum C . Let us put this minimum C equal to C AB for the sake of specificity,
with the subscripts AB indicating the path. Then let us split the span AB into AC and CB.
If we just focus on AC and come up with a sequence of engine (torque–speed) profiles
to keep the cost C AC to a minimum, and then do the same for the segment CB, then the
question is whether or not

CAC|min + CCB|min = CAB|min (14.30)

The answer is: not necessarily in general.
In Figure 14.5, the dashed line labeled (1) shows the path CAB |min, assuming the whole

path is known beforehand; the dashed line labeled (2) shows the path CAC |min without
knowing anything after AC; and similarly the dashed line labeled (3) shows CCB |min

within the segment CB and without knowing anything prior to CB.
Before we introduce additional mathematical terminology, the reason why pre-emptive

knowledge of the whole path can lead to a different result when minimizing, compared to
segmented minimization, can be understood through a simple numerical example, which
is very hypothetical but provides a suitable illustration.

Consider that in Figure 14.5 we have at our disposal two different engines running on
two different fuels. Let us consider the following numbers.

Assume that path AC needs 40 gallons (151 l) of fuel regardless of which engine, 1 or
2, is used. Also assume that path CB needs 80 gallons (303 l) of fuel regardless of which
engine is used. In addition, assume that we have 42 gallons (159 l) of fuel in engine 1
and 80 gallons in engine 2 to begin with. Let us also assume some numerical values for
the cost of fuel as indicated below. These numerical values will give a simple picture of
the illustration for ease of understanding the idea.

Let us say that C AC 1 is the cost of fuel over segment AC for engine 1 = $2.00/gal for
engine 1 and, as indicated above, we have 42 gallons of fuel for engine 1. Similarly, let
us say that C AC 2 is the cost of fuel over segment AC for engine 2 = $5.00/gal for engine
2 and we have 80 gallons of fuel for engine 2.

These dollar values can be due to the type of engines and other reasons, and in principle
the values can be different.
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Assume that for the second segment CB, for whatever reason, the hypothetical engines
need some special additives or whatever to make them go, perhaps due to some slope
conditions etc., and that the cost of fuel increases as follows: C CB1 = $5.00/gal for engine
1 and C CB2 = $20.00/gal for engine 2. These numbers are chosen for ease of clearly
showing the distinction.

Say we know nothing about segment CB and we are asked to find the minimum cost
over AC. Obviously we will (or, rather, will be tempted to) use only engine 1, since the
fuel cost of engine 1 is cheaper over AC, and use 40 gallons at a cost of

$2.00 × 40 = $80.00

Now, after we have completed our journey through AC, assume that we are told that we
have to go to another segment, CB. Our engine 1 has already used 40 gallons and has
only 2 gallons left, so we have no choice and our cost for segment CB will be

$5.00 × 2 = $10.00

since we have only 2 gallons of fuel for engine 1, and from engine 2 we have

$20.00 × 78 = $1560.00

Hence the total cost of traversing the distance AC + CB or AB is

$80 + 10 + 1560 = $1650

Now, consider that we are told beforehand that we will have to traverse the whole path AB
and that the price of fuel will vary between AC and CB for special reasons as indicated
earlier. Then we may decide as follows.

For AC, we use engine 2 fully and the cost is $5.00 × 40 = $200. Notice here that even
though using engine 1 is cheaper, we decided to withhold its use. So, engine 2 will be
left with 40 gallons at the end of AC. During segment CB we can use engine 1 fully for
a cost of $5.00 × 42 = $210. For the remaining 38 gallons we use engine 2 for a cost of
$20.00 × 38 = $760.00. Hence the total cost of the path AC + CB or AB will now be
$200 + 210 + 760 = $1170.

This artificial numerical example illustrates the point that forward knowledge of the
path, that is, knowledge of the load and various cost items ahead during the whole path,
allows one to make a decision in a more prudent way so that the absolute minimum is
not necessarily equal to the individual minima over different segments added together.

If we know load L(t) over the whole path for a period of time t , along with the
different cost values of different entities like engines, then with a system involving only
two entities (engines in our case), this can be written mathematically as follows:

Min J = minimum of the integrated cost function over the individual segments t1 and
t2 will be∫ t1

0
{C1(p1(t)) + C2(L(t) − p1(t))︸ ︷︷ ︸

min

}dt +
∫ t2

t1

{C1(p1(t)) + C2(L(t)) − p1(t)}︸ ︷︷ ︸
min

dt
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which is not necessarily equal to∫ t

0
{C1(p1(t)) + C2(L(t) − p1(t))︸ ︷︷ ︸

min

}dt (14.31)

where t1 + t2 = t , p1(t) is the power allocation for engine 1 as a function of time t , and
the minimization is done subject to certain constraints. The constraints, in the case of
entities like engines, can be in the form of expressions indicating that the torque and/or
speed of the engine cannot exceed a given threshold. If the particular items related to
constraints involve sources such as a battery or generator, then those thresholds could take
the form of overcurrent, overvoltage, SOC, and so on. For the equation above, C 1(p1(t))
is a cost function corresponding to entity 1 (which can be an engine or anything else)
and similarly for entity 2. In this case it is assumed that the cost function C 1 for entity 1
depends on how many units p1(t) of some item (which can be energy or power, or other
attributes as well) is delivered by this entity 1.

Once again it is important to emphasize that, although we gave a numerical example
using figures to illustrate the point, the term cost can imply anything in the sense of penalty
due to violation of some constraint like overcurrent and so on, and hence cost should not
necessarily be construed as something only in the sense of fuel economy and so on. The
minimization process of the cost function normally will penalize the cost function if the
constraints are violated in some way. For example, in the case of an engine, exceeding
the torque above its rating of 100% to a value of 110% might be assigned some numerical
increase in cost through some penalty value, and if it is between 110 and 120%, the penalty
value may be much higher. Similarly for the SOC of a battery, if it is overcharged the
penalty might be quite a bit higher compared to when it is undercharged – which is due
to the damage done to a battery during overcharging.

The point above can also be explained by introducing a term incremental cost which is
the additional cost of the cost function C for producing one additional unit of power
(in our case), where C is dependent on the operating power of the various entities
(IC engine, motor, etc.) involved in producing it. In addition, C is dependent on var-
ious other items or parameters which can be gear ratio, throttle position, or anything
else. Hence the final incremental cost will depend on both the operating power and the
parameters. This can be expressed mathematically as follows, where i is an index which
indicates the various controllable variables corresponding to different resources:

Total incremental cost = 
C

=
∑
i=1,n

[∂C/∂(parameteri)] × [change in the parameteri value]

To minimize 
C at a particular moment, it is necessary to choose the best parameter
set in the above equation to achieve this. The operating power itself can be considered
a parameter, and hence the incremental cost 
C will depend, in our example, on the
allocation of power to the various engines or devices delivering it.

In general the incremental cost will change with time, depending on various factors,
including, but not limited to, the possibility of running out of fuel, battery SOC too low,
and so on. If the incremental cost remained constant for each of the resources involved,
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independent of operating conditions, and regardless of which zone of operation they are
in, and if resource quantity were unlimited, then the answer to the question posed earlier
(i.e., whether minimization of cost function C over individual segments leads to the same
result as minimization over the total amount of all the segments) would be affirmative. In
other words, if we know the complete path AB beforehand, we can decide exactly what
the individual power generation (or something else) should be throughout the journey,
to make the total C a minimum at the end of the journey. This can be considered to be
a pre-emptive minimization effort. The discussion tells us that knowing the whole path
ahead beforehand allows us to choose the best combination of resources to make C a
minimum at the end of the journey.

In a complex system, with multiple resources and constraints, the above issue of min-
imization of a complex function can be quite laborious. Numerical and mathematical
methods like dynamic programming (DP) [2] can help in such situations (details are abun-
dant in the literature on this topic [2]). DP depends on knowing the whole path beforehand.

In a real system, however, often it is difficult to know the path ahead. Hence people
have to resort to minimizing the cost based on what is known now, that is, instantaneous
minimization in real time. In a real-time scenario this can mean moving forward incre-
mentally in little segments. In particular, for the equation related to 
C above, as time
progresses, one would see which particular parameteri , when adjusted, helps minimize

C of the cost function. Intuitively speaking, the algorithm might just take one parameter
at a time and minimize it as much as it can, then take the next one, and so on, and then
come back and iterate the process until there is no further benefit. But there is no guar-
antee that this process will yield the best or absolute minimum for the cost function, nor
will it ensure that this method will help achieve the absolute minimum for the complete
path, if we had known the path ahead beforehand. Some methods also tend to predict
the path forward to come up with hopefully something better than knowing nothing at all
about the path ahead. In addition, there are methods like artificial neural networks and
fuzzy algorithms that have been used [3] to come up with more optimal solutions to a
cost function minimization problem.

Some practical details related to the previous paragraph can be stated. In a real-time
scenario, one can create tables that can be stored in a microprocessor memory based on the
information of different resources as a function of operating point, which can be engine
torque–speed and efficiency–speed maps at different throttle positions, or information
about generator voltage as a function of speed and current drawn, or of a battery voltage
vs. current at different SOC. At different operating points, the data can be extracted from
the memory at nearby points to calculate ∂C/∂(parameteri ) × [change in parameteri ], and
thus find 
C , the incremental cost of C at an operating point. By doing so one can
find which resource has the minimum cost increment and choose the one to deliver the
next unit of power or energy. If a single particular resource cannot provide it all, then an
additional next best resource has to be brought in. Since the incremental cost changes with
time, the priority list indicating which resource should be delivering how much power at
a particular moment will also change. As discussed earlier, if the future needs of system
loads can be predicted beforehand, then one can make decisions differently. Thus, even if
the cost of one resource in terms of its immediate cost is higher than another at a particular
moment, the costlier resource can still be engaged to deliver the load, notwithstanding the
fact that it is not the best option at that particular moment. In this case, this apparently
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costlier decision is taken in anticipation that cost reduction due to “non-engagement” of
this “presently higher” cost device at a future operating point will more than offset the
loss encountered now.

It can be seen from the above that to obtain the optimal numerical solution to the
cost function minimization problem, mathematical manipulations and computations are
necessary. Normally this calls for the incorporation of processors with significant amounts
of computational power, especially if calculations are to be done in real time. With the
artificial neural network method it is possible to train a system through various drive
scenarios and then use the trained network to come up with a real-time solution based
on various inputs from different sensor signals. These may not be the best solutions in a
rigorous mathematical sense, but could practically be very good with significant benefits.
By properly training a neural network, one can derive a simple matrix of constant numbers,
which are normally used to multiply different variables, so the computational demand is
not too high once the network is trained. Similar reasoning holds for fuzzy algorithms too.

The above discussion ultimately relates to the power management block shown in
Figure 14.4, where the goal is to deliver the desired load under different constraints
while minimizing some cost, which can be a real cost in the sense of fuel economy, or
a penalty factor corresponding to violation of some SOC or current thresholds, which
are minimized.

14.3 Benefits of Energy Management

Based on the previous discussions, it is easily appreciated that energy management has
multiple goals. It of course involves the distribution of energy (implying instantaneous
power as well) depending on load demand. It also implies protection of the system in
case some threshold is exceeded, for example, voltage, current, SOC, and so on. Further,
since the resource is not unlimited, it involves the best allocation of resources, with
the objective of minimizing fuel consumption while observing various constraints. Thus
good energy management leads to better fuel economy and/or lower emissions, and it also
leads to enhanced life of devices. For example, by controlling the SOC properly, it may
be possible to better maintain the battery’s health, thus requiring less replacement. To be
more precise, power management has the goal to take a holistic view of the system, not
just from the point of view of fuel economy; or rather, it is to achieve a minimum life
cycle cost of the system, from the point of view of operation, maintenance, and longevity,
all taken together.

Note also that power and energy management is a post-design situation. It is an
operational-level strategy after the system has already been built and deployed. Knowing
beforehand what kind of power management strategy and algorithm will be used can
help one make a better choice of devices in terms of size of engine, battery, and so on,
during the design phase, so that the same performance can be achieved by using smaller
equipment and making best or optimum use of it. Thus it is important to coordinate the
power management process during the design phase, which can help design a more com-
pact system. Once a system has been designed, however, little further changes can be
done, though it is still possible to improve the power management algorithm from time
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to time in an adaptive manner. This may be required because various parameters within
the system might change (i.e., due to aging and other reasons) with time, and hence the
algorithm should adaptively be able to change accordingly to take care of this.
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15
Commercialization and
Standardization of HEV
Technology and Future
Transportation

15.1 What Is Commercialization and Why Is It Important
for HEVs?

By commercialization we normally mean that a product is produced in volume quanti-
ties and whose technology has been developed to a reasonable degree of maturity such
that systematic large-scale production is viable and sustainable. One important reason
behind commercialization is that it allows mass production, hence the price can come
down and more people can afford the product. Without commercialization, a technology
may be good yet remain unused. In connection with HEVs, the situation is no differ-
ent. It involves various technologies and with the commercialization of HEVs all these
technologies will benefit.

15.2 Advantages, Disadvantages, and Enablers
of Commercialization

There are several benefits of commercialization. As noted above, it allows mass production
of the product where the whole manufacturing process can be streamlined. This leads to a
fall in price and more people can then afford the product. As more people use it, its price
can fall further. In HEVs, various technologies are involved, for example, motor technol-
ogy, power electronics, cables, electromagnetic interference (EMI), to name but a few,
which have to be addressed. Hence to commercialize HEVs, for mass production it is nec-
essary for all the constituent ingredients and the corresponding technologies to be mature
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as well. Once a product is commercialized, additional incentives arise for the manufacturer
and designer to improve the various technologies further and invest accordingly.

While discussing benefits, it is also instructive to see if there are any disadvantages
to commercialization. In fact, there are. When something is commercialized, there is the
potential that individual developers of the technology will try to keep it as a proprietary
item and not share it. Thus outsiders may not have the chance to provide any worthwhile
input to the technology which could have been of benefit. This situation is comparable to
commercial software versus open-source software. In the latter everyone can provide input
and thus enrich the software, even though it is not financially profitable for any particular
company or entity. The same holds for HEV-related technology. Thus commercialization
can deprive the technical community and society from further enrichment of a technology,
some of which might not even be conceivable until someone proposes it. Another disad-
vantage of commercialization is the fact that a particular manufacturer can make things
in such a way that maintenance is very difficult without proprietary parts and no generic
replacement can be used. While commercialization can lead to a fall in the price of a
commodity, it can also lead to monopolization as well by a manufacturer, especially if the
technology is proprietary and not shared, leading to a high price. Another issue related
to commercialization, especially in the case of HEVs, is that many smaller industries
and businesses cannot participate in the whole process except as suppliers. Even though
sometimes small businesses can participate as suppliers, big businesses cannot normally
afford to use too many relatively smaller suppliers to get the same product.

Thus we see that there are both advantages and disadvantages of commercialization,
and one needs to reckon with these.

Some of the enablers for commercialization can be investments put toward technol-
ogy development. In addition, partnerships between various industries can lead to better
technology development at a lesser cost. One example of such a collaboration is between
GM, BMW, and Daimler-Chrysler, which formed a consortium to develop HEV technol-
ogy and improve it. Once the job is done, the partnership will not need to exist and the
partners can get on with their own products. In the case of HEVs, it can undoubtedly be
said that the US Department of Energy plays a major role in terms of funding various
projects jointly with industry. This has paved the way to the very commendable objective
of developing a viable HEV product.

15.3 Standardization and Commercialization

Commercialization of HEVs obviously calls for cooperation between various manufactur-
ers, since there are multiple technologies involved. These technologies, such as batteries,
power electronics, motors, charging mechanism of batteries in the case of plug-in hybrid
vehicles, all need to conform to certain standards. These standards can concern the per-
spective of safety, but also the perspective of conforming to some commonality between
what one technology can give and what another can receive. Regardless of the man-
ufacturer, it is very likely that power electronics are purchased from only a handful
of suppliers, hence battery and motor- related design must match the basis of what is
available from the power electronics. Then there is the EMI issue, for which there are
various standards. It is very important to observe these standards to make sure there is
no problem with any microcontroller system due to EMI, nor should it disrupt anything
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in another nearby vehicle. In connection with plug-in vehicle infrastructure, it is very
likely in the future that there will be battery charging stations, just like gas stations, or
perhaps more likely within existing gas stations. It is very important that the charging
interfaces between vehicles of different brands and the charging stations follow the rec-
ommendations of standards. Other issues of standardization pertain to maintenance of the
vehicles. Just like their ICE counterparts, HEVs will need appropriate testing equipment,
which need not necessarily be procured from the vehicle manufacturer. In general it is
likely that diagnostic instruments from the HEV manufacturer will be more costly than
generic ones. Hence some standardization, such as OBD II, will be called for. From the
customer’s point of view perhaps the perfect standardization is one in which a component
for the vehicle, including motors, batteries, and power electronics, could be replaced by
generic counterparts readily available on the market. To make this a reality, the generic
components must adhere to some minimum safety and other standards. This situation
could cause another difficulty, in terms of warranty. A manufacturer might say that if a
particular part is replaced within the vehicle using generic components, then the warranty
will be void. All of the above are legitimate concerns, and need the participation of the
manufacturer, consumer, various professional societies, organizations like the ISO, IEEE,
SAE, and so on, and the government, in order to achieve successful standardization.

15.4 Commercialization Issues and Effects on Various Types
of Vehicles

Commercialization may not have the same effect on all types of vehicles. That is, the
effect might be different for a regular small passenger vehicle compared to things like
heavy trucks, military vehicles, delivery trucks, refuse or garbage trucks, utility vehicles,
construction vehicles and equipment, locomotives, ships, and so on. Commercialization
ultimately has to do with profit and money. Thus it depends on the cost per unit and the
volume produced. The impact of commercialization and its implementation need to take
all of the above into account.

It appears that the effect of commercialization is more important for smaller vehicles,
since a larger number of the population are affected in that case, in terms of vehicle cost
per unit. Heavier vehicles, especially those with less volume, may sometimes be developed
based on need and use very special designs developed by a few niche industries. Some of
these industries might need flexible manufacturing processes in order to meet low-volume
production which can be changed to produce other items. Military vehicles in particular
may be less affected by commercialization in the sense that the military can afford to select
multiple suppliers for the same thing. However, they can benefit from commercialization
as well, since it is always more cost effective to use commercial off-the-shelf (COTS)
items to help ease maintenance and provide overall life cycle benefits. Locomotives,
ships, and similar vehicles, which are very expensive items and produced in relatively
low volumes, and sometimes custom ordered and built according to requirements, can
benefit from the commercialization of various constituent components used to build the
vehicle, rather than commercialization of the finished product, which does not happen in
a true sense for such high-cost, low-volume items.
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15.5 Commercialization and Future of HEVs and Transportation

It is apparent from the previous discussion that commercialization in general can lead
to the delivery of better value to customers who want HEVs. With commercialization
and standardization, prices will most likely be cheaper, since commercialization can lead
to better competition and provide more options to users. The same applies to suppliers
of various components. If commercialization of some vital item like a battery becomes
broader, that will lead to a fall in the cost of the battery. As is well known, the cost, size,
and weight of a battery are now real challenges which stand in the way of the overall
popularity of HEVs. The cost issue is one item, but the size and weight will depend on the
technology. With more competition in the industry, various manufacturers might invest
in developing new and better technologies, which in essence can be the deciding factor
in the success or failure of an item ultimately leading to people wanting to own a HEV
rather than a regular ICE vehicle. Currently the fundamental issues on batteries, related
to their chemistry, remain big challenges and cannot claim to have been fully addressed.
In future, if battery technology can be really made to improve through some quantum
jump, then that can lead to the next stage of development of pure electric vehicles (EVs).
In addition, serious research is presently being done on fuel cells. Fuel cell technology
exists in a relatively mature form for very high-power fuel cells, but for portable vehicular
applications it still has quite a way to go. If the fuel used in the fuel cell can directly
convert the high-specific-energy content fuel to hydrogen (rather than carrying hydrogen
in cylinders) then this will help significantly toward increasing the range of a pure EV. In
a HEV, having both ICE and electric propulsion leads to a complexity of manufacturing,
control, and maintenance. In a pure EV these can be significantly simplified. Hence a
future goal of commercialization should have the objective of achieving a pure EV.
This applies equally to even high-power construction equipment as well. In some of
these vehicles, it is possible to have ultracapacitor-type high-specific-power devices to
supplement the fuel cell. Combining a fuel cell and ultracapacitor can lead to both longer
range and overall longevity of dispensable items, that is, an ultracapacitor instead of a
battery. Thus it appears that the HEV is an intermediate step between the ICE and pure EV,
and will depend very much on the technology of the fuel cell, ultracapacitor, and battery.
Other technologies like power electronics and motors will benefit from commercialization
in terms of cost reduction since they are already very efficient devices. But thermal
management still remains a challenge for power electronics, and high-temperature devices
based on silicon carbide and perhaps something else in the future can be important enablers
toward future EV transportation.
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