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Preface

The book describes the concept of advanced control strategies of AC machine drives along with
their complete simulation models using MATLAB/Simulink. Electrical Motors consume the
most energy of the electricity generated worldwide. Thus, there exists a huge scope of saving
energy by devising efficient operation schemes of these electrical machines. One approach
could be the special design of motors with high-energy efficiency. Other approach lies in the
proper control of the machines. The electrical motors employed in various applications run at
fixed speed. However, it is found that by varying the speed of motors depending upon the load
requirements, the efficiency can be improved significantly; thus, the variable speed operation is
extremely important in obtaining highly efficient operations of the machines. As a result, the
speed control of a machine for industrial and household applications is most vital for limiting
greenhouse gas emission and offering an environment-friendly solution. Controlling the
operation of an electrical machine by varying its speed, in literature, is called ‘variable speed
drives’ or ‘adjustable speed drives’.

This book discusses the advanced technology used to obtain variable speed AC drives. This
book also describes the basic modeling procedures of power electronic converters and AC
machines. The mathematical model thus obtained will be used to develop a simulation model
using MATLAB/Simulink. The Pulse Width Modulation (PWM) techniques for voltage source
inverters and their simulation models are described in one chapter. The AC machines that are
taken up for discussion are the most popular squirrel cage induction machine, permanent
magnet synchronous machine, and the double-fed induction machine. The book illustrates
the advance control techniques of electric drives such as ‘field-oriented control’, ‘direct
torque control’, ‘feedback linearization control’, ‘sensorless operation’, and advances in
‘multi-phase (more than three-phase) drives’. A separate chapter is dedicated to a five-phase
motor drive system. The effect of using an output LC filter at the inverter side on the motor drive
control is elaborated on in another chapter.

These control techniques are in general called ‘high-performance drives’ as they offer
extremely fast and precise dynamic and steady-state response of electric machines. Thus, this
book describes the most important and industrially accepted advanced control technology of
AC machines. The book encompasses these diverse topics in a single volume.

This book features exhaustive simulation models based on MATLAB/Simulink. MATLAB/
Simulink is an integral part of taught courses at undergraduate and postgraduate programs and
is also extensively used in industries. Thus, the simulation models will provide a handy tool to
students, practicing engineers, and researchers to verify the algorithms, techniques, and
models. Once familiar with the models presented in the book, students and practicing engineers
can develop and verify their own algorithms and techniques.

The book is useful for students studying electric drives/motor control at UG/PG levels.
The prerequisite will be the basic courses of electric machines, power electronics, and
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controls. Lecturers can find tutorial materials and Solutions to the problems set out in
the book on the companion website: www.wiley.com/go/aburub_control. The contents
of the book will also be useful to researchers and practicing engineers, as well as
specialists.



1

Introduction to High Performance
Drives

1.1 Preliminary Remarks

The function of an electric drives system is the controlled conversion of electrical energy to a
mechanical form, and vice versa, via a magnetic field. Electric drives is a multi-disciplinary
field of study, requiring proper integration of knowledge of electrical machines, actuators,
power electronic converters, sensors and instrumentation, control hardware and software,
and communication links (Figure 1.1). There have been continued developments in the field
of electric drives since the inception of the first principle of electrical motors by Michael
Faraday in 1821 [1]. The world dramatically changed after the first induction machine was
patented (US Patent 381968) by Nikola Teslain 1888 [2]. Initial research focused on machine
design with the aim of reducing the weight per unit power and increasing the efficiency of the
motor. Constant efforts by researchers have led to the development of energy efficient
industrial motors with reduced volume machines. The market is saturated with motors
reaching a high efficiency of almost 95-96%, resulting in no more significant complaints
from users [3]. AC motors are broadly classified into three groups: synchronous,
asynchronous (induction), and electronically commutated motors. Asynchronous motors
are induction motors with a field wound circuit or with squirrel cage rotors. Synchronous
motors run at synchronous speeds decided by the supply frequency (N; = 120f/P) and are
classified into three major types: rotor excited, permanent magnets, and synchronous
reluctance types. Electronic commutated machines use the principle of DC machines but
replace the mechanical commutator with inverter-based commutations. There are two main
types of motors that are classified under this category: brushless DC motors and switched
reluctance motors. There are several other variations of these basic configurations of electric
machines used for specific applications, such as stepper motors, hysteresis motors, permanent
magnet assisted synchronous reluctance motors, hysteresis-reluctance motors, universal motors,

High Performance Control of AC Drives with MATLAB/Simulink Models, First Edition.
Haitham Abu-Rub, Atif Igbal, and Jaroslaw Guzinski.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.



2 High Performance Control of AC Drives with MATLAB/Simulink Models

Figure 1.1 Electric drive system

claw pole motors, frictionless active bearing-based motors, linear induction motors, etc.
Active magnetic bearing systems work on the principle of magnetic levitation and, therefore,
do notrequire working fluid, such as grease or lubricating oils. This feature is highly desirable
in special applications, such as artificial heart or blood pumps, as well as in the oil and
gas industry.

Induction motors are called the workhorse of industry due to their widespread use in
industrial drives. They are the most rugged and cheap motors available off the shelf.
However, their dominance is challenged by permanent magnet synchronous motors
(PMSM), because of their high power density and high efficiency due to reduced rotor
losses. Nevertheless, the use of PMSMs is still restricted to the high performance application
area, due to their moderate ratings and high cost. PMSMs were developed after the invention
of Alnico, a permanent magnet material, in 1930. The desirable characteristics of permanent
magnets are their large coercive force and high reminiscence. The former characteristics
prevent demagnetization during start and short-conditions of motors and the latter maximizes
the air gap flux density. The most used permanent magnet material is Neodymium-Boron-
Iron (NdBFe), which has almost 50 times higher B-H energy compared to Alnico. The major
shortcomings of permanent magnet machines are the non-adjustable flux, irreversible
demagnetization, and expensive rare-earth magnet resources. Variable flux permanent
magnet (VFPM) machines have been developed to incorporate the adjustable flux feature.
This variable flux feature offers flexibility by optimizing efficiency over the whole machine
operation range, enhancing torque at low speed, extending the high speed operating range,
and reducing the likelihood of an excessively high back-EMF being induced at high speed
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Wind Turbine

e

Grid-end Machine-side
Converter Converter

Figure 1.2 General view of a DFIG connected to wind system and utility grid

during inverter fault conditions. The VFPM are broadly classified into hybrid-excited
machines (they have the field coils and the permanent magnets) and mechanically adjusted
permanent magnet machines. Detailed reviews on the variable flux machines are given in [4].
The detailed reviews on the advances on electric motors are presented in [5—16].

Another popular class of electrical machine is the double-fed induction machine (DFIM)
with a wound rotor. The DFIM is frequently used as an induction generator in wind energy
systems. The double-fed induction generator (DFIG) is a rotor-wound, three-phase induction
machine that is connected to the AC supply from both stator and rotor terminals (Figure 1.2).
The stator windings of the machine are connected to the utility grid without using power
converters, and the rotor windings are fed by an active front-end converter. Alternatively, the
machine can be fed by current or voltage source inverters with controlled voltage magnitude
and frequency [17-22].

In the control schemes of DFIM, two output variables on the stator side are generally
defined. These variables could be electromagnetic torque and reactive power, active and
reactive power, or voltage and frequency, with each pair of variables being controlled by
different structures.

The machine is popular and widely adopted for high power wind generation systems and
other types of generators with similar variable speed high power sources (e.g. hydro systems).
The advantage of using this type of machine is that the required converter capacity is up to three
times lower than those that connect the converter to the stator side. Hence, the costs and losses
in the conversion system are drastically reduced [17].

A DFIG can be used either in an autonomous generation system (stand-alone) or, more
commonly, in parallel with the grid. If the machine is working autonomously, the stator
voltage and frequency are selected as the controlled signals. However, when the machine
is connected to the infinite bus, the stator voltage and frequency are dictated by the grid
system. In the grid-interactive system, the controlled variables are the active and reactive
powers [23-25]. Indeed, there are different types of control strategies for this type of
machine; however, the most widely used is vector control, which has different orientation
frames similar to the squirrel cage induction motor, but the most popular of these is the stator
orientation scheme.

Power electronics converters are used as an interface between the stiff voltage and
frequency grid system and the electric motors to provide adjustable voltage and frequency.
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This is the most vital part of a drive system that provides operational flexibility. The
development in power electronic switches is steady and nowadays high frequency low loss
power semiconductor devices are available for manufacturing efficient power electronic
converters. The power electronic converter can be used as DC-DC (buck, buck-boost, boost
converters), AC-DC (rectifiers), DC-AC (inverters), and AC-AC (cyclo-converters and
matrix converters) modes. In AC drive systems, inverters are used with two-level output or
multi-level output (particularly for higher power applications). The input side of the
inverter system can consist of a diode-based, uncontrolled rectifier or controlled rectifier
for regeneration capability called back-to-back or active front-end converter. The conven-
tional two-level inverter has the disadvantages of the poor source side (grid side) power
factor and distorted source current. The situation is improved by using back-to-back
converters or matrix converters in drive systems.

The output side (AC) voltage/current waveforms are improved by employing the appropriate
Pulse Width Modulation (PWM) technique, in addition to using a multi-level inverter system.
In modern motor drives, the transistor-based (IGBT, IGCT, MOSFET) converters are most
commonly used. The increase in transistors switching frequency and decrease in transistor
switching times are a source of some serious problems. The high dv/df and the common mode
voltage generated by the inverter PWM control results in undesirable bearing currents, shaft
voltages, motor terminal over-voltages, reduced motor efficiency, acoustic noise, and elec-
tromagnetic interference (EMI) problems, which are aggravated by the long length of the cable
between the converter and the motor. To alleviate such problems, generally the passive LC
filters are installed on the converter output. However, the use of an LC filter introduces
unwanted voltage drops and causes a phase shift between the filter input and output voltages
and currents. These can negatively influence the operation of the whole drive system, especially
when sophisticated speed, sensorless control methods are employed, requiring some estima-
tion and control modifications for an electric drive system with an LC filter at its output. With
the LC filter, the principal problem is that the motor input voltages and currents are not
precisely known; hence, additional voltage and current sensors are employed. Since the filter is
an external element of the converter, the requirement of additional voltage and current sensors
poses technical and economical problems in converter design. The more affordable solution is
to develop proper motor control and use estimation techniques in conjunction with LC filter-
based drive [26-30].

The simulation tool is a significant step for performing advanced control for industry.
However, for practical implementation, the control platform for the electric drive system is
provided with microcontrollers (LCs), digital signal processors (DSPs), and/or field program-
mable gate arrays (FPGAs). These control platforms offer flexibility of control and make
possible the implementation of complex control algorithms, such as field oriented control
(FOC), direct torque control (DTC), non-linear control, and artificial intelligence-based
control. The first microprocessor, the Intel 4004 (US Patent # 3821715), was invented by
Intel engineers Federico Faggin, Ted Hoff, and Stan Mazor in November 1971 [31]. Since then,
the development of faster and more capable microprocessors and pCs has grown tremendously.
Microcontroller is a single IC containing the processor core, the memory, and the peripherals.
Microprocessors are used for general-purpose applications, such as in PCs, laptops, and other
electronic items, and are used in embedded applications for actions such as motor control.
The first DSP was produced by Texas Instruments, TMS32010, in 1983 [32], followed by
several DSPs being produced and used for several applications, ranging from motor control
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to multi-media applications to image processing. Texas Instruments has developed some
specific DSPs for electric drive applications, such as the TMS320F2407, TMS320F2812,
and TMS320F28335. These DSPs have dedicated pins for PWM signal generation that serve
by controlling power converters. Nowadays, control algorithms implement more powerful
programmable logic components called FPGAs, the first of which, XC2064, was invented by
Xilinx co-founders Ross Freeman and Bernard Vonderschmitt in 1985. FPGAs have logic
blocks with memory elements that can be reconfigured to obtain different logic gates. These
reconfigurable logic gates can be configured to perform complex combinational functions.
The first FPGA XC2064 had 64 configurable logic blocks, with two three-input lookup
tables. In 2010, an extended processing platform was developed for FPGAs that combines
the features of an Advanced Reduced Instruction Set Machine (ARM) high-end micro-
controller (32-bit processor, memory, and 1/O) with an FPGA fabric for easier use in
embedded applications. Such configurations make it possible to implement a combination of
serial and parallel processing to address the challenges in designing today’s embedded
systems [33].

The primitive electric drive system uses a fixed-speed drive supplied from the grid,
while mostly employing the DC motor. Adjustable speed drive systems offer more flexible
control and increased drive efficiency when compared to the fixed speed drive. DC motors
inherently offer decoupled flux and torque control, with fast dynamic response and simple
control mechanism. However, the operating voltage of the DC machines is limited by the
mechanical commutator’s withstand voltage; in addition, the maintenance requirement is
high due to its brush and commutator arrangement. DC drives are now increasingly replaced
by AC drives due to the advent of the high performance control of AC motors, such as vector
control, Direct Torque Control (DTC), and predictive control, offering precise position
control and an extremely fast dynamic response [34]. The major advantages of AC drives
over DC drives include their robustness, compactness, economy, and low maintenance
requirements.

Biologically inspired artificial intelligence techniques are now being increasingly used for
electric drive control, and are based on artificial neural networks (ANN), fuzzy logic control
(FLC), adaptive neuro-fuzzy inference system (ANFIS), and genetic algorithm (GA) [35,36].
A new class of electric drive controls, called brain emotional learning-based intelligent
controller (BELBIC), is reported in the literature [37]. The control relies on the emotion
processing mechanisms in the brain, with the decisions made on the basis of an emotional
search. This emotional intelligence controller offers a simple structure with a high auto-
learning feature that does not require any motor parameters for self performance. The high
performance drive control requires some sort of parameter estimation of motors, in addition
to the current, speed, and flux information for a feedback closed-loop control. Sensors are
used to acquire the information and are subsequently used in the controller. The speed sensors
are the most delicate part in the whole drive system, thus extensive research efforts are being
made to eliminate the speed sensors from the drive system, with the resulting drive system
becoming a ‘sensorless’ drive. In sensorless drive schemes, existing current and voltage
sensors are used to compute the speed of the machine, and the computed speed is used for
closed-loop control. The literature on sensorless drives is too vast to list, but a comprehensive
review is available in [38—40]. A sensorless drive offers the advantages of a compact drive
with reduced maintenance, reduced cost, and its ability to withstand harsh environmental
conditions. Despite impressive progress in drive automation, there are still a number of
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persistent challenges, including a very low speed near to zero, operation at zero speed with
full load condition, and an overly high-speed operation.

Network-based control and remote control of the drive systems are still in progress. Plug-
and-play types of electric drives are an important area that can serve the applications that
have a direct impact on the quality of life, such as renewable energy, automotive
applications, and biomedical applications. Integrated converter-motor drive systems for
compact design, as well as reduced EMI due to cabling wave reflection, are also in progress.
More diversity in machine design with rare earth free motors is the subject of research, and
high air gap flux density machines using superconductors are the direction of research in
electric drive systems.

1.2 General Overview of High Performance Drives

High performance drive refers to the drive system’s ability to offer precise control, in addition
to a rapid dynamic response and a good, steady state response. High performance drives are
considered for safety critical applications due to their precision of control [41]. Since the
inception of AC machines, several techniques have evolved to control their speed, torque, and
flux. The basic controlling parameters are the voltage and frequency of the applied voltage/
current to the motor. The grid supplies fixed magnitude and frequency voltages/currents, and
are thus not suitable for obtaining controlled operation of machines. Hence, power electronic
converters are used as an interface between the grid supply and the electric motors. These
power electronic converters, in most cases, are AC-DC-AC converters for AC machine drives.
Other alternatives are direct AC-AC converters, such as cyclo-converters and matrix con-
verters. However, these direct AC-AC converters suffer from some serious drawbacks,
including the limited output frequency, as low as one-third in cyclo-converters, and the limited
output voltage magnitude, which is limited to 86% of the input voltage magnitude in matrix
converters. Moreover, the control is extremely complex for direct AC-AC converters. Thus,
invariably AC-DC-AC converters are more commonly called ‘inverters,” and are used to feed
the motors for adjustable speed applications. This book will describe the modeling procedures
of the inverters, followed by the illustration of their existing control techniques. The basic
energy processing technique in an inverter is called ‘Pulse Width Modulation’ (PWM); hence,
PWM will be discussed at length.

The control of AC machines can be broadly classified into ‘scalar’ and ‘vector’ controls
(Figure 1.3). Scalar controls are easy to implement and offer a relatively steady-state response,
even though the dynamics are sluggish. To obtain high precision and good dynamics, as well as
a steady-steady response, ‘vector’ control approaches are to be employed with closed-loop
feedback control. Thus, this book focuses on the ‘vector’ based approaches, namely ‘Field
Oriented Control,” ‘Direct Torque Control,” ‘Non-linear Control,” and ‘Predictive Control.’

Itis well-known that the variable speed drive offers significant energy savings in an industrial
set-up. Thus, by employing variable speed drives in industry, there exists huge scope for energy
saving. The older installations relied on DC machines for variable speed applications, because
of their inherent decoupled torque and flux control with minimum electronics involved;
however, in the early 1970s, the principle of decoupled torque and flux control, more
commonly called ‘field oriented control’ or ‘vector control,” were achieved in more robust
induction machines. Later, it was realized that such control was also possible in synchronous
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Figure 1.3 Motor control schemes

machines. However, the pace of development in variable speed AC machine drives was slow
and steady until the early 1980s, when the microprocessor era began and the realization of
complex control algorithms became feasible [34,35].

The FOC principle relies on the instantaneous control of stator current space vectors. The
research on FOC is still active, with the idea of incorporating more advanced features for highly
precise and accurate control, such as sensorless operation, and utilization of on-line parameter
adaptations. The effect of parameter variations, magnetic saturation, and stray-load losses on
the behavior of field oriented controlled drives are the subject of research in obtaining robust
sensorless drives.

Theoretical principles of ‘direct torque control’ for high performance drives were introduced
in the mid- and second half of the 1980s. Compared with FOC which had its origin at the
beginning of the 1970s, DTC is a significantly newer concept. It took almost 20 years for the
vector control to gain acceptance by the industry. In contrast, the concept of DTC has been
received by industry relatively quickly, in only ten years. While FOC predominantly relies on
the mathematical modeling of an induction machine, DTC makes direct use of physical
interactions that take place within the integrated system of the machine and its supply. The DTC
scheme requires simple signal processing methods, relying entirely on the non-ideal nature of
the power source that is used to supply an induction machine, within the variable speed drive
system (two-level or three-level voltage source inverters, matrix converters, etc.). It can,
therefore, be applied to power electronic converter-fed machines only. The on-off control of
converter switches is used for the decoupling of the non-linear structure of the AC machines.
The most frequently discussed and used power electronic converter in DTC drives is a voltage
source inverter.
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DTC takes a different look at the machine and the associated power electronic converter.
First, it is recognized that, regardless of how the inverter is controlled, it is by default a voltage
source rather than a current source. Next, it dispenses with one of the main characteristics of the
vector control, indirect flux, and torque control by means of two stator current components. In
essence, DTC recognizes that if flux and torque can be controlled indirectly by these two
current components, then there is no reason why it should not be possible to control flux and
torque directly, without intermediate current control loops.

DTC is inherently sensorless. Information about actual rotor speed is not necessary in the
torque mode of operation, because of the absence of co-ordinate transformation. However,
correct estimations of stator flux and torque is important for the accurate operation of hysteresis
controllers. An accurate mathematical model of an induction machine is, therefore, essential in
DTC. The accuracy of DTC is also independent of the rotor’s parameters variations. Only the
variation of stator resistance, due to a change in thermal operating conditions, causes problems
for high performance DTC at low speeds [38].

In summary, the main features of DTC and its differences from the vector control are:

e direct control of flux and torque;

o indirect control of stator currents and voltages;

e absence of co-ordinate transformation;

e absence of separate voltage modulation block, usually required in vector drives;

« ability to know only the sector in which the stator flux linkage space vector is positioned,
rather than the exact position of it (necessary in vector drives for co-ordinate transformation);

e absence of current controllers;

« inherently sensorless control since speed information is not required in the torque mode of
operation;

e in its basic form, the DTC scheme is sensitive to only variation in stator resistance.

The research on the direct torque is still active and the effects of non-linearity in the machine
models are being explored; the flexibility and simple implementation of the algorithms will be
the focus of research in the near future. The use of artificial intelligence is another direction of
research in this area. It is important to emphasize that many manufacturers offer variable speed
drives based on the ‘field oriented control’ and ‘DTC’ principles and are readily available in
the market.

The main disadvantage of vector control methods is the presence of non-linearity in the
mechanical part of the equation during the changing of rotor flux linkage. Direct use of vector
methods to control an induction machine fed by a current source inverter provides a machine
model with high complexity, which is necessary to obtain precise control systems. Although
positive results from field oriented/vector control have been observed, attempts to obtain new,
beneficial, and more precise control methods are continuously made. One such development is
the ‘non-linear control’ of an induction machine. There are a few methods that are encom-
passed in this general term of ‘non-linear control,” such as ‘feedback linearization control’ or
‘input-output decoupling control,” and ‘multi-scalar model based non-linear control’. Multi-
scalar-based non-linear control or MM control was presented for the first time in 1987 [38,39],
and is discussed in the book. The multi-scalar model-based control relies on the choice of
specific state variables and, thus, the model obtained completely decoupled mechanical and
electromagnetic subsystems. It has been shown that it is possible to have non-linear control and
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decoupling between electromagnetic torque and the square of linear combination of a stator
current vector and the vector of rotor linkage flux.

When amotor is fed by voltage source inverters, and when the rotor flux linkage magnitude is
kept constant, the non-linear control system control is equivalent to the vector control method.
In many other situations, the non-linear control gives more system structure simplicity and
good overall drive response [35,38,39].

The use of variables transformation to obtain non-linear model variables makes the control
strategy easy to perform, because only four state variables have been obtained with a relatively
simple non-linearity form [38]. This makes it possible to use this method in the case of change
flux vector, as well as to obtain simple system structures. In such systems, it is possible to
change the rotor flux linkage with the operating point without affecting the dynamic of the
system. The relations occurring between the new variables make it possible to obtain novel
control structures that guarantee a good response of the drive system, which is convenient for
the economical operation of drive systems in which this flux is reduced if the load is decreased.

The use of variables transformation to obtain MM makes the control strategy easier than the
vector control method, because four variables are obtained within simple non-linearity form.
This makes it possible to use this method in the field-weakening region (high speed applica-
tions) more easily when compared to the vector control methods. Extensive research has been
done on the non-linear control theory of induction machines, leading to a number of suggested
improvements. It is expected that more such control topology will evolve in time.

High performance control of AC machines requires the information of several electromag-
netic and mechanical variables, including currents, voltages, fluxes, speed, and position.
Currents and voltage sensors are robust and give sufficiently accurate measurements, and so are
adopted for the closed-loop control. The speed sensors are more delicate and often pose serious
threats to control issues, so speed sensorless operation is sought in many applications that
require closed-loop control. Several schemes have been developed recently to extract speed
and position information without using speed sensors. Similarly, rotor flux information is
typically obtained using ‘observer’ systems. Much research efforts occurred throughout the
1990s to develop robust and precise observer systems. Improvements have been offered by the
development of the methods, including the ‘model reference adaptive system,” the ‘Kalman
filters,” and the ‘Luenberger observers,’ [40—42].

Initially, observers were designed based on the assumption of a linear magnetic circuit and
were later improved by taking into account different non-linearities. The methods developed so
far still suffer from stability problems around zero frequency. They fail to prove global stability
for sensorless AC drives. This has led many researchers to conclude that globally asymptot-
ically stable model-based systems for sensorless induction motor drives may not exist. Indeed,
most investigations on sensorless induction motor drives today focus on providing sustained
operation at high dynamic performance at very low speed, particularly at zero speed or at zero
stator frequency. Two advanced methodologies are competing to reach this goal. The first
category comprises the methods that model the induction motor by its state equations.
A sinusoidal flux density distribution in the air gap is then assumed, neglecting space harmonics
and other secondary effects. The approach defines the class of fundamental models. They are
either implemented as open-loop structures, such as the stator model, or as closed-loop
observers. The adaptive flux observer is a combination of the non-linear observer with a speed
adaptation process. This structure is now receiving considerable attention and many new
solutions follow a similar generic approach [41].
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Three-phase electric power generation, transmission, distribution, and utilization have been
well-known for over a century. It was realized that generation and transmission of power with
more than three phases do not offer significant advantages in terms of power density
(generation) and right-of-way and initial cost (transmission). A five-phase induction motor
drive system was first tested for in 1969 [43]. The supply to a five-phase drive system was made
possible by using a five-phase voltage source inverter, since simply adding an extra leg
increases the output phases in an inverter. It was realized that the five-phase induction motor
drive systems offered some distinct advantages over three-phase drive system counterparts,
such as reduced torque pulsation and enhanced frequency of pulsation, reduced harmonic
losses, reduced volume for the same power output, reduced DC link current harmonics, greater
fault tolerance, and better noise characteristics.

In addition, there is a significant advantage on the power converter end, due to the
reduced power per leg, the power semiconductor switch rating reduces, thus avoiding their
series/parallel combination and eliminating the problem of static and dynamic voltage
sharing. Furthermore, the stress on the power semiconductor switches reduces due to the
reduced dv/dr. The attractive features of multi-phase drive systems means enormous
research efforts have been made globally in the last decade to develop commercially
feasible and economically viable solutions. Niche application areas are then identified for
multi-phase drive systems, such as ship propulsion, traction, ‘more electric aircraft’ fuel
pumps, and other safety critical applications. Due to their complex control structure, their
widespread use in general purpose application is still not accepted. One of the commercial
applications of a 15-phase induction motor drive system is in the British naval ship
‘Destroyer II.” Similar drive systems are under preparation for US naval ships and will be
commissioned soon. Nevertheless, there are many challenges still to be met before the
widespread use of multi-phase drive systems, especially in general purpose electric drive
systems [44].

1.3 Challenges and Requirements for Electric Drives for Industrial
Applications

Industrial automation requires precisely controlled electric drive systems. The challenges and
requirements for electric drive systems depend upon the specific applications being used.
Among different classes of electric drives, medium voltage drives (0.2—40 MW at the voltage
level of 2.3-13.8 kV) are more popular for use in industry, such as in the oil and gas sector,
rolling and milling operations, production and process plants, petrochemical industry, cement
industry, metal industry, marine drive, and traction drive. However, only 3% of the existing
medium voltage (MV) motors are variable-speed drives, with the rest of these running at a fixed
speed [45]. The installation of properly speed controlled MV drives will significantly reduce
losses and total drive costs, as well as improve power quality in any industrial set-up. There are
several challenges associated with the controlled MV drives that are related to the line/source
side (e.g. power quality, resonance, and power factor), motor side (e.g. dv/d¢, torsional
vibration, and traveling wave reflections), and power semiconductor switching devices
(e.g. switching losses and voltage and current handling capability). The power rectifier at
the source side produces distorted currents at the source, in addition to poor power factors, thus
posing a challenge to the designer of the controlled electric drive system. The Pulse Width
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Modulation of inverter generates a common mode voltage on the motor side, which poses
another challenge. The rating of the power semiconductor devices is also an important factor to
be considered while designing an electric drive. High-quality voltage and current waveforms at
the converter input and output is essential in all types of electric drive systems.

The power quality is a factor of the converter topology used, and refers to the characteristic of
the load, the size and type of the filter, the switching frequency, and the adopted control strategy.
The switching losses of power converter devices contribute to the major portion of the drive
losses; therefore, operation at a low switching frequency makes it possible to increase the
maximum power of the inverter. However, an increase in the switching frequency of an inverter
increases the harmonic distortion of the input and output waveforms. Another solution is to use
multi-level inverters that deliver waveforms with better harmonic spectrum and lower dv/dt,
which limits the insulation stress of the motor windings. However, increasing the number of
switching devices in multi-level inverters tends to reduce the overall reliability and efficiency
of the power converter. On the other hand, an inverter with a lower level of output voltage
requires a large LC output filter to reduce the motor winding insulation stress. The challenge
then is to reduce output voltage and current waveform distortions when low switching
frequency is used to ensure high power quality and high efficiency.

The maximum voltage blocking capability of modern power semiconductor switching
devices is nearly 6.5 kV. This sets the maximum voltage limit of the inverter and the motor in an
electric drive system. Referring to the two-level voltage source inverter and the maximum
conducting current (600 A) of available voltage IGBT switches, the obtained maximum
apparent power is less than 1 MVA [45]. To overcome the limits of inverter ratings, series
and/or parallel combinations of power devices are suggested. In such instances, extra
measurements are required to balance the current between devices during turning on and
turning off. Due to inherent differing device characteristics, more losses are generated,
requiring a reduction in the de-rating of the inverter. There is a need to find a solution to
increase the power range of inverter, while avoiding the problems associated with series/
parallel connections of switches. One possible solution is using machines and converters with a
high phase number (more than three). Drive systems using motors and converters of high phase
orders have gained popularity in recent times, and extensive research efforts are being put into
developing such commercially feasible drives.

Essential requirements for general purpose electric drives for industrial application include
high efficiency, low cost, compact size, high reliability, fault protection features, easy instal-
lation, maintenance, and, in some applications, high dynamic performance, better power quality
at the input side, precise position control, and regeneration capability.

1.3.1 Power Quality and LC Resonance Suppression

Unwanted harmonics are introduced in power grids due to the power electronic switching
converters on the load side, which poses a serious problem that needs to be effectively solved.
Uncontrolled diode based rectifiers at the source side of the inverter draw distorted currents
from the grid and cause notches in voltage waveforms. This results in several problems, such as
computer data loss, malfunction of communication equipment and protective equipment, and
noise. Therefore, many standards define the limit of harmonics injected into the power grid,
including IEEE 519-1999, IEC 1000-3-2 International Standard, 1995, and IEC 61000-3-2
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International Standard, 2000. Current research and industrial applications tend to comply with
these international standards.

The LC line side filter is used for current harmonic reduction or power factor compen-
sation. Such LC filters may exhibit resonance phenomena. The supply system at the MV level
has very low impedance, therefore lightly damped LC resonances may cause undesired
oscillations or over-voltages. This may shorten the life of the switching devices or other
components of the rectifier circuits. Effective solutions should guarantee low harmonics and
low dv/dr using just areactor instead of an LC filter, or using a small filter to solve the problem
of LC resonance.

1.3.2  Inverter Switching Frequency

The use of high switching frequency devices in power converters causes rapid voltages and
current transitions. This leads to serious problems in the drive system, such as the generation of
unwanted common-mode (CM) currents, EMI, shaft voltage, with consequent generation of
bearing currents, and deterioration of the winding insulation of motors and transformers.

Switching losses is a crucial issue that should be taken into account in designing electric
drives, because they pose a limit on the switching frequency value and the output power level of
the power converters. The switching losses of semiconductor devices contribute to a major
portion of total device losses. A reduction of switching frequencies increases the maximum
output power of the power converter. However, the reduction of switching frequency may cause
an increase in harmonic distortion of the line and motor side. Hence, a trade-off exists between
these two conflicting requirements.

1.3.3 Motor Side Challenges

Fast switching transients of the power semiconductors devices at high commutation voltages
causes high switching losses and poor harmonic spectrum of the output voltages, generating
additional losses in the machine. The problems are aggravated due to the long length of the
cables between the converters and motors, as well as generating bearing currents due to
switching transients.

1.3.4 High dv/dt and Wave Reflection

The high switching frequency of power devices causes high dv/dr at the rising and falling edges
of the inverter output voltage waveform. This may cause failure of the motor winding insulation
due to partial discharges and high stress. High dv/dr also produces rotor shaft voltages, which
creates current flow into the shaft bearing through the stray coupling capacitors, ultimately
leading to motor bearings failure. This is a common problem in adjustable speed drive systems
in industry.

The wave reflections are caused by the mismatch between the cable, the inverter, and the
motor wave impedance. Wave reflections can double the voltage on the motor terminals at each
switching transient, if the cable length exceeds a certain limit. The critical cable length for
500 V/us is in the 100-m range, while for 10,000 V/us it is in the 5-m range [45]. The dv/dt also
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causes electromagnetic emission in the cables between the inverter and the motor. Expensive
shielded cables are used to avoid these effects; nevertheless, the electromagnetic emission may
affect the operation of nearby sensitive electronic equipment, which is called electromagnetic
interference.

The design of the filters should achieve international standards (e.g. IEEE 519-1999). Filters
also reduce the switching frequency. The widely used passive filters are designed to ensure very
low total harmonic distortion (THD) in both motor and line sides. A large inductor in the LC
filter must be used in most high power drive systems, resulting in undesirable voltage drops
across the inductor. The increase in capacitor size reduces LC resonant frequency, which is then
affected by the parallel connection of the filter capacitor and motor magnetizing inductance.

In an electric drive with an LC filter, instability could appear due to electric resonance
between L and C parameters. Such phenomena are mostly observed in over-modulation regions
when some inverter output voltage harmonics are close to LC filter resonant frequency. Active
damping techniques could be then employed to resolve the problem of instability, while at
the same time suppressing the LC resonance.

1.3.5 Use of Inverter Output Filters

The output voltage quality at the inverter side can be improved by using active and passive
filters. Today, passive filtering is widely used at the output of the inverter to improve the voltage
waveform. Such filters are hardware circuits that are installed on the output of the converter
structure. The most common approach is the use of filters based on resistors, inductors, and
capacitors (LC filters). In order to reduce the over-voltages that can occur, because of wave
reflection at the motor terminals when long cables are used, differential mode LC filters are
used. The cable length is important in determining the output performance of the drive system;
however, the cable layout on the user end is generally unknown to the inverter manufacturer.
Moreover, such filters components are decided according to the switching frequency of the
inverter. When an inverter output filter is installed in the electric drive, the voltage drops
and the phase shifts between the filter’s input while output voltages and currents appear.
This complicates the control system design, particularly for low speed conditions. The control
systems are generally designed assuming the inverter’s output voltages and currents are equal
to the motor input values. In the case of a discrepancy between voltages and currents, the region
of proper motor operation is limited. Therefore, in a control system of electric drives with an
inverter output filter, it is essential to provide modification in the measurement circuits or in
the control algorithms. A simple way to improve the performance of the electric drive with
inverter output filter is to introduce additional sensors for motor voltages and current measure-
ments. Such a solution is not practical because it requires changes in the inverter structure so, in
this case, an accepted solution is to keep the inverter structure unchanged but to modify a
control algorithm.

1.4 Organization of the Book

This book is comprised of nine different chapters dealing with different issues of High
Performance AC Drives along with the MATLAB/Simulink models. Chapter 1 discusses the
components of AC drive system and presents an overview on High Performance Drives.
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The classification of electrical machines and their state-of-the-art control strategies, including
field oriented control and direct torque control, are elaborated on. The persisting challenges for
the industrial application of AC drives are further illustrated in Section 1.3. This chapter give an
overall view of High Performance Drives.

Chapter 2 discusses the basic modeling procedures of different types of electrical machines.
For the sake of completeness, DC machine modeling is presented in Section 2.2, followed by
the modeling of the squirrel cage induction machine, which is presented based on the space
vector approach. The obtained dynamic model is then converted into a per unit system for
further simulation and generalization of this approach. This is followed by the modeling of
double-fed induction machine and permanent magnet synchronous machine. The simulation
using MATLAB/Simulink is also presented.

Chapter 3 describes the Pulse Width Modulation control of DC-AC converter system.
The basic modeling of a two-level inverter based on the space vector approach is discussed,
followed by different PWM approaches such as carrier-based sinusoidal PWM, harmonic
injection schemes, offset addition methods, and space vector PWM techniques. This is followed
by discussion on multi-level inverter operation and control. Three most popular topologies
(Diode clamped, Flying capacitor, and Cascaded H-bridge) are illustrated. A new class of
inverter, most popular in renewable energy application, called the Z-source inverter and its
modified form called the quasi Z-source, are discussed in this chapter. The discussed techniques
are further simulated using MATLAB/Simulink and the simulation models are presented.

Chapter 4 is dedicated to the field oriented control or vector control of AC machines,
including the squirrel cage induction machine, the double-fed induction machine, and the
permanent magnet synchronous machine. For consistency, scalar control (v/f= constant) is
also presented. Different types of vector control are presented along with their simulation
models. Wide speed control range from low to high (field weakening) is elaborated on. The field
weakening region is discussed in detail, with the aim of producing high torque at high speed.
Vector control of DFIG with grid interface is also described, as is the basic rotor flux estimation
scheme using the Luenberger observer system.

Principles of DTC for High Performance Drives are introduced in Chapter 5. DTC takes a
different look at the induction machine and the associated power electronic converter. First, it
recognizes that, regardless of how the inverter is controlled, it is by default a voltage source
rather than a current source. Next, it dispenses with one of the main characteristics of vector
control, indirect flux, and torque control, by means of two stator current components. In
essence, DTC recognizes that if flux and torque can be controlled indirectly by these two
current components, then it should not be possible to control flux and torque directly, without
intermediate current control loops. This concept is discussed in Chapter 5. The main features,
advantages, shortcomings, and implementation of d DTC are elaborated on. A simulation
model for implementing d DTC is presented.

High Performance Drives are a solution intended to embed separately excited DC motor
characteristics into AC machines. This goal has been almost achieved with the inception of
vector control principle. The main disadvantage of vector control methods is the presence of
non-linearity in the mechanical part of the equation during the changing of rotor flux linkage.
Although good results from vector control have been observed, attempts to obtain new control
methods are still being made. Non-linear control of induction motors is another alternative to
obtain decoupled dynamic control of torque and flux. This method of control to obtain High
Performance Drive is presented in Chapter 6. Such a control technique introduces a novel
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mathematical model for induction motors, which makes it possible to avoid using sin/cos
transformation of state variables. The model consists of two completely decoupled subsystems,
mechanical and electromagnetic. It has been shown that in such a situation it is possible to have
non-linear control and decoupling between electromagnetic torque and the rotor linkage flux.
Non-linear control of induction machine based on multi-scalar model is discussed. Non-linear
control of a separately excited DC motor is also presented. Non-linear control of non-linear
induction machine and permanent magnet synchronous machine is illustrated. The discussed
techniques are supported by their simulation model using MATLAB/Simulink.

Chapter 7 is devoted to a five-phase induction motor drive system. The advantages and
applications of a multi-phase (more than three phases) system are described. The chapter
discusses the dynamic modeling of a five-phase induction machine, followed by space vector
model of a five-phase voltage source inverter. The pulse width modulation control of a five-
phase voltage source inverter is elaborated on. The vector control principle of a five-phase
induction motor in conjunction with the current control in the stationary reference frame and
the synchronously rotating reference frame is presented. Finite state model predictive control
applied to a five-phase voltage source inverter for current control is also presented.
The simulation models of a five-phase induction motor and five-phase voltage source inverter
are illustrated using MATLAB/Simulink.

Chapter 8 describes the speed sensorless operation of high performance drive systems.
Speed sensors are the most delicate component of a drive system, which are susceptible to faults
and malfunctioning. A more robust drive system is obtained by replacing the physical speed
sensors with the observer system that compute the speed and use the information for the closed-
loop control. Several observer systems and their tuning are elaborated on in this chapter. A
model reference adaptive speed estimator system for a three-phase and a five-phase induction
machine is described along with their simulation model. Sensorless control scheme of
permanent magnet synchronous machine is also discussed. Model reference adaptive speed
estimator system for a three-phase permanent magnet synchronous motor is also illustrated.

Nowadays, electric drives with induction motors and voltage source type inverters are
commonly used as adjustable speed drives in industrial systems. The inverters are built with
the insulated gate bipolar transistors, IGBT, whose dynamic parameters are high, i.e. the on-
and off-switch times are extremely short. Fast switching of power devices causes high dv/dr at
the rising and falling edges of the inverter output waveform. High dv/d¢ in modern inverters is
the source of numerous disadvantageous effects in the drives systems. The main negative
effects are faster motor bearings degradation, over-voltages on motor terminals, failure or
degradation of the motor winding insulation due to partial discharges, increase of motor
losses, and a higher EMI level. The prevention or limiting of the negative effects of dv/dt is
possible if proper passive or active filers are installed in the drive. Particularly passive filters
are preferable for industrial applications. This issue is described in detail in the Chapter 9.
The problems due to use of passive LC filters at the output of the inverter and their solutions
are discussed.

Chapter 1 was prepared by Atif Igbal with help from Haitham Abu-Rub. Chapters 2, 4 and 8
were mainly prepared by Haitham Abu-Rub with help from Jaroslaw Guzinski. Chapter 6 was
prepared by Zbigniew Krzeminski and Haitham Abu-Rub. Chapters 3 and 7 are the respon-
sibility of Atif Igbal. Chapter 5 was written by Truc Pham-dinh and Chapter 9 was written by
Jaroslaw Guzinski with help from Haitham Abu-Rub. All chapters were revised by an English
expert from the research team of Haitham Abu-Rub.
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2

Mathematical and Simulation
Models of AC Machines

2.1 Preliminary Remarks

This chapter describes the basic modeling procedures of power electronic converters and AC
machines. The mathematical model thus obtained will be used to develop simulation models
using MATLAB/Simulink. The standard approach of mathematical modeling will be described
in addition to advanced modeling procedures such as the signal flow graph.

The modeling and simulation of AC machines will be presented. DC motors will be briefly
modeled and discussed for educational benefit; those machines are currently rarely used and
analyzed, therefore will not be discussed in depth. The AC machines that will be discussed are
the most popular three-phase induction machine (squirrel cage and rotor-wound) and three-
phase permanent magnet synchronous machine. Machine modeling is a first important step in a
better understanding of the topic. The modeling of these machines will introduce the reader to
the basics for understanding and analyzing the advanced control techniques of electric drives,
such as ‘field oriented control,” ‘direct torque control,” ‘feedback linearization control,’
‘predictive control,” and ‘sensorless operation.’

The modeling of multiphase machines and IM with inverter output filters will be discussed in
later chapters. This also applies to non-linear models of AC machines.

2.2 DC Motors

This section presents the modeling of separately excited and series DC motors, to provide
educational benefits rather than for practical use. The mathematical models AC and DC
machines can be found in [1-5].

High Performance Control of AC Drives with MATLAB/Simulink Models, First Edition.
Haitham Abu-Rub, Atif Igbal, and Jaroslaw Guzinski.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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2.2.1 Separately Excited DC Motor Control

An equivalent circuit of a separately excited DC motor is shown on Figure 2.1. The armature
side of the motor is modeled using an ideal voltage source (back EMF) and an armature
resistance. The excitation circuit is represented by a field resistor and an inductor. The two
circuits are fed by separate voltage sources.

The mathematical model of the separately excited DC motor can be represented as [1-5]

i
ua:Ru-iu—i—L[,-%—&-e (2.1)
CdY
ur = Ry i + Tzf (2.2)
dw,
| 23
dr e 1 ( )

where u,, uy, i,, and irare armature voltage, field voltage, armature current, and field current,
respectively; R, Rrare armature and field resistances; L, is armature inductance; J is machine
inertia; w, is rotor angular speed; i is field flux; e is electromagnetic force induced in the
armature; and t; is the load torque.

The induced voltage e and motor torque (z.) in the motor are given by

e=cp-if o, (2.4)
O (2.5)
R, i,
AMA——o
+
¢ U,
o

Figure 2.1 An equivalent circuit of a separately excited DC motor
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Assuming a linear magnetic path, the flux is
\Pf = Lf . l'f (26)

Using the above equations, the mathematical model presented as differential equations of state
is described as

di, 1 R, Ce - lf -
= Uy —— i, —— 2.7
a L, T T T 27)
ﬂ:uf_Rflf (2 8)
dt Lf '
do, 1 L.
o =Ly eia—tr) (29)
Let us now assume the next nominal values:
J - w,
T, — t“’ " (2.10)
L
T, = R—’; (2.11)
Ly
Tr = —= 2.12
=R (2.12)
Upg 1
Ki=— — 2.13
! lna Ra ( )
-1
K> = % C— (2.14)
ly Ry
E,
K; = 2.15
: i11 'Ra ( )

Where Uq, Uy, iyq, and i,care rated values of armature voltage, field voltage, armature current,
and field current, respectively; 7, is the rated torque; w,,, is the rated speed; and the rated induced
voltage is

E, = CEg -y - Wy (2.16)

This voltage can be also presented as

Ey = upg — Ry - ing (217)
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: \
I * » K3 - 1Ts p L |la 1)
B i dia 5 QL
Integrador ®
Crmegia_1 K3 1Ta
Product
Figure 2.2 Model of an armature current loop
The per unit model of the motor is
di, 1 1 . K, if-o
a VT, T, T, (2.18)
dir up s
J_Kk, . L_L 2.19
R (2.19)
dw, 1
=—(ip-i, —t 2.20
dt Tm (lf ly 1) ( )

The Simulink sub-blocks of the motor model are shown in Figures 2.2-2.4.

2.2.2 Series DC Motor Control

An equivalent circuit of a series DC motor is shown in Figure 2.5. The armature side of the

motor is connected in series with the field side.

la X ——Ppf+

Product

Figure 2.3 Model of a rotor speed loop

1

S

OmegaR ’ .-1

OmegaR

Integrator
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Uf
K2 1 I
i = "q)
it ol - Inlegrator
Figure 2.4 Model of a field current loop
The mathematical model of a series DC motor is
di 1
ézz(us—ia-R—e) (2.21)
do, 1
—=—(t,— 1 — t 2.22
= lte— 1= 1) (222)

where i, is the voltage source; i, is the armature current; t;is load torque; and J is the moment of
inertia. The electromagnetic torque ¢, is

te=c-i (2.23)

where c is the motor constant and the ¢, friction torque is

ty=B-w, (2.24)
The back EMF is
e=c-i-w (2.25)
4& Ra Rs Ls <’_L
/\/\/\, /\/\/\/ IYY Y\ __— 54
e uv
o-

Figure 2.5 An equivalent circuit of a series DC motor
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CGCO—»
L=
NE 4|>—> = L oD
L Integrator 2
e 1l
Product
H | —
Figure 2.6 Armature current loop model
The resistance R is
R=Rs+R, (2.26)
The inductance L is
L=L+L, (2.27)

The DC series motor model, consisting of an armature current subsystem and a rotor speed
subsystem, is shown in Figures 2.6 and 2.7.

CO——> R

la X +

P

Product

< 2 > - 1§ OmegaR
mO

OmegaR

Integrator
11 9

Figure 2.7 Rotor speed loop model
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2.3 Squirrel Cage Induction Motor
2.3.1 Space Vector Representation

A three-phase AC machine may be described using the space vector method [1-9], as was
shown by Kovacs and Racz [6]. For this reason, the AC motor variables K4 (¢), Kp(?), K¢ (¢) for
a symmetrical machine fulfill the condition:

Ka(?) + Kg(t) + Kc(2) =0 (2.28)
The summation of these variables gives the space vector:

K= % [Ka(?) + aKp(t) + a*Ke (1)) (2.29)

where a = ej%ﬂ- and @ = ej%W

Figure 2.8 shows the stator current complex space vector.

The space vector K may represent the motor variables (e.g. current, voltage, and flux).
The vector control principle on AC machines takes advantages of transforming the variables
from the physical three-phase ABC system to a stationary frame eaf, or rotating frame
dq [3,6].

Let us analyze, as an example, the stator sinusoidal currents [is4, isg, isc] transformation. The
first transformation can be done to a stationary frame a3 (Clark transformation), and then to a
rotating frame dg (Park transformation) [1-9].

azK c

Figure 2.8 Space vector representation for three-phase variables
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so Q, A

Figure 2.9 Stator current vector a3 components

2.3.2 Clarke Transformation (ABC to af3)

The sinusoidal three-phase variables can be represented as a space vector expressed on a two
orthogonal axis («f3), as shown in Figure 2.9.
The stator current as a vector is described by the complex form:

;S = lsa +ji.rB (2.30)
where
. 2. . 5.
i =R, 3 lisa + aigs + @*isc| (2.31)
. 2., . 2.
iop = Imq = [isa + aiip + @isc] (2.32)
then
imz = iSA (233)
. .
—= (54 + 2isp) (2.34)

Isg =
5B /3
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This is equivalent to
1 0 07 [ia
Isa
l .S 1 =L 2 ol |is (2.35)
Isp V3 V3 .
Isc
The inverse Clarke transformation from a8 to ABC is
- 0
isA _ ! — @ i
wl=] % ? [ - (2.36)
i
23 I I BN
2 2

The above transformation does not take into account zero components and it concedes
maintaining variable vector length. It is also possible to have a transformation that maintains

system power.

The matrix of variables transformation from the three-phase system ABC to the stationary

af30 system with retaining vector length is

rr 1 1 7
3303
2 1 1
av=13 73 73
o L L
VERE

where subscript W denotes transformation with retaining vector length.

(2.37)

The matrix of variables transformation from aB0 to ABC with retaining vector length is

M1 1 0 7
N A
Av_vl: 2 2
N
2 2

(2.38)

The matrix of variables transformation from the three-phase system ABC to the stationary a30

system with retaining system power is
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Ap = (2.39)

where Ap denotes transformation with retaining system power.
The matrix of variables transformation from B0 to ABC with retaining system power is

0

V2

5 (2.40)
V2

Variables transformation from one reference frame to another is done according to the
procedures:

 For transformation with retaining vector length:

X0 XA
Xe | = Aw | XB (2.41)
Xg Xc
XA X0
Xs | = Ay | Xa (2.42)
Xc Xg

¢ For transformation with retaining system power:

X0 XA
Xae | = Ap XB (243)

XB Xc
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»
>
so o, A

Figure 2.10 Stator current space vector and its component in (e, 3) and in the (d g) rotating reference
frame

XA X0
xp | =Ap'| xa (2.44)
Xc Xg

where x denotes arbitrary variable in specific reference system.

2.3.3 Park Transformation (af3 to dq)

This transformation aims to project the two phase components e in stationary frame to the dgq
rotating reference frame rotating with angular speed wy- If we consider the d-axis aligned with
the rotor flux in axis d, then we speak about rotor flux oriented system. As an example, stator
current space vector and its component in («,3) and in the (d,q) are shown in Figure 2.10.
The current vector in dg frame is
Iy = isq + Jigg (2.45)
which is equivalent to

iy = (im cos(yy) +isg sin(ys)) Jrj(isﬁ cos(y,) — isa sin('ys)) (2.46)

Following this:

;S _ [iSd] _ [ COS(YJ) Sin(’YS)‘| [isa‘| (247)
isg —sin(y,) cos(v,) | | is
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Figure 2.11 Per-phase equivalent circuit of induction motor

The inverse Park transformation is

- [sq* cos(y,) —sin(y Igg+
is _ .Y _ . ( s) ( s) .S (248)
Isgx sin(y,)  cos(vy;) g+
The transformation may be applied to all space vectors (e.g. stator voltage, rotor flux, etc.).

2.3.4 Per Unit Model of Induction Motor

A per-phase equivalent circuit of an induction motor is shown in Figure 2.11. It consists of
stator side resistance and leakage inductance, mutual inductance, rotor side resistance,
inductance, and induced voltage.

The induction motor in arbitrary reference frame K can be presented per unit rotating angular
speed wy, as

. d .
Uge = Rsklsk + j;k +]wkl/jsk (249)
d

Upfe = Rrkirk + Zr[rk +]((.L)k — w")l/fsk (250)
l//sk = Lyis + Liniy (2.51)
Y = Lyiye + Lyl (252)

dw, 1 .
7 = 7 Un(Wise) — 0] (2.53)

where Tyis the mechanical time constant; where uy, is, iy, i, i,are voltage, current, and flux
(stator and rotor) vectors; Ry, R, are stator and rotor resistances; w, is rotor angular speed; w, an
angular speed of reference frame; J a moment of inertia; and ¢ is load torque.



Mathematical and Simulation Models of AC Machines 31

The currents relations are:

. 1 Ly .

iy = L—S\PS — L—X’zr, (2.54)
1 Ll71 .

= —W, — -2, 2.55

LT (239

The induction motor (IM) model presented per unit in the rotating frame with arbitrary speed
is given by [10,21]

LZ: = RSL'Z‘L;}?L%” fgx + ILe,’vaj Yoo + 0p iy + 0 %’: Uy + i—; Uy (2.56)
ly KGR, Ry iy, L g
d;ﬁ;x == ILil!f + o, + RLL isx (2.58)
% == %tﬁ,‘y + o, + R"L—fmixy (2.59)
ci;:r = JLL (Wrlisy = Wiylis) — }tv (2.60)

Here, uy, i, i, Y, i, are voltage, current, and flux (stator and rotor) vectors; Ry, R, are stator and
rotor resistances; w, is rotor angular speed; wy, is angular speed of reference frame; J is moment
of inertia; and ¢, is load torque.

The mathematical model of IM as differential equations of state variables presented in (a3)
stationary reference frame and (w; =0) is [10]

dcl;a =y i+ ay Vo + 0 a3 Wog + a4 e (2.61)
% =a-ig+ar- Vg —wr-a3- Vo +as-ug (2.62)
d‘;’;a = a5 W+ (0,) Wop + 5 - i (2.63)
% = Z} (Wralisp — Yygisa) — ;lo (2.65)
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where:

R +RL,

a; = L (2.66)
a = RerLM'}" (2.67)

az = %” (2.68)

ay —% (2.69)

as = —%‘ (2.70)

s = Rr%’ (2.71)
w=oLL; = LL; — L} (2.72)
o=1- LI:%S (2.73)

The above equations are modeled in Figure 2.12.

2.3.5 Double Fed Induction Generator (DFIG)

The mathematical model of DFIG is similar to the squirrel cage induction machine, the only
difference being that the rotor voltage is not zero [10-15]. The equations representing the

DFIG [10-15] are

s = Rl + dt +./w&lpy (274)
. dy
¥, =Ry, + :l'l;r +j(ws — w1, (2.75)
lzs = LS?S + Lm?r (276)
b, = Lii, + Ly, (2.77)

where v, and v, are rotor and stator voltages; i, and ¢, are rotor and stator fluxes; R,, R, L,, and
L, are rotor and stator resistances and inductances; L,, represents mutual inductance; and w, and
wy are rotor and synchronous angular speeds.
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P isy
2D » @ Int2
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Figure 2.12 Induction motor model
In the rotating dqg reference frame, the machine model is
, di,
Vas = Rslds — sy + dls (2.78)
. dij
Vgs = Rylgs — w5ty + d;” (2.79)
; dy,,
Var = erdr - (ws - wr)lpqr + dl" (280)
. dij
Vqr = erqr —+ ((1)S — (J)r)llldr + d:r (281)

l//d.v = Lyigs + Linlar (282)
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Table 2.1 Base values of DFIG

Base Values

Voltage V=V,
Power Sp = Su
Current I, S
=
V3V
VZ
Impedance Zy = S—b
n
Speed wp = 27f,
S
Torque Ty = o b
P
V
Flux Yy = A
wp
S
Torque Ty =0
@ylp
Wys = Lslgs + Linigr (2.83)
‘»[’dr = Lyig + Lyl (2.84)
%r = Lriqr + Lmiqs (2.85)

The produced torque is

3 3
T. = Ep (d’driqs - dqujds) = Eme (id"iqs - iqrids) (286)

and the mechanical part of the model is

dw,, 4
on D1, -1,) (2.87)

The base values of the machine used to derive the above per unit model are shown in
Table 2.1.

The a3 (xy) per unit model of DFIG, connected with the grid, is described by following
deferential equations of state variables (stator flux components and rotor current referred to the
rotor side) as

de,,
dt

de,,
dr

=da ld)sx + apUsylpx (288)

= all(l’)sy + a12usyiry (289)
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dirk _ i b b 2.90
dr 1R + a0 Pog — 30,Pgp + Doty — b (2.90)
diryR—a iryr + A0@or — A230r g p + boittyy — baou (2.91)
dt = a21lryR 22PsyR 23WrPsxr 214%ry 22UgyR .
dvg
I — . 2.92
dt ' (292)
Ay
d’;" = w, — o, (2.93)
The system constants «, b are defined as

R R,L
ayn = _7s’ dpp = som (294)

L Ly

L’R, + L2 R, L.R L
a21 — ( g N m 2‘8) , Cl22 - _ miLs 5 , 6123 — _ m > (295)
Ly(LsL, — L2,) Ly(LsL, — L) LiL, — L},
L L

by =——"—r, bpy=——-—"— 2.96
LiL, — L2, ’ LiL, — L2, ( )

In these formulas, uy, i, are stator voltage and current vectors; Ry, L, are stator resistances and
inductances; and ., w,are rotor and stator angular speed. The angle 7, is in the rotor angular
position (firin MATLAB/Simulink) and vy, is the angle between stator flux and rotor speed (ksi
in MATLAB/Simulink). The above equations are modeled using MATLAB/Simulink, as
shown in Figure 2.13.

2.4 Mathematical Model of Permanent Magnet Synchronous Motor

The mathematical model of PMSM per unit in an arbitrary reference frame rotating with wy
is [16-20,22,23]

- dU S
il = R, + Zw jort,, (2.97)

U, = Liis + i, (2.98)
do, 1

=—(t, — 1), 2.
g = g1 (2.99)

d

a6 w;, (2.100)
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]
a11*u[1] + a12*u[2] + u[3] > S »(1)
irx fsx
d/dt fsx Intt
usx
@D, at1*u[1] + a12*u[2] + u[3] »
iry fsy
(8) d/dt fsy Int2
usy

fsxR
11y 1
OmegaR a21*u[1] + a22*u[2] - a23*u[3]*u[4] + b21*u[5] - b22*u[6] > »(3)
2 ) iR
fsyR d/dt irxR Int3
D,
urx

usxR

1
a21*u[1] + a22*u[2] + a23*u[3]*u[4] + b21*u[5] - b22*u[6] —P» 3 »( 4 )
iryR
d/dtiryR Int4
usyR

Figure 2.13 DFIG model in «-B-axis

ol
4
¥

ol

where w, is the rotor angular speed; 6 is the position of the rotor angle; and s is the permanent
magnet flux.

2.4.1 Motor Model in dq Rotating Frame

It is convenient to design the control scheme and represent the motor model in a dg frame
rotating with rotor speed. The variables transformation from/to the stationary frame («f3) to/
from the rotating one (dq) is realized according to space vector theory, using the equations
presented earlier in this chapter.

The schematic of the PMSM for the dg-axis is represented in Figure 2.14.

In the PMSM, the main magnetic field is produced by permanent magnets. Those magnets
are placed on the rotor. The result flux is constant in time, assuming that stator current has no
effect (no armature reaction). In reality the stator current produces its own magnetic field
affecting the original, which is called the armature reaction. The net stator flux is the
summation of the two fluxes (Figure 2.15) as [20]



Mathematical and Simulation Models of AC Machines 37
i:d RS —~ ,.Ld,_ —~
Usd
<T> eg=—-L,0,iy,
o
isg R, L,
A
Uy
T €q= derisd +wrl}?
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Figure 2.14 Schematics of the PMSM in dq frame
Yy =W +¥ = Lyig + ¥, (2.101)
Y, =Y. = Lgi,. (2.102)
where stator leakage fluxes are
W, = Lyig (2.103)

Figure 2.15 Phasor diagram of stator flux and stator current
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W, = Ly, (2.104)

From Figure 2.15 it is evident that the distortion of the magnetic field depends on the stator
current position and magnitude. At no load condition, the armature reaction is assumed to be
zero because of negligible amounts of stator current.

Back EMF (e) induced in the motor coils can be presented on the dg-axis as

eq = —Lyw,iy (2.105)

eq = Lywriqg + wr‘!’f (2106)

The produced torque of the machine can be presented as a function of the back EMF in the a3
reference frame as

(. _ (eala + egip) (2.107)

Wy

The maximum rotor speed can be identified from the relationship:

Es pnax
max — 2.108
omn = 3 (2.108)

where Ej ., is the maximum induced phase voltage in the machine and w,,,, is the maximum
motor speed for the rated flux. Higher speed can be obtained by weakening the flux.
Therefore, for a motor with Ej .. =248 V and w,,,,, = 209.4 rad/sec, the flux is

ES max 248 o
W= 1.18[Wb]

2.4.2 Example of Motor Parameters for Simulation

Motor parameters are presented in Tables 2.2 and 2.3 for rated values and in per unit [17,18].

2.4.3 PMSM Model in Per Unit System

Mathematical models of the PMSM can be presented as differential equations of state
variables. This can be presented either on the dg-axis, which is the preferred solution, or in
a stationary frame. The motor model in the dg-axis rotating with rotor speed is [18,22]

did R; . Lq . 1
—_ = —w, — 2.109
dt Ldld+delq+Ldud ( )
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Table 2.2 Base values for PMSM motor model

Variable Value Unit Description

Uy, 429.5 [V] voltage

I, 467.7 [A] current

7y 0.918518519 [Ohm] impedance

Qb 868.7 [rad/s] mechanical speed
Yy 0.514020925 [Wb] flux

Ly, 0.001099149 [H] inductance

Ty, 961.5 [Nm] torque

Qg 835.7 [rad/s] electrical pulsation
Ty 0.001324577 [kg*mA2] inertia

dlq R? . Lzl 1
=T r Ay + 2.110
AR P S I P (2.110)
do, 1 . o
dt Ty [‘l’flq + (La — Ly)iaig — t1] (2.111)
d;;’ =, (2.112)

where uy, iy are stator voltage and current vectors; Ry is stator resistances; Ry, Ry, Ly, Ly
are rotor resistances and inductances when referring to d and g axes; , is rotor angular
speed; J is moment of inertia; #; is the load torque and T,, is the mechanical time
constant.

The above equations are modeled in MATLAB/Simulink, as shown in Figure 2.16.

Table 2.3 Motor parameters in per unit system [21]:

Parameter Value Unit Description

R 0.021774 [p.u.] for 20[C]

Ry 0.032988 [p.u.] for 150[C]

l¢ 0.24564 [p.u.]

L.a=Ln 0.61866 [p.u.]

Lq4 0.86431 [p.u.]

Lq 0.864305343 [p.u.]

e 2.304 [p.u.]

J 189 [p.u.] For the motor only
Tn 0.65 [p.u.] Rated torque
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Figure 2.16 Simulink model of interior PMSM

The parameters of the interior type PMSM to be simulated are

R, =0.032988;
Ly=0.86431;
L,=0.86431;
i = fe = 2.3036;

J=0.00529. Rated speed is 2000 rpm.

2.4.4 PMSM Model in a—f3 (x—y)-Axis

The Permanent Magnet Synchronous Machine (PMSM) model presented in per unit a-3
reference frame is given by [23]

dig, 1 (] L o )sin26 (- —
dstx = L—dqussy + (usx - Rslsx) (Ld COS20 + Lq81n20> +0.5 (usy N Rslsy)51n20 (Ld B Lq)

(2.113)
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di 1 . 1 1 1 1
dst\ =L — w by, + (ugy — Ryliyy) (Ld sin’6 +r » cos 0) + 0.5(usy — Ryisy)sin26 <Ld - Lq)
(2.114)
dw, )
o = I [buxisy — byl — 1] (2.115)
d
7(3 = o, (2.116)
where
Ly o .
by = —Ff cosf — < L> isx €08 20 + iy, sin a20) + Lyigy (2.117)
Ly o .
by, = —Ff sin  — < L) (igy €08 20 + iy sin a20) + Lyiy, (2.118)
+ L, L;— L
Ly = ! and L, =-4_"1 - (2.119)

where, uy, i are stator voltage and current vectors; R; is stator resistances, which are rotor
inductances when referred to on the d and g axes; w, is rotor angular speed; J is the moment of
inertia; and t; is the load torque. The above equations are modeled in Figure 2.17.

Figure 2.17 PMSM model in a-B-axis
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2.5 Problems
Design the models for IM, DFIG, and PMSM, by working with sinusoidal input signals.

References

—

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Mohan, N. (2001) Electric Drives an Integrative Approach, 2nd edn, MNPERE, Minneapolis.
Bose, B. K. (2006) Power Electronics and Motor Drives: Advances and Trends. Amsterdam,
Academic Press, Elsevier.

Leonhard, W. (2001) Control of Electrical Drives. Berlin, Springer.

Krishnan, R. (2001) Electric Motor Drives: Modeling, Analysis and Control. Prenctice Hall.

. Chiasson, J. (2005) Modeling and High Performance Control of Electric Machines. Chichester, John

Wiley & Sons.

Kovacs, K.P. and Racz, 1. (1959) Transiente Vorgange in Wechselstrommachinen. Budapest, Akad.
Kiado.

Blaschke F. (1971) Das Prinzip der Feldorientierung, die Grundlage fur Transvector-regelung von
Drehfeld-maschine, Siemens Z, 45, 757-760.

Texas Instruments Europe (1998) Field Orientated Control of 3-Phase AC-Motors. Texas Instru-
ments, Inc.

Mohan, N. (2001) Advanced Electric Drives Analysis, Control, and Modeling using Simulink.
MNPERE, Minneapolis.

Bogdan, M. Wilamowski, J., and Irwin, D. (2011) The Industrial Electronics Handbook: Power
Electronics and Motor Drives. Taylor and Francis Group, LLC.

Bogalecka, E. (1993) Power control of a double fed induction generator without speed or position
sensor. Conf. Rec. EPE, pt. 8, vol 377, ch. 50, pp. 224-228.

Iwanski, G. and Koczara, W. (2008) DFIG-based power generation system with UPS function for
variable-speed applications. IEEE Trans. Ind. Electn., 55(8), 3047-3054.

Lin, F-J., Hwang, J-C., Tan, K-H., Lu, Z-H., and Chang, Y-R. (2010) Control of doubly-fed induction
generator system using PIDNNs. 2010 9th Int. Conf. Mach. Learn. Appl. pp. 675-680.

Pena, R., Clare, J. C., and Asher, G. M. (1996) Doubly fed induction generator using back-to-back
PWM converters and its application to variable-speed wind-energy generation. IEEE Proc. -Electr.
Power Appl., 143(3), 231-241.

Muller, M. and De Doncker, R. W. (2002) Doubly-fed induction generator systems for wind turbines.
IEEE IAS Mag., 8(3), 26-33.

Pillay, P. and Knshnan, R. (1988) Modeling of permanent magnet motor drives. I[EEE Trans. Ind.
Elect., 35(4)

Burgos, R. P, Kshirsagar, P., Lidozzi, A., Wang, F., and Boroyevich, D. (2006) Mathematical model
and control design for sensorless vector control of permanent magnet synchronous machines. /[EEE
COMPEL Workshop, Rensselaer Polytech. Inst., Troy, NY, July 16-19.

Pajchrowski, T. and Zawirski, K. (2005) Robust speed control of servodrive based on ANN. /EEE
ISIE 2005 June 20-23, Dubrovnik.

Pillay, P. and Krishnan, R. (1988) Modeling of permanent magnet motor drives. [EEE Trans. Ind.
Elect., 35(4).

Stulrajter, M., Hrabovcova, V., and Franko, M. (2007) Permanent magnets synchronous motor
control theory. J. Elect. Eng., 58(2), 79-84.

Krzeminski, Z. (1987) Nonlinear control of induction motor. /0th World Cong. Auto. Cont., IFAC
’87, Monachium, Niemcy. pp. 27-31.



Mathematical and Simulation Models of AC Machines 43

22. Zawirski, K. (2005) Control of Permanent Magnet Synchronous Motors (in Polish) Poznan,

23.

Poland.
Morawiec, M., Krzeminski, Z., and Lewicki, A. (2009) Control of PMSM with rotor speed
observer: Sterowanie silnikiem o magnesach trwatych PMSM z obserwatorem predkosci

katowej wirnika. Przeglad Elektrotechniczny (Electrical Review) (in Polish), 0033-2097 R.
85 NR 8/2009.



3

Pulse Width Modulation of Power
Electronic DC-AC Converter

3.1 Preliminary Remarks

The Pulse Width Modulation (PWM) technique is applied in the inverter (DC/AC converter)
to output an AC waveform with variable voltage and variable frequency for use in mostly
variable speed motor drives. The input to the inverter is DC, obtained from either a controlled
or uncontrolled rectifier. Hence, an inverter is a two-stage power converter that transforms
first the grid AC to DC and then DC to AC. PWM and the control of the Power Electronic DC-
AC converter has attracted much attention in the last three decades. Research is still active in
this area and several schemes have been suggested in the literature [1-6]. The basic idea is to
modulate the duration of the pulses or duty ratio in order to achieve controlled voltage/
current/power and frequency, satisfying the criteria of equal area. The implementation of the
complex PWM algorithms have been made easier due to the advent of fast digital signal
processors, microcontrollers, and Field Programmable Gate Arrays (FPGA). The PWM is the
basic energy processing technique used in Power Electronic converters initially implemented
with the analog technology using discrete electronic components. Nowadays, they are
digitally implemented through modern signal processing devices. This chapter gives an
overview of the PWM techniques based on the most basic and classical sinusoidal carrier-
based scheme to modern space vector PWM (SVPWM). The literature shows an implicit
relationship between the sinusoidal carrier-based PWM (SPWM) and SVPWM technique.
A section is devoted to understanding the underlying relationship between these two
techniques. The linear modulation range is mostly covered by PWM techniques and a
special section is devoted to over-modulation methods (Section 3.4.8). The analytical
approach is validated using a MATLAB/Simulink based simulation. An artificial neural
network offers a good non-linear mapping tool used to produce PWM for a three-phase
voltage source inverter and elaborated on in Section 3.4.11. A comprehensive relationship
between the SVPWM and SPWM is discussed in Section 3.5. For medium voltage high power
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applications, multi-level inverters are employed. Basic topologies and PWM for multi-level
inverters are discussed in Section 3.6. Special inverters based on an impedance source to
incorporate the boost function, called Z-source and quasi Z-source inverters, are described in
Section 3.7. The effect of using dead time between the switching on and off of one inverter leg
is presented in Section 3.9, and the summary is given in Section 3.10.

3.2 C(lassification of PWM Schemes for Voltage Source Inverters

Different types of PWM techniques are available in the literature, but the most basic PWM is
the SPWM. The high frequency carrier-wave is compared with the sinusoidal modulating
signals to generate the appropriate gating signals for the inverters. The other PWM
techniques are evolved from this basic PWM technique. SVPWM, although appearing
different to the SPWM, has a strong implicit relationship with SPWM [1-5]. The gating time
of each power switch is directly calculated from the analytical time equations in SVPWM [6].
The power switches are then switched according to the predefined switching patterns. The
achievable output in the case of SVPWM is higher when compared to the SPWM. The main
aim of the modulation techniques is to attain the maximum voltage with the lowest Total
Harmonic Distortion (THD) in the output voltages. The PWM techniques can be broadly
classified as:

e Continuous PWM,;
e Discontinuous PMW.

In discontinuous PWM techniques, the power switches are not switched at regular intervals.
Some of the switches do not change states in a sampling period. This technique is employed to
reduce the switching losses. The SVPWM method is modified to achieve discontinuous
switching. A detailed discussion is provided in Section 3.4.6.

3.3 Pulse Width Modulated Inverters

This section elaborates on some basic inverter circuit topologies. The square wave and PWM
operation are described along with the harmonic spectrum of the output voltages.

3.3.1 Single-Phase Half-bridge Inverters

The power circuit topology of a single-phase half-bridge voltage source inverter is shown in
Figure 3.1. As shown in Figure 3.1a, the inverter consists of two power semiconductor
switching devices. Each switch is composed of a transistor (BJT, MOSFET, IGBTs, etc.)
and a freewheeling diode that provides an alternating path for the current. In this circuit
topology, either S; is on or S;’ is on. The freewheeling diodes conduct when the load is
inductive and a sudden change in the output voltage polarity does not change the direction
of the current simultaneously. Indeed, for resistive loads, the diodes do not operate.
When switching device S; is conducting, the input voltage 0.5 V. appears across the
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Figure 3.1 Power Circuit of a half-wave bridge inverter

load. On the other hand, when transistors S; is turned on, the voltage across the load is
reversed and is (—0.5V,.). The switching states, the path of current flow, and the output
voltage polarity are illustrated in Figure 3.2 and switching signals along with the output
voltage waveform are depicted in Figure 3.3. The operation of the inverter can be well
understood from Figures 3.2 and 3.3. The output fundamental frequency of the inverter can
be varied by altering the switching period and the voltage can be changed by changing the
value of the DC link voltage.

Figure 3.2 Switching states in half-bridge inverter: (a) and (c) i, , > 0; (b) and (d) 7,, < 0
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Figure 3.3 Switching signal and the output voltage and current in a half-bridge inverter

The output voltage is a square wave, as shown in Figure 3.3, and the Fourier analysis gives

<. 4
w(t) = —(0.5V4)si t 3.1
bal0) =3 (0:3Vasin(n ) (3.1)
where w = 27f = 27 /T; T is the output period and f is the output fundamental frequency.
The fundamental component of v,, is obtained as v,,; = % (0.5V,.)sin(wt); the peak value of

the fundamental is V,,, = %(O.SVdc); and the rms value is Vg yys = %\/i (0.5V,.). A graphical

view of the harmonic content in the output phase voltage is shown in Figure 3.4. The figure
shows that the output contains a considerable amount of low-order harmonics such as 3rd, 5th,
7th, etc. and the magnitude of the harmonics varies as the inverse of its order.

1
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Figure 3.4 A typical harmonic spectrum of output voltage in a half-bridge inverter
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An SPWM scheme is implemented in this inverter topology by comparing a sinusoidally/
cosinusoidally varying control/modulating voltage v,,(¢) with amplitude V,, and frequency f;,,
(the frequency of the modulating signal is low corresponding to the motor speed, if motor
load is assumed) with a high frequency carrier signal. The carrier frequency is f. and the shape
of the carrier wave is triangular in most applications. If a triangular shape of the carrier wave
is chosen, it is called a double-edge modulation. A simpler shape is a saw tooth carrier and
the modulation using this type of carrier is called a single-edge modulation. Other shapes
of the carrier wave, such as the inverted rectified sine wave, are also reported in the
literature [6,7]. Nevertheless, the triangular carrier is the most popular, as it offers good
harmonic performance.

The ratio of the amplitude of the carrier signal and the control signal is called ‘amplitude
modulation ratio’ or ‘modulation index’:

(3.2)

When the modulating signal is less than equal to the carrier signal, it is called the ‘linear
modulation region.” When the amplitude of the modulating signal becomes more than the
carrier signal, it is called the ‘pulse dropping mode’ or the ‘over modulation region’. The name
is given because some of the edges of the modulating signal will not intersect with the carrier.
The modulating signal is then modified accordingly. The output voltage increases or the
modulation range increases, but low-order harmonics are introduced. Details on over-mod-
ulation are discussed separately in Section 3.4.8. The discussion here is limited to linear
modulation region. Another parameter defined by the SPWM is called the ‘frequency
modulation ratio,” and is given as

_Je

= (3.3)

my

This is also an important parameter that decides the harmonic performance of the output
voltage. The choice of this ratio is discussed later in this chapter.

The inverter leg switching frequency is equal to the frequency of the triangular carrier signal
and the switching period is T, = i

The gating signals/switching sigilals are generated at the instant of intersection of the carrier
signal and control or modulating signal. If the control or modulating signal amplitude V,, is

more than the carrier signal amplitude (V..), the upper switch S is On and v,, = sz‘
If the control or modulating signal amplitude (V,,) is less than the carrier signal amplitude

(V.), the lower switch S;” is On and v,, = — ‘%’

With this type of switching of the inverter leg, the output voltage varies between V. /2 and
—V4c/2, as shown in Figure 3.5 and is called the bipolar PWM. The name ‘bipolar’ is given
since the output leg voltage has both positive and negative values. The value of the average leg
voltage Vo during a switching period T, can be determined from Figure 3.6, which shows one
period of the triangular waveform. During an inverter switching period T¢, the amplitude of
the modulating signal can be assumed to be nearly constant, as the switching frequency of the
triangular carrier wave is high compared to modulating signal. The duration of S; being On is
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Figure 3.5 Bipolar PWM of single inverter leg

denoted by 8; and the On period of S;” is denoted by 8}. By using equivalence of triangles, the
following relation can be written:

8/2 VetV
T.)2 V.+V,
Vo (3.4)
8/1 — TC (‘2_“_/ m
V.+V,
d,8, =T, -8 =T.(1—-|—-" 3.5
=i (Y5) (35)
S'1
52
0
[
[
[]
[
[
[
T2 '15;3' T2 i’
1

Figure 3.6 One switching cycle in SPWM
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To determine the average output voltage during one switching period, the equal volt-second
principle (the product of voltage and time should be equal for the two switches and the average
output) is applied:

Vc Vzc
8 2"—3'1 2‘ =TV (3.6)
1Vy Vin Vac
Vao == (01 =81) = (3.7)
Ve
Vip = m—2 (3.8)

The average leg voltage of the inverter is proportional to the modulation index () and the
maximum value is V4 /2 when the modulation index is 1. When the modulation signal is
sinusoidal in nature, the output voltage varies sinusoidally with peak value of V. /2 form=1.

In the SPWM method, the harmonics in the inverter output voltage waveform appear as side
bands centered on the switching frequency and its multiples, i.e. around f., 2f., 3f., etc. A
general form for the frequency at which harmonics appear is [3]

fh = (]ﬁ + k)fm (3.9)
Jm
and the harmonic order % is
Ji Se
h=—=|(j—=xk 3.10
fm (me ) ( )

It is important to note that for all odd j, the harmonics will appear for even values of k and
vice-versa. Normally the frequency modulation ratio is chosen to be an odd integer, to avoid
even harmonics appearing in the output voltage. The choice of switching frequency of an
inverter depends upon the application. Ideally, the switching frequency should be as low as
possible to avoid losses due to the switching of the power switches. However, when the
switching frequency is low, the output voltage quality is poor. Hence, the switching frequency
for the medium power motor drive system is kept between 4 kHz and 10 kHz.

For low values of the frequency modulation ratio, usually for n; < 21, the modulating or
control signal and carrier signal are synchronized with each other, called synchronous PWM.
The frequency modulation ratio is chosen as an integer number to facilitate the proper
synchronization. If the frequency modulation ratio is a non-integer, sub-harmonics (lower
than the fundamental frequency) appear in the output voltage waveform. Hence, in syn-
chronous PWM, the switching frequency should be changed with the change in the
fundamental output frequency, to keep the ratio an integer and subsequently to avoid the
production of sub-harmonics.

For higher values of the frequency modulation ratio, my > 21, the synchronization of the
carrier wave and modulating signals are not necessary and the result is asynchronous PWM.
Since the amplitude if the sub-harmonics will be small, asynchronous PWM can be used.
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Figure 3.7 Simulink model to implement SPWM: (a) main model; (b) gate signal generation (file name:
Half bridge_ PWM.mdl)

Nevertheless, in high power applications, even small sub-harmonics may lead to appreciable
losses. Thus it is recommended to use synchronous PWM for high power applications.

3.3.1.1 MATLAB/Simulink Model of Half-bridge Inverter

The Simulink model shown in this section uses ‘simpowersystem’ block-sets of the Simulink
library. The IGBT switches are chosen from the built-in library. The gating signals are
generated using the SPWM principle. The modulating signal is assumed to be a sinusoidal
wave of unit amplitude and 50 Hz fundamental frequency. The switching frequency of the
inverter is chosen as 1250 Hz (im, = 25) (this can be changed by varying the frequency of the
carrier wave) and hence the frequency of the triangular carrier wave is 1250 Hz. The gating
signal generated is split into two complimentary switching signals using a NOT gate (Note:
dead band is not used in the model). The amplitude of the modulating signal is kept at 0.475 p.u.
(m=0.95) (Note: the maximum output voltage is 0.5 V., hence the maximum amplitude of the
modulating signal is limited to 0.5 V,;.). The DC link voltage is assumed at 1 p.u. The load used
in the simulation model is R-L, with values R = 10 Q and L = 100 mH. The simulation model is
shown in Figure 3.7 and the resulting spectrum of the output voltage waveforms is shown in
Figure 3.8. The harmonic components are marked in the output voltage spectrum.
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Figure 3.8 Output voltage and its spectrum for half-bridge inverter

Practically, the switching signals or gate drive signals are complimentary but have some dead
band that is introduced intentionally to prevent the two power switches of the same leg
conducting simultaneously. An example of the dead band is shown in Figure 3.9a. To observer
the effect of introducing dead band (the two switches are not On at the same time for safety
purpose) in the switching signal, the dead band circuit shown in Figure 3.9b can be added to the
gate signals of each switch. The dead band period can be defined and adjusted in the dialog box
of the edge detector ‘sample time.” Adding the dead band is left to the reader.

(a)

double

In1 .
Data Type Conversion2

[ 5

=]

Discrete

Data Type Conversion1

Edge Detector1

(b)

>

Gain1

\ 4

Outt

Figure 3.9 (a) Dead band between upper and lower gating signals; and (b) Dead band circuit
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3.3.2 Single-Phase Full-bridge Inverters

The power circuit topology of a single-phase full-bridge inverter is depicted in Figure 3.10a.
There are four power semiconductor switches and two legs in this topology. This is also called
the ‘H-bridge’ inverter due to its shape. Each switch is composed of a transistor (IBGTs,
MOSFETs, BIT, etc.) and a freewheeling diode, which provides an alternating path for the
current. When transistors S; and S,” are conducting simultaneously, the input voltage V.
appears across the load. On the other hand, when transistors S, and S,” are turned on at the same
time, the voltage across the load is reversed and is (—V,,) and therefore an alternating current
is obtained at the output side while the input side is DC. The output voltage frequency can
be varied by varying the switching time of the power switches and the voltage magnitude can be
changed by changing the DC link voltage. The switching states and the path of the current flow
and the output voltage polarity are shown in Figure 3.10a. The alteration in the direction of the
voltage and current is evident from Figure 3.10b.

c) (d)

Figure 3.10 Power circuit topology of a single-phase full-bridge inverter: (b) Switching states in full-
bridge inverter; (a) and (c¢) i, > 0; (b) and (d) iz < O
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Figure 3.11 Switching signal and the output voltage and current in a half-bridge inverter

The output voltage and current waveforms for a fictitious R-L load is shown in Figure 3.11.
The currents do not change direction instantaneously due to the inductive load. The pole
voltages vary between 0.5 V4. and —0.5 V4., while the voltages across the load vary between
V4 and —V.. The switching signals are shown to be applied for 180 degrees but in practice
some dead band is given between the application of gating pulses for the upper and lower power
switch. The output the voltage is the same as that of the half-wave bridge inverter, except that
the magnitude of the phase voltage, which is doubled in this case. Hence the harmonic spectrum
remains the same as that of a half-bridge inverter output, except with double fundamental
voltage.

The SPWM technique is implemented in a full-bridge inverter by comparing either one or
two modulating or control signals (180-degree phase shifted) with the high frequency
triangular carrier wave. The former is called the bipolar PWM and the latter is called the
unipolar PWM. The fundamental frequency of the output is decided by the frequency of
the modulating or control signal. The switching frequency of the inverter is dictated by the
frequency of the carrier wave. The frequency of the carrier wave is usually much higher than
the frequency of the modulating signal. In the bipolar PWM scheme, the switching of the power
switches is decided by the intersection of the modulating and carrier wave. The switch pair S
and S,’ operate when the modulating signal is greater than the triangular carrier wave (v, > v.)
and the switch pair S, and S;” operate when the modulating signal is smaller than the triangular
carrier wave (v, < v.). Itis also noted that the operation of the upper and lower switch is still
complimentary. A small dead band is introduced between the switching of the upper and lower
switches in real time implementation. The switching scheme for the bipolar PWM is not shown,
as it is similar to that shown for the half-bridge inverter.

In the case of a unipolar PWM scheme, the two pairs of switches (S| and S,”) and (S, and S;”)
operate simultaneously, as in the previous case. The switching signal for the upper switch S; is
produced by comparing the positive modulating signal with the carrier signal. The switching



56 High Performance Control of AC Drives with MATLAB/Simulink Models

signal for the upper switch S, is produced by comparing the phase shifted or negative
modulating signal with the carrier signal. The switching is done at the instant where
v > v, for both S; and S, switches. The switching of the switches S; and S’ and switches
S, and S,’ are complimentary. To obtain a better harmonic spectrum with reduced ripples in the
current, a unipolar switching scheme is suggested. The switching scheme and the voltages are
depicted in Figure 3.12. The leg voltages vary between + V4./2 and —V4./2 for both legs A and
B. The output voltages across the load vary between + V4. and 0 in the positive half cycle and
—V4. and 0 for the negative half cycle, thus it is called the ‘unipolar PWM.’

The maximum fundamental output voltage is V4. for both unipolar and bipolar PWM. In the
case of bipolar PWM, the harmonic components in the output voltage is centered on myand
multiples of my, i.e. 2my, 3m; and so on, similar to the half-bridge inverter.

In the case of a unipolar PWM scheme, the ratio between the modulating signal and the
triangular carrier signal is chosen as even. The harmonic components at the output voltage is
once again given by equation (3.9), but the harmonic at the switching frequency, three times the
switching frequency, five times the switching frequency etc. do not appear, i.e. to say that j is
only even and k is odd. The harmonic at the carrier signal frequency is eliminated due to the fact
that the output voltage is the difference between the leg voltages (Vag = Vao — Vo). The
harmonic in the leg voltages appears at the multiple of the switching frequency or the carrier
signal frequency. Since the modulation signals are out of phase by 180 degrees, the harmonics
at the switching will cancel out during subtraction at the load side.

3.3.2.1 MATLAB/Simulink Model of Single-phase Full-bridge Inverter

The Simulink model shown uses ‘simpowersystem’ block-sets of the Simulink library.
The IGBT switches are chosen from the built-in library. The gating signals are generated
using the unipolar SPWM principle. The implementation of bipolar PWM is left as an
exercise. The modulating signals are assumed as two sinusoidal waves of unit amplitude
and have a 180-degree phase shift and 50-Hz fundamental frequency. The switching
frequency of the inverter is chosen as 1250 Hz (this can be changed by varying the
frequency of the carrier wave) and hence the frequency of the triangular carrier wave is
1250 Hz. The gating signal generated is split into two complimentary switching signals
using a NOT gate (Note: dead band is not used in the model). The load used in the
simulation model is R-L, with values R =10Q and L = 100 mH. The modulating signal is
given as sinusoidal waves with a 180-degree phase shift and a peak value of 0.95 p.u. The
simulation model is shown in Figure 3.13 and the resulting voltage spectrum is shown in
Figure 3.14. The spectrum shows the peak magnitude of the fundamental frequency. The
effect of introducing a dead band can be observed by adding the dead band circuit of
Figure 3.9. This PWM can also be implemented by using two 180-degree phase shifted
triangular carrier signals and one sinusoidal modulating signal. The resulting waveform
will have the same quality as that of the method elaborated in this section.

3.4 Three-phase PWM Voltage Source Inverter

The power circuit topology of a three-phase voltage source inverter is shown in Figure 3.15.
Each power switch is a transistor or IGBT with anti-parallel diodes. The pole or the leg
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Figure 3.12 Unipolar PWM scheme for single-phase full-bridge inverter
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Figure 3.13 Simulink model to implement unipolar PWM scheme in a full-bridge single-phase inverter
(file name: Full_bridge_ PWM.mdl)

voltages are denoted by a capital suffix letter V4, V, V- and can attain the value + 0.5V,
when the upper switch is operating and —0.5 V4. when the lower switch is operating.
The phase voltage applied to the load is denoted by the letters v,,,, Vp,, Vc,. The operation of
the upper and the lower switches are complimentary (a small dead band is provided in real
time implementation).
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Figure 3.14 Voltage (Vap) and its spectrum for unipolar PWM scheme in a single-phase inverter

The relationship between the leg voltage and switching signals are
Vi =8SVie; k€AB,C (3.11)
where Sy = 1 when the upper power switch is ‘ON’ and Sy = 0 when the lower switch is ‘ON.’

If the load is assumed to be a star connected three-phase, then the relation between the phase-to-
neutral load voltage and the leg voltages can be written as

Va(t) = va(t) + vun(t)
Ve (t) = vp(t) + vun (£) (3.12)
Ve(t) = ve(t) + van (2)

Figure 3.15 Power circuit topology of a three-phase voltage source inverter
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where v,y is the voltage difference between the star point n of the load and the negative rail of
the DC bus N, called the ‘Common Mode Voltage’. This common mode voltage or neutral
voltage is responsible for leakage bearing currents and their subsequent failure. This issue is
taken up in more detail in Chapter 9.

By adding each term of the equation (3.12), and setting the sum of phase-to-neutral voltage to
zero (assuming a balanced three-phase voltage whose instantaneous sum is always zero), the
following is obtained:

y () :%[VA(1)+VB(I)+VC(I)] (3.13)

Substituting equation (3.13) back into equation (3.12), the following expressions for the
phase-to-neutral voltage are obtained:

1) = 2Va0) = 5 Vo) + Ve(o)

2 1
3(t) = 5 Val0) = 31Va(0) + V(0] (3.14)
b(t) = 2Ve(t) = 3 [Va(t) + Va0

Equation (3.14) can also be written using the switching function definition of equation (3.11):

va(1) = (Vd"> 284 — Sp — Sc]

3
vp(1) = <V;> [285 — S4 — S.] (3.15)
velt) = (‘/3”’) 4Sc — S5 — Sa]

Equation (3.15) can be used to model a three-phase inverter in MATLAB/Simulink. The
switching signals can be generated by analog circuits or by a digital signal processors/
microprocessor for operation in six-step or PWM modes. The following section describes the
operation of the inverter in both square wave/six-step mode and PWM mode.

For inverter operation in square wave or six-step mode, switching/gate signals are provided
in such a way that the power switches change the state only twice in one fundamental cycle
(OFF to ON and then ON to OFF). Each leg receives the gating signal with a phase shift of
120 degrees, so as to maintain the same phase shift among three output voltages. The output in
this case is highest and the switching losses are minimal; however, the output voltages contain
strong low-order harmonics, especially Sth and 7th. With the advent of fast signal processing
devices, it is easier to implement a PWM operation and hence a normal step operation is
avoided. The associated waveforms for six-step modes are shown in Figure 3.16. The leg
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Figure 3.16 Waveforms for square wave/six-step mode of operation of a three-phase inverter

voltage takes on the values + 0.5 V. and —0.5 V. and the phase voltage has six steps in one
fundamental cycle. The steps in the phase voltages have amplitudes of £1/3 V. and £2/3 V.
and the line voltage varies between + V. and —V,,. while the common mode voltage varies
between + 1/6 V,.and —1/6 V.. During the six-step operation of the inverter, the values of the
leg voltages are shown in Table 3.1.

To determine the phase-to-neutral voltages for the six-step mode, the leg voltages from
Table 3.1 is substituted into equation (3.14), and the corresponding values are listed in Table 3.2
for a star-connected load. The line voltages are obtained by using equation (3.16) and are listed
in Table 3.3:

Vab = Van — Vbn
Vhe = Vin — Ven (3.16)

Vea = Ven — Van
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Table 3.1 Leg/Pole voltages of a three-phase VSI during six-step mode of operation

Switching Mode

Switches ON

Leg voltage V4

Leg voltage Vp

Leg voltage V¢

AN N R WN

S1, 8, 83
Si, S5, S5
S1, 82, 8’5,
§'1, 82, 8'3
S'1, 82, S3
S'1, 82, S3

0.5V
0.5V
0.5V
—0.5Vge
~0.5Vg
—0.5Vge

—0.5Vge
—0.5Vge
0.5V
0.5V
0.5Vge
—0.5V4e

0.5Vae
—0.5Vge
—0.5Vge
—0.5Vge
0.5Vg.
0.5Vge

Table 3.2 Phase-to-neutral voltages for six-step mode of operation

Switching mode

Switches ON

Phase Voltage v,

Phase voltage vy,

Phase voltage v,

AN R W~

S1, 8%, 83
S1, S5, S5
S1, 82, 8’3,
S'1, 82, 83
S'1, S5, S3
S, 82, 83

1/3 Ve
213 Vge
1/3 Vge
~1/3 Vg
23 Vg
13 Vg

23 Vg
—1/3 Vg
1/3 Ve
2/3 Vge
1/3 Ve
13 Vg

1/3 Ve
—1/3 Vg
—2/3 Vg
~1/3 Vg
1/3 Ve
23 Vg

The maximum output peak phase-to-neutral voltage in the six-step mode is 0.6367 V. or
(2/7) V4. and that of the line-to-line voltage is 1.1 V,;.. The Fourier series of phase-to-neutral
voltage and line-to-line voltage can be obtained as

2
Van(t) - ; vDC |:

2V/3

Vap(1) = Y Vbe

Table 3.3 Line voltages for six-step mode of operation

. 1. 1. 1 . 1 .
sin wt + gsm5wt+ ?sm7wt+ 1—51n11wt—|— BsmlSwt—i— ...... ]
(3.17)
in (ot ”)+1'5(r 7T>+1'7(t 7Y+ (3.18)
sin - — —sin - — —sin —— )+ ... .
Y76 s 6T 7%

Switching mode

Switches ON

Line Voltage vy

Phase voltage vj.

Phase voltage v.,

AN AW~

S1, 8%, 83
S1, S5, S5
S1, 82, 8’5,
S'1, 82, 8’3
S'1, 82, S3
S'1, 82, 83

Vdc
Vdc

0
—Vie
Ve
0

_Vdc
0

Vdc
Vdc

0
—Vae

0
_Vdc
- Vdc
0

Vie
Vie
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Figure 3.17 Simulink for six-step operation of inverter (File name: Six-stepmode.mdl)

The Fourier series of a phase-to-neutral voltage and the line-to-line voltage shows that the
triplen harmonic (multiple of three) does not appear (since the load is assumed with isolated
neutral). The other harmonics have the inverse amplitude of their order. The output voltage

magnitude can be controlled by controlling the DC link voltage V.

The MATLAB/Simulink model for generating the six-step waveform is given in Figure 3.17.
The gating signal is generated using the repetitive block of the Simulink where the switching
signal values are stored. In the six-step mode, the switching is done at fundamental frequency,
and hence the period of the gate drive signal depends upon the fundamental frequency of

the output.
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Figure 3.18 Harmonic spectrum for six-step phase voltage

3.4.1 Carrier-based Sinusoidal PWM

In the carrier-based sinusoidal PWM method (SWPM), three-phase sinusoidal wave:

Vam = Vi sin (wf)

Vem = Vi, sin (wt — 273T>
(3.19)
Vem = Vi sin (wt+273T>

are used for the modulating or control signal and compared with a high frequency triangular
wave. One common triangular wave is used for the comparison for all three phases. The upper
switch of leg A is ON when the modulating signal of phase A is greater than the amplitude of the
triangular carrier wave, i.e. V4, > V.. The lower switch has a complimentary operation.
A small dead band is provided between the switching OFF of upper switch and switching ON of
the lower switch and vice versa. The waveforms associated with the SPWM are given in
Figure 3.19. The leg voltage, phase voltage, and line voltage are illustrated. The waveform is
shown for my =9.

The MATLAB/Simulink model for implementing a SPWM is shown in Figure 3.20a (power
circuit is the same as that in Figure 3.17). The modulating index chosen is 0.95 (the reference
modulating signal is given as 0.95 x 0.5 Vg, where V4. = 1 p.u.). The switching frequency or
the carrier frequency is chosen as 1500 Hz (hence m; = 1500/50 = 30). No dead band is shown
in the simulation. The resulting phase-to-neutral voltage waveform and its spectrum are given
in Figure 3.20b. The harmonics appear as the side band of the switching frequency.

The choice of mis important from the harmonic spectrum point of view. Harmonic spectrum
for six-step phase voltage is shown on Figure 3.18. Normally, this frequency ration myis chosen
to be an odd multiple of three. This will ensure that the triple harmonic (multiple of three) will
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Figure 3.19 SPWM of a three-phase inverter

be eliminated from the motor phase currents, since for the three-phase inverter, these harmonics
are in phase and cancel out.

In an adjustable speed drive system with constant v/f control, variable frequency output is
required. If the frequency modulation ration myis kept constant, the switching frequency will
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Figure 3.20 (a) Gate signal generation in MATLAB for three-phase inverter (File name: PWM_Three_
phase_CB.mdl); (b) Phase-to-neutral voltage and spectrum for SPWM

be constant and high at a high fundamental output frequency (f.=mgf,,). Therefore, the
frequency modulation ratio my is varied for different frequency operations of the drive
system. Changing the frequency modulation ratio in essence changes the slope of
the line between f,. and f,,. There is sudden jump in the slope of the line and this may
cause jittering at the transition points. A typical relationship is shown in Figure 3.21. To avoid
this, usually a hysteresis block is used. For a low range of fundamental output frequencies up
to say f7, asynchronous PWM is employed. The synchronous PWM method is used until it

reaches a frequency value fj, and then a six-step operation is initiated. The typical value of f;,
and f), are 10Hz and 50 Hz, respectively.
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Figure 3.21 Varying frequency modulation ratios for different output frequency

3.4.2 Third-harmonic Injection Carrier-based PWM

The output voltage using the SPWM technique is limited to 0.5 V.. If the SPWM technique isused
in motor drive applications, the available voltage may not be sufficient to run the motor at rated
condition. In this situation, the machine needs to be derated and a reduced torque is produced. To
enhance the output voltage from the PWM inverter using carrier-based scheme, third-harmonic
injection in the modulating signal is done. Itis shown that by adding an appropriate third-harmonic
component of the modulating signal in the fundamental modulating signal leads to a reduction in
the peak of the resultant modulating signal. Hence, the reference value of the resulting modulated
signals can be increased beyond 0.5 V4. and that leads to the higher output voltage at the inverter.
The injected third-harmonic component in the modulated signal or reference leg voltages cancels
out in the legs and does not appear in the output phase voltages. Thus the output voltage does not
contain the undesired low-order harmonics. The optimal level of the third-harmonic injection can
be determined by considering the modulating signals:

Vam = Vpisin (wt) ~+ Vi3 sin (3&)[)

Vem = V), sin <wt - 273T> + V3 sin (3wt)
(3.20)

Vem = Vipsin (wl—l— 2737) + V3 sin (Bwt)

For the SPWM without harmonic injection, the fundamental peak magnitude of the output
voltage is 0.5 V. It is noted that the third harmonic has no effect on the value of the reference
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waveform when wr = (2k+1)Z, since sin (3(2k+1)Z) = 0 for all odd k. Thus the third
harmonic is chosen to make the peak magnitude of the reference of equation (3.20) occur where
the third harmonic is zero. This ensures the maximum possible value of the fundamental
component. The reference voltage reaches a maximum when

dvam
dvat = Vinicos (wt) + 3Vyscos (B3wt) =0 (3.21)
w
This yields
Vis = — 1, (z>fr 1=" (3.22)
m3 = 3 m1COS 3 or wl = 3 .

So the maximum modulation index can be

1
[Vam| = 'lesin (wt) — 3 V,u1€08 (g) sin (3 wt)| = 0.5 V., The above equation gives;

0.5 Ve
Vot = % for o = 2 (3.23)
S1

sin () 3

Thus the output fundamental voltage is increased by 15.47% of the value obtainable using
simple SPWM by injecting 1/6th third-harmonic originally.

The implementation block diagram of the proposed method of PWM is shown in Figure 3.22.
The reference modulating signal, the third-harmonic signal, and the resultant modulating
signal after injecting third harmonic are shown in Figure 3.23.

3.4.3 MATLAB/Simulink Model for Third Harmonic Injection PWM

The MATLAB/Simulink model of third-harmonic injection based PWM is shown in
Figure 3.24. The power circuit remains the same as that of Figure 3.17 and the gate signal
generation is shown in Figure 3.24. The output voltage spectrum is shown in Figure 3.25, where

Vam O > + * 5., S‘|
. 4
U J

Vm > > ‘
E A
R

Vem O > =+ * S3,Ss

Yy V V A

( 3" Harmonic

NW\—

Carrier signal

Figure 3.22 Block diagram of SPWM with third-harmonic injection
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Vml"'VmS Vv

Figure 3.23 Modulating signals and carrier-wave for third-harmonic injection PWM

the output is increased by 15.47% when compared to the simple SPWM scheme. The reference
of the modulating signal is increased to 0.575 V..

3.4.4 Carrier-based PWM with Offset Addition

The output voltage magnitude from a three-phase voltage source inverter can be enhanced
by adding an offset to the sinusoidal modulating signal. The offset addition PWM scheme
follows the same principle as that of the third-harmonic injection; reducing the peak of the
modulating signal and hence increasing the modulation index. In essence, the offset
addition injects the triplen-harmonics (multiple of three) into the modulating signal,

i) >

\/ L\ »

VA —p

N e .

'V T\ "

VB >

N e .

'V T\ -

vC >

N
A" T
3rd harmonic

Carrier Wave

[
S1
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o]
S2
s2'
]
S3
S3'

Figure 3.24 Gate signal generation for third-harmonic injection PWM (File name: PWM_three-

phase_CB_3rd_harmonic.mdl)
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Figure 3.25 Spectrum of phase ‘a’ voltage for third-harmonic injection

reducing the peak of the resultant, as shown in Figure 3.26. The resultant modulating
signals are given as
Vam = Vi sin (wt) + offset
T

Vem = Vi sin (wt — 23) + offset
(3.24)

Vem = Vi sin (wt—f—ZZ) + offset

Gain Margin Vo1 + Offset
i /

Figure 3.26 Modulating signals and carrier wave for offset addition PWM
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Figure 3.27 MATLAB/Simulink for offset addition PWM (File name: PWM_3_phase_CB_offset.mdl)

where offset is given as

Vimax + Vi .
Offsel = - H; Vinax = Max{VAnu VBm, va}; Vinin = Mm{VAma VBm; VCm} (325)

The output voltage magnitude reaches the same value as that of the third-harmonic injection
PWM. The MATLAB/Simulink model is shown in Figure 3.27. The resulting voltage and
spectrum is shown in Figure 3.28.
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Figure 3.28 Output voltage and voltage spectrum for offset addition PWM
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3.4.5 Space Vector PWM

The SVPWM technique is one of the most popular PWM techniques due to a higher DC bus
voltage use (higher output voltage when compared with the SPWM) and easy digital
realization [8]. The concept of the SVPWM relies on the representation of the inverter output
as space vectors or space phasors. Space vector representation of the output voltages of the
inverter is realized for the implementation of SVPWM. Space vector simultaneously represents
three-phase quantities as one rotating vector, hence each phase is not considered separately.
The three phases are assumed as only one quantity. The space vector representation is valid for
both transient and steady state conditions in contrast to phasor representation, which is valid
only for steady state conditions. The concept of the space vector arises from the rotating air-gap
MMF in a three-phase induction machine. By supplying balanced three-phase voltages to the
three-phase balanced winding of a three-phase induction machine, rotating MMF is produced,
which rotates at the same speed as that of individual voltages, with an amplitude of 1.5 times the
individual voltage amplitude.
The space vector is defined as

£, =2 [t 5+ 5] (3.26)

where f,, f;, and f, are the three-phase quantities of voltages, currents, and fluxes. In the inverter
PWM, the voltage space vectors are considered.

Since the inverter can attain either + 0.5 V;.or —0.5 V. (if the DC bus has mid-point) or V.,
0, i.e. only two states, the total possible outputs are 23=8 (000, 001, 010,011, 100, 101, 110,
111). Here O indicates the upper switch is ‘OFF’ and 1 represents the upper switch is ‘ON.’
Thus there are six active switching states (power flows from the input/DC link side of the
inverter to the output/load side of the inverter) and two zero switching states (no power transfer
from input/DC link to the load/load side). The operation of the lower switches are compli-
mentary. By using equation (3.26) and Table 3.2, the possible space vectors are computed and
listed in Table 3.4.

The space vectors are shown graphically in Figure 3.29. The tips of the space vectors, when
joined together, form a hexagon. The hexagon consists of six distinct sectors spanning over
360 degrees (one sinusoidal wave cycle corresponds to one rotation of the hexagon) with each
sector of 60 degrees. Space vectors 1, 2. . ..6 are called active state vectors and 7, 8 are called
zero state vectors. The zero state vectors are redundant vectors but they are used to minimize the
switching frequency. The space vectors are stationary while the reference vector v} is rotating at
the speed of the fundamental frequency of the inverter output voltage. It circles once for one
cycle of the fundamental frequency.

The reference voltage follows a circular trajectory in a linear modulation range and
the output is sinusoidal. The reference trajectory will change in over-modulation and the
trajectory will be a hexagon boundary when the inverter is operating in the six-step mode.
In implementing the SVPWM, the reference voltage is synthesized by using the nearest
two neighboring active vectors and zero vectors. The choice of the active vectors depends
upon the sector number in which the reference is located. Hence, it is important to locate
the position of the reference voltage. Once the reference vector is located, the vectors to be
used for the SVPWM implementation to be identified. After identifying the vectors to
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Table 3.4 Phase-to-neutral Space vector for a three-phase voltage source inverter

Switching Space Vector Phase-to-neutral Voltage
States Number Space Vectors
000 7 0
2 4w
001 5 3 Vi 3
2 ;2@
010 3 ngpe’ 3
2 .
011 4 = V™
3¢
2 .
100 1 3 Ve
2 g
101 6 §Vd‘e] 3
2 i
110 2 “V4e3
3
111 8 0

be used, the next task is to find the time of application of each vector, called the ‘dwell
time’. The output voltage frequency of the inverter is the same as the speed of the reference
voltage and the output voltage magnitude is the same as the magnitude of the reference
voltage.

(010)

Img

Reference
Trajactory

Sector IIT

Sector 11

(001)

(101)

%, (100) Real

Figure 3.29 Voltage space vector locations corresponding to different switching states
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Real

Figure 3.30 Determining the maximum possible output using SVPWM

The maximum modulation index or the maximum output voltage that is achievable using the
SVPWM technique is the radius of the largest circle that can be inscribed within the hexagon.
This circle is tangential to the mid-points of the lines joining the ends of the active space vector.
Thus the maximum obtainable fundamental output voltage is calculated from the right-angled
triangle (Figure 3.30) as

2 T 1
Vinax = <3) Ve cos (g) = %Vdc (327)

The maximum possible output voltage using SPWM is 0.5 V. and hence the increase in the
output, when using SVPWM, is (2/3V,4)/(0.5V,) = 1.154.

The time of application of the different space vectors are calculated using the ‘equal volt-
second principle’. According to this principle, the product of the reference voltage and the
sampling/switching time (7) must be equal to the product of the applied voltage vectors
and their time of applications, assuming that the reference voltage remains fixed during the
switching interval. When the reference voltage is in sector I, the reference voltage can be
synthesized by using the vectors V, V,, and V, (zero vector), applied for time t,, t,, and t,,
respectively. Hence, using the equal volt-second principle, for sector I:

ViT, = Vity + Vaty + Vo, (3.284)

where Ty, =1,+1,+1, (3.28b)

The space vectors are given as

T

5

. 2 2
e Vi= g Vdce/o Vo = g Vace Vo=10 (329)

S

*_
Ve =|v
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Substituting equation (3.29) into equation (3.28a) and separating the real («-axis) and
imaginary (3-axis) components:

% 2 2
|vs‘ cos (a)Ts = 3 Viety + 3 Ve cos (g) 1 (3.30a)
. 2 .
|v,| sin ()T = 3 Vg sin (g) 1 (3.300)

Where a = 7/3.
Solving equations (3.30a) and (3.30b) for the time of applications 7, and f,:

t, :M sin (Z—a)TS

Ve

e 331
tpy = @ sin(a) T 33D

de

to=Ts—t, — 1

Generalizing the above equation for six sectors gives the following, where k=1, 2, .. ..6 is the
sector number:

3|v;
t, = \/‘_/|V3 | sin (k? - a) T,
de

(3.32)

th=Ts—t,—1p

After locating the reference location and calculating the dwell time, the next step in SVPWM
implementation is the determination of the switching sequence. The requirement is the
minimum number of switchings to reduce switching loss, ideally one power switch should
turn ‘ON’ and turn ‘OFF’ in one switching period.

In order to obtain a fixed switching frequency and optimum harmonic performance from
SVPWM, each leg should change its state only once in each switching period. This is achieved
by applying the zero state vector followed by two adjacent active state vectors in a half
switching period. The next half of the switching period is the mirror image of the first half.
The total switching period is divided into seven parts, the zero vector (000) is applied for 1/4th
of the total zero vector time, followed by the application of active vectors for half of their
application time and then again zero vector (111) is applied for 1/4th of the zero vector time.
This is then repeated in the next half of the switching period. This is how symmetrical SVPWM
is obtained. The switching patterns showing the leg voltages in one switching period is depicted
in Figure 3.31 for sectors I to VL.
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Figure 3.31 Switching pattern for SVPWM for sector I to VI
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Average leg voltages can be determined from the switching patterns of Figure 3.31, for
example, for sector I:

Vie/2
VAA’ayg = ( !T/ ) [lo +t, 4+t — to]
B
Vi /2
VB,avg = ( ?Ii/ ) [[O —tlatt— lO] (333)
Vie/2
Ve = "7‘1/ Vto — 10— 1y — 1o

A

Substituting the equation of time of applications from equation (3.31) into equation (3.33), the
following is obtained for sector I and similarly can be derived for other sectors:

3w 3 4.
VA,,avg = g ‘VS’SIH (a + g), VB.,avg = 5 |VS|SIH (a — g>7
(3.34)

Vearg = —? ’vj’sin (a + g)

3.4.6 Discontinuous Space Vector PWM

Discontinuous SVPWM results when one of the two zero vectors is not used in the
implementation of the SVPWM. One leg of the inverter does not switch during the whole
switching period and remains tied to either the positive or negative DC bus [9,10]. This is
known as discontinuous SVPWM, since the switching is not continuous. Due to the manip-
ulation of the zero space vector application in a switching period, one branch of the inverter
remains unmodulated during one switching interval. Switching takes place in two branches:
one branch is either tied to the positive DC bus or the negative DC bus, as shown in Figure 3.32
(when zero voltage (000) is eliminated, the leg voltage is tied to positive DC bus 0.5 V,,. and
when zero voltage (111) is eliminated, the leg voltage is tied to the negative bus voltage
—0.5V,4.). The number of switchings is thus reduced to two-thirds compared to the continuous
SVPWM and hence switching losses are reduced significantly. This type of PWM is especially
useful when switching losses are to be reduced. There are several schemes of discontinuous
SVPWM; however, all essentially merely rearrange the placement of the zero output voltage
pulse within each half carrier or carrier interval. Discontinuous SVPWM are classified according
to the location of the zero space vector and for how long it is not applied. The nine different
discontinuous SVPWM techniques are:

1. t;=0 for all sectors, known as DPWMMAX;

2. tg=0 for all sectors, known as DPWMMIN;
Zero vectors are made inoperative alternatively in a different sector:

3. Discontinuous modulation DPWM 0 (zero vector (000), i.e. #; eliminated in odd sectors and
zero vector (111), i.e. tg is eliminated in even sectors);
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Figure 3.32 Leg voltage (switching pattern) for discontinuous SVPWM.

Discontinuous modulation DPWM 1(zero vector (000), i.e. t; eliminated in even sectors and
zero vector (111), i.e. tg is eliminated in odd sectors);

Discontinuous modulation DPWM 2 (each sector is subdivided into parts and zero vector
(000), i.e. t; eliminated in odd sectors and zero vector (111), i.e. tg is eliminated in even
sectors);

Discontinuous modulation DPWM 3 (each sector is subdivided into parts and zero vector
(000), i.e. ty eliminated in even sectors and zero vector (111), i.e. g is eliminated in odd
sectors);

Discontinuous modulation DPWM 4 (region is divided into 4 sectors each spanning
90 degrees and zero vector (000), i.e. #; eliminated in odd sectors and zero vector
(111), i.e. tg is eliminated in even sectors);

Discontinuous modulation DPWM 5 (zero vector (000), i.e. #; eliminated in sectors 1, 2, 3
and zero vector (111), i.e. g is eliminated in sectors, 4, 5, 6);

. Discontinuous modulation DPWM 6 (the whole region is divided into 8 sectors of 45

degrees each, zero vector (000), i.e. #; eliminated in odd sectors and zero vector (111), i.e. fg
is eliminated in even sectors).

The placement of the zero vectors and corresponding voltages (V,,, (leg voltage), V, (phase

voltage), V,n (voltage between neutral point)) for the discontinous SVPWM are shown in
Figure 3.33.

3.4.7 MATLAB/Simulink Model for Space Vector PWM

The MATLAB/Simulink model can be developed using different approaches, using all
Simulink blocks or all MATLAB coding [11,12]. This section shows a model developed
using the MATLAB function block and Simulink blocks. The model shown is flexible in nature
and can be used to model continuous as well as discontinuous SVPWM by changing in the
MATLAB function command. The simulation model is shown in Figure 3.34. Each block is
further elaborated on in Figure 3.35.
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Figure 3.33 (a) Zero voltage distributions and (b) associated voltage waveforms for discontinuous
SVPWM

3.4.7.1 Reference Voltage Generation Block

This block is used to simulate the balanced three-phase input reference. The three-phase input
sinusoidal voltage is generated using the ‘function’ block from the ‘Functions & Tables’ sub-
library of Simulink. This is then converted into a two-phase equivalent using Clark’s
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Figure 3.33 (Continued)

transformation equations. This is once again implemented using the ‘function’ blocks.
Furthermore, the two-phase equivalent is transformed into polar form using the ‘Cartesian
to polar’ block from the ‘Simulink extras’ sub-library. The output of this block is the
magnitude of the reference as the first output and the corresponding angle of the reference as
the second output. The waveform of the magnitude is simply a constant line, as its value
remains fixed in an open-loop mode. In the closed-loop mode, the reference voltage can be
dictated by the closed-loop controller. The waveform of the angle is shown in Figure 3.36. It
is a saw tooth signal with peak value of +7. Sector identification is done using the
comparison of the angle waveform with the predefined values, as shown in Figure 3.36.
The number inside the waveform represents the sector number.

3.4.7.2 Switching Time Calculation

The switching time and the corresponding switch state for each power switch is calculated in
MATLAB function block ‘sf.” The MATLAB code requires magnitude of the reference, the
angle of the reference, and the timer signal for comparison. The angle of the reference voltage is
kept constant for one sampling period using the ‘zero order hold’ block so that its value does not
change during time calculation. The angle information is used for sector identification in the
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Figure 3.34 MATLAB/Simulink Model of space vector PWM

MATLAB code ‘aaa’ for continuous SVPWM and code ‘al’ for the discontinuous SVPWM
(DPWMMAX). Furthermore, a ramp time signal is generated to be used in the MATLAB code.
The height and width of the ramp signal is equal to the switching time of the inverter branch.
This ramp is generated using a ‘repeating sequence’ from the source sub-library.

Figure 3.35 Sub-blocks of MATLAB/Simulink model: (a) Reference voltage generation; (b) VSI;
(c) Filters (File name: Space3.mdl and aaa.m)
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Figure 3.36 Sector Identification logic

The MATLAB code first identifies the sector of the reference voltage. The time of
application of the active and zero vectors are then calculated. The times are then arranged
according to the predefined switching pattern (Figure 3.31). This time is then compared with
the ramp timer signal. The height and width of the ramp is equal to the switching period of the
inverter branch. Depending upon the location of the time signal within the switching period,
the switch state is defined. This switch state is then passed on to the inverter block for further
calculation.

3.4.7.3 Three-phase Inverter Block

This block is built to simulate a voltage source inverter assuming a constant DC link voltage.
The inputs to the inverter block are the switching signals and the outputs are the PWM phase-to-
neutral voltages. The inverter model is built using ‘function’ blocks.

3.4.7.4 Filter Blocks

To visualize the actual output of the inverter block, the filtering of the PWM ripple is required.
The PWM voltage signal is filtered here using the first-order filter. This is implemented using
the ‘Transfer function’ block from ‘Continuous’ sub-library. The time constant of the first-
order filter is chosen as 0.8 ms.

3.4.7.5 Voltage Acquisition

This block stores the output results. The results are stored in a ‘workspace’ taken from the ‘sink’
library of the Simulink. The simulation waveform is shown in Figure 3.37. The input reference
fundamental frequency is kept at 50 Hz and the switching frequency of the inverter in chosen as
5 kHz. The output is seen to be sinusoidal without any ripple except the switching harmonics.
By simply changing the input reference’s magnitude and the frequency, the output voltage
magnitude and frequency can be varied.
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3.4.7.6 Continuous SVPWM - % MATLAB Code to Generate Switching Functions

Inputs are magnitude ul (:),angleu2(:), and

@ 0P

ramp time signal for comparison u3(:)

function [sf]=aaa (u)
ts=0.0002;vdc=1;peak_phase_max= vdc/sqgrt(3) ;
x=u(2); y=u(3);
mag=(u(l) /peak_phase_max) * ts;
$sector I
if (x>=0) & (x<pi/3)
ta=mag * sin(pi/3-x);
tb =mag * sin(x) ;
t0 =(ts-ta-tb) ;
tl=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4];
tl=cumsum(tl) ;

vl=[01111101]1;

v2=[00111001;
v3=[000100017;

for j=1:7
if (y<tl(3))
break
end
end
sa=vl(J);
sb=v2(3);
sc=v3(3);
end

% sector IT
if (x>=pi/3) & (x<2*pi/3)
adv=x-pi/3;
tb =mag * sin(pi/3-adv) ;
ta =mag * sin(adv) ;
t0 =(ts-ta-tb) ;
tl=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4];
tl=cumsum(tl) ;
vl=[0011100];
v2=[01111101;
v3=[00010001;

for j=1:7

if (y<tl(3))

break
end

end
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sa=vl(J);
sb=v2(J);
sc=v3(J);
end

$sector ITT
if (x>=2*pi/3) & (x<pi)
adv=x-2*pi/3;
ta =mag * sin(pi/3-adv) ;
tb =mag * sin(adv) ;
t0 =(ts-ta-tb) ;
tl=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4];
tl=cumsum(tl) ;
vl=[0001000];
v2=[0111110];
v3=[00111001;

for j=1:7

if (y<tl(3))

break
end
end

sa=vl(Jj);
sb=v2(J);
sc=v3(Jj);
end

$sector IV
if (x>=-pi) & (x<-2*pi/3)
adv = x + pi;
tb=mag * sin(pi/3 - adv) ;
ta =mag * sin(adv) ;
t0 =(ts-ta-tb) ;
tl=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4];
tl=cumsum(tl) ;
vl=[0001000];
v2=[00111001];
v3=[01111101]1;
for j=1:7
if(y>tl1(3))
break
end
end

sa=vl(3);
sb=v2(J);
sc=v3(j)

’

end
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% sector vV
if (x>=-2*pi/3) & (x<-pi/3)
adv = x+2*pi/3;
ta =mag * sin(pi/3-adv) ;
tb =mag * sin(adv) ;
t0 =(ts-ta-tb) ;
tl=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4];
tl=cumsum(tl) ;
vl=[00111001;
v2=[00010001;
v3=[01111101;

for j=1:7

if (y<tl(3))

break
end

$Sector VI
if (x>=-pi/3) & (x<0)
adv = x+pi/3;
tb =mag * sin(pi/3-adv) ;
ta =mag * sin(adv) ;
t0 =(ts-ta-tb) ;
tl=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4];
tl=cumsum(tl) ;
vl=[0111110];
v2=[00010001;
v3=[00111001;
for j=1:7

if (y<tl(3))

break

end

end
sa=vl(Jj);
sb=v2(J);
sc=v3(J)

end
sf=[sa, sb, scl;
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3.4.7.7 Discontinuous SVPWM - % MATLAB Code

function [sf]l=al (u)

£=50;

ts=0.0002;

vde=1;

peak_phase_max = vdc/sqrt (3) ;
x=u(2) ; y=u(3);

mag=(u(l) /peak_phase_max) * ts;

$sector I
if (x>=0) & (x<pi/3)
ta =mag * sin(pi/3-x%);
tb =mag * sin(x) ;
t0 = (ts-ta-tb);
tl = [ta/2 tb/2 t0 tb/2 ta/2];
tl = cumsum(tl) ;
vi=[1111171;
v2=[011101;
v3=[001001;
forj=1:5
if (y<tl(3))
break
end

end

sa=vl(J);

sb=v2(3) ;

sc=v3(3);
end

% sector IT

if (x>=pi/3) & (x<2*pi/3)
adv= x-pi/3;

tb =mag * sin(pi/3-adv) ;
ta =mag * sin(adv) ;
t0 =(ts-ta-tb) ;
tl=[ta/2 tb/2 t0 tb/2 ta/2 1;
tl=cumsum(tl) ;
vl=[01110];
v2=[111111;

v3=[00100];
for j=1:5

if (y<tl(3))
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break
end
end
sa=vl(j);
sb=v2(3);
sc=v3(J);
end

%sector ITT
if (x>=2*pi/3) & (x<pi)
adv=x-2*pi/3;
ta =mag * sin(pi/3-adv);
tb =mag * sin(adv) ;
t0 =(ts-ta-tb) ;
tl=[ta/2 tb/2 t0 tb/2 ta/2];
tl=cumsum(tl) ;
vl=[00100];
v2=[11111];
v3=[01110];
for j=1:5
if(y<tl(3))
break
end
end
sa=vl(J);
sb=v2(J);
sc=v3(Jj);
end

$sector IV
if (x>=-pi) & (x<-2*pi/3)
adv =x + pi;
tb=mag * sin(pi/3 - adv) ;
ta =mag * sin(adv) ;
t0 =(ts-ta-tb) ;
tl=[ta/2 tb/2 t0 tb/2 ta/2];
tl=cumsum(tl) ;
vl=[00100];
v2=[01110];
v3=[11111]1;
for j=1:5
if(y<tl(3))
break
end

end
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sa=vl(3);

sb=v2(J);

sc=v3(J);
end

% sector V
if (x>=-2*pi/3) & (x<-pi/3)
adv = x+2*pi/3;
ta =mag * sin(pi/3-adv) ;
tb =mag * sin(adv) ;
t0 =(ts-ta-tb) ;
tl=[ta/2 tb/2 t0 tb/2 ta/2];
tl=cumsum(tl) ;
vl=[01110];
v2=[001007;
v3=[1111171;
for j=1:5
if (y<tl(3))
break
end
end
sa=vl(Jj);
sb=v2(J);
sc=v3(J);
end

$Sector VI
if (x>=-pi/3) & (x<0)
adv = x+pi/3;
tb =mag * sin(pi/3-adv) ;
ta =mag * sin(adv) ;
t0 =(ts-ta-tb) ;
tl=[ta/2 tb/2 t0 tb/2 ta/2];
tl=cumsum(tl) ;
vi=[11111];
v2=[001001];
v3=[011101];
for j=1:5
if(y<tl(3))
break
end
end
sa=vl(Jj);
sb=v2(j); sc=v3(j); end sf=[sa, sb, sc]
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Figure 3.37 (a) Filtered leg voltages for continuous SVPWM,; (b) Filtered phase voltages for DSVPWM

3.4.8 Space Vector PWM in Over-modulation Region

In the SVPWM method, the maximum sinusoidal output is obtained when the reference is
v: =1/ V3 V4. and the trajectory is a circle inscribed inside the hexagon, called the linear
modulation range. If the references increase more than this value, then the output cannot be
realized by using the linear modulation technique and this is called the over-modulation
region [13-16]. Since the time of application of the zero space vector becomes negative, it does
not make any physical sense. Considering equation (3.31) and assuming ‘vﬂ = 1/v3V,e,
Vi = lp.u.and Ty = 1 sec., the time of application of the zero space vector in sector I is
calculated (Figure 3.38). It is seen that the zero vector time of application just touches zero in
the middle of the sector at 30 degrees. Increasing further the length of the reference voltage
space vector will lead to a negative value of time of application. This is true for the other sectors
too. Hence, for reference voltage vectors exceeding this limit, the zero voltage vectors cannot
be used as such.

When the reference voltage vector is more than this limiting value of |vf| =1/ V3V, the

inverter moves into the over-modulation region for % Vie < ‘vj ’ < % V4. When the reference

voltage vector is | v: ’ = % V.., the inverter operates in the square wave mode or six-step mode, as
shown in Figure 3.39.

Figure 3.38 Zero vector time of application in linear modulation range in sector I
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Figure 3.39 Linear and over-modulation range

The over-modulation region is further divided into two sub-modes, the over-modulation
region I (0.5773 < |v;| < 0.6061)and the over-modulation region II (0.6061 <
|v:| < 0.6366). In over-modulation region I, the reference voltage space vector is modified
in such a way that it becomes a ‘distorted continuous reference voltage space vector.” The
magnitude of the reference voltage vector is altered but the angle is not modified. However, in
the over-modulation region II, both the reference voltage space vector magnitude and the
angles are modified in such a way that it becomes a ‘distorted discontinuous reference voltage
space vector.’

3.4.8.1 Over-modulation Region I

Consider Figure 3.40 (called Case-1): the outer circle shows the trajectory of the desired
reference voltage vector, while the inner circle shows the end of linear modulation region.
The reference voltage vector follows the desired circular trajectory from point x to point y.
When the reference voltage space vector goes beyond the hexagon from point y to point p, the
reference voltage space vector trajectory slides along the hexagonal straight line. After the end
of the straight line (at point p), the trajectory once again follows the circular path from point p
to g; this repeats in other sectors too. In this way the reference voltage vector is modified for
over-modulation region I.

The reference voltage space vector follows a circular trajectory for some time and then a
straight line trajectory. The time of the application of the active space vectors for the circular
trajectory is given by equation (3.31). The time of application of the active space vectors for the
region y to p (straight line) can be obtained as follows:
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Figure 3.40 Over-modulation I in SVPWM-Case 1

Let the modified space vector be ‘v:’ ‘and be decomposed into a real and an imaginary
part:

‘vﬂcos (@) = |va| + |vp|cos (;7-)

T
for'y<oz<§—y (3.35)

|v)/|sin () = |vp|sin (:)
Solving equation (3.35) for v,;

1
va| = [V <cos a) — —sin(a ) 3.36
el = 1] costee) ——sinf) (336)
From Figure 3.40, ABC forms an equilateral triangle, hence:

2
OB = OA + AB = |v,| +[vs] = 2 Ve (3.37)

Using equations (3.35), (3.36), and (3.37) to determine the length of the modified space
vector:

2

ZVye
3 d

<cos (@) + %sin (a)>

(3.38)

N
’Vs, -
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The length of the component vectors are obtained for y < a < g —y:

2 V3 cos () — sin (@) u
Ivel = 3 Vie [ﬁ cos (a) + sin (a)] (3.39)
2 2 sin («)
Ivel = 3 Vi L/§ cos (a) + sin (a)] (3.39)

To obtain the expression for the time of application of the active space voltage vectors, the
equal volt-second principle is applied:

Vala + vty = v, Ty (3.40)

V3 cos (a) — sin (a)
V3 cos (a) +sin (a)

a =

(3.41)

SN/

iy — 1,

|
o

lo

These equations are valid for the first sector; nevertheless, a similar relationship can be
derived for other sectors. Implementation of the SVPWM follows the same procedure as that of
the linear mode, except the time of application is now governed by equation (3.41).

From Figure 3.41 (called Case-2), it is seen that by modifying the trajectory of the
reference space vector, the actual output becomes smaller than the desired reference. This is
due to the fact that the volt-second balance is not met and the loss in the output corresponds to
the volt-second area A,. To compensate for this loss and to maintain the volt-second balance,
the reference voltage vector is further modified. The trajectory of the reference voltage vector
follows the outer circle for a small distance when the hexagon boundary is met at point r. It
then slides along the hexagon straight line up to point s, where it meets the circular trajectory

Locus of Modified
Reference Vector

Figure 3.41 Over-modulation I in SVPWM-Case 2
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and then moves along this circle. In this way the volt-second lost in A, is gained in area A,
and Az. A more precise calculation of the modified trajectory is needed in this case. The
modified reference voltage expression is derived for different parts of the sectors. Once the
voltage modified voltage reference is known, the time of application of the vector is
calculated using equation (3.31) and accordingly the switching pattern is obtained and
further used for the SVPWM implementation. The modified space voltage vector expression
is obtained as [14].

V| = %Vdctan(a) for 0<a< (g - y) (3.424)

V| = \/lgvdccos(zl_y) for (g —y) <as< (g +7) (3.420)
VY| :\}gvd"m(gl_a) for (g+y) <a< (g—y> (3.42¢)
B :%V*’m(g_y) for (T—v)<a<3 (3.43)

A linearized relationship between the angle y and the modulation index is obtained as [14]

—30.23 MI +27.94 for0.9068 < MI < 0.9095

v = —8.58 MI+8.23  for0.9095 < MI < 0.9485 (3.44)
—26.43 M1 +25.15 for0.9485 < MI < 0.9517
v*
where MI = 2’ 5 | . After determining the angle vy, the modified reference voltage vectors length
3 Vde

is calculated from equation (3.43), which is then used to calculate the time of application of the
space vector using equation (3.31).

3.4.8.2 Over-modulation Region-I1

In the over-modulation region I, the angular velocity of the modified reference voltage space
vector and desired reference voltage space vector is the same and constant for each fundamental
cycle. The reference voltage and actual output voltage is equal during the over-modulation
region I, due to the fact that the loss in the Area A, (due to reduced length of the reference
vector, since it cannot go beyond the hexagon boundary) is compensated for by increasing
the length of the reference in area A and area A;. A situation arises when the desired reference
voltage vector reaches 0.6061 V4., where no more room exists in area A; and area Ajz to
compensate for the loss in area A,. At this point, over-modulation region II starts. During this
mode of over-modulation, both the reference voltage space vector length and angle is modified.
For the region x to y and p to g (Figure 3.42), the modified space vector is held constant at the
vertex of the hexagon. Hence, the desired reference voltage moves while the modified voltage
vector does not. Once the desired reference reaches point y, the modified vector starts to
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Figure 3.42 Over-modulation II in SVPWM

slide along the side of the hexagon. In this way the reference becomes discontinuous. The angle
of the modified reference voltage vector is

an =16 ysas 7T/3 - (345)

/6 7/3—y<a<w/3

The expression for the modified reference voltage vector is [14]

Y| = %vdc tan(a) for 0<a< (g - y) (3.464)
Ml=gve o (Gov) <a< (G ) 3400

| = %Vdcm(gl_am) for (Z4y)<a<(3-v) (3.46¢)
V| = %vdc for (T-y)<a<? (3.46d)

The linearized equation is found for the modified angle is

6.4MI — 6.09 for 0.95 < MI < 0.98
vy=1< 11.75MI — 11.34 for 0.98 < MI < 0.9975 (3.47)
48.96M1 — 48.43  for 0.9975 <MI < 1.0

The SVPWM in the over-modulation region Il is implemented using equations (3.31), (3.46),
and (3.47).
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3.4.9 MATLAB/Simulink Model to Implement Space Vector PWM in
Over-modulation Regions

The MATLAB/Simulink model for implementing over-modulation using SVPWM is the same
as thatin Figure 3.34. The MATLAB function block is modified in order to account for the over-
modulation. The time of application of the space vector is calculated using equation (3.31) for
the period when the reference space vector lies between the region (0 < @ < yand
7/3 — vy < a < /3) and for the remaining period, time of application is computed using
equation (3.41). The angle vy is calculated using equation (3.44). The MATLAB code requires
the magnitude of the reference, the angle of the reference, and the timer signal for comparison.
The angle of the reference voltage is on hold for each switching period, so that its value does not
change during time calculation. The angle information is used for sector identification in the
MATLAB code ‘aaa_OM1’ for over-modulation I and ‘aaa_OM?2’ for over-modulation II and
subsequent generation of gating signals for the inverter. For the 50-Hz fundamental, filtered
output voltages for different modulation indices are shown in Figure 3.43.

3.4.10 Harmonic Analysis

Harmonic components of the output voltage are given, using the Fourier series expression, as
/2
a |t
F,(0) =— J f(0)sin (n0)do (3.48)
™
0

where f(0)is given by equations (3.42a)—(3.42d) in the over-modulation mode I and
equations (3.46a)—(3.46d) in the over-modulation mode II. A numerical integration of
equation (3.48) shows that even-ordered harmonics and triplen harmonics are eliminated in
the output voltages. The six lowest harmonic components (3rd, 5th, 7th, 9th, 11th, and 13th)
versus the modulation index (MI) are shown in Figure 3.44. The low-order harmonic
components increase with the increase of the modulation index.

The THD factor is defined as

(v =vp)
THD = (3.49)
1

where V, and V| are the rms values of the rth harmonic components and fundamental
component of the phase voltage, respectively. Figure 3.45 shows the THD factor of the output
voltage up to the 25th harmonic. As the modulation index increases, especially in over-
modulation mode II, the THD increases steeply and culminates to 31.1% at MI = 1.

3.4.11 Artificial Neural Network-based PWM

The SVPWM can be implemented by a feed-forward neural network, because the SVPWM
algorithm is a non-linear input/output mapping and the Artificial Neural Network (ANN) is a
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Figure 3.43 Inverter Phase ‘a’ voltage waveform at different modulation indices

powerful non-linear mapping technique. This means that the reference voltage vector V*
magnitude, and the angle, a®, can be impressed at the input of the network and the
corresponding pulse width pattern of the three phases can be generated at the output. There
are two approaches in implementing the SVPWM; using the ANN called ‘Direct method’
and the second is the ‘Indirect method’ [1]. In the so-called ‘Direct method,’ the feed-forward
back-propagation ANN directly replaces the conventional SVPWM algorithm. Since the
feed-forward ANN network can map only one input pattern onto only one output pattern,
the switching period T is divided into n subintervals. Thus each sub-interval includes only one
output switching pattern for every input pattern, so requires a huge data set for proper training
of the network. Therefore this approach is limited in use [17-21]. The ‘indirect method’ uses
two separate feed-forward back-propagation ANN; one for the magnitude of the reference
voltage and other for the reference voltage position. The magnitude network yields a voltage
magnitude scaling function, which is linear in the linear modulation region and is a non-linear
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Figure 3.44 Harmonic spectra by FFT, normalized to fundamental component

function of Vpc in the over-modulation region. The reference position network yield turn on
pulse width function at unit voltage magnitude. This pulse-width functions are then multiplied
by a suitable bias signal and the product is compared with the up/down counter to generate the
appropriate switching signals for the inverter. The complete implementation block is shown in
Figure 3.46.

The phase ‘A’ turn on time can be given as

Iy T * . T * . *
Z:XqLK.V {—sm (gfa ) —sm(oz )},S: 1,6

—|—Z1,:Z'—|—K.V [—sm (g—a >—|—sm (a )],S:Z

Th—on = (3.50)

T. «[ . # . *
+lo+lb:ZS+K.V {sm (g—a>+sm(a )],S:3,4

oS

DS

E—i—ta:f—i—KV [sm (g—a ) — sin (« )},825

where S is the sector number and K = /37, /4V,.. Equation (3.50) can be written in the general
form:

Ta—on =T,/4 +f(V*)gA (a*) (3.51)

where f(V") is the voltage amplitude scale factor; Ts/4 is the bias time; and g(a”) is called the
turn-on signal at unit voltage and is given as (Figure 3.47).
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Figure 3.46 Functional block diagram of ANN based SVPWM for a three-phase VSI
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Figure 3.47 Turn-on pulse width function of phase A, B, C as a function of angle « in different sectors

3.4.12 MATLAB/Simulink Model of Implementing ANN-based SVPWM

The MATLAB/Simulink model for implementing the ANN-based SVPWM is shown in
Figure 3.48. Initially a neural network is trained with the reference voltage input and the turn-
on time as output using equations (3.50-3.52). The ANN model is then generated using the
neural network toolbox and the generated model is placed in the Simulink, as shown in
Figure 3.48. The input signal to the neural network is the reference voltage position a”. The
model uses a multilayer function in the first and second layers. The number of nodes can
be set at the training stage. The number of hidden nodes can be chosen between 10 and 20.
The weights are generated during the training mode. The digital words corresponding to turn-
on time are generated by multiplying the output of the neural network with V*Tg and then
adding T,/4, as shown in the figure. The PWM signals are then generated by comparing the
turn-on time with a triangular reference having a time period of T, and amplitude 7,/2, and
the PWM signals thus obtained are then applied to the inverter.
The resulting simulation waveform is presented in Figure 3.49.

3.5 Relationship between Carrier-based PWM and SVPWM [22]

Although the two PWM schemes, carrier-based and SVPWM, appear different, there exists a
similarity between the two approaches. In the SPWM approach, the three-phase modulating
waves are compared with a triangular high frequency carrier to determine the switching
instants of the three phases. The modulating wave of a given phase is the average leg voltage
corresponding to that phase. The most commonly used modulating signals are sinusoidal
waves. The triplen (multiple of three) frequency component can be added as a zero sequence
component to the three-phase sinusoidal waves or modulating signals. Hence, the choice of the
triplen frequency components to be added to the fundamental signals lead to different
modulating waveforms with different harmonic spectrum. The choice of these triplen
frequency components is thus a degree of freedom in the SPWM technique.
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Figure 3.48 MATLAB/Simulink model of ANN-based SVPWM (File name: ANN_SVPWM_3_phase.
mdl)

In the SVPWM technique, the voltage reference is provided in terms of a rotating space
vector. The magnitude and the frequency of the fundamental component of the output are
specified by the magnitude and frequency of the reference vector. The reference vector is
sampled once in every switching period. The inverter is switched such that the average voltage
vector is equal to the sampled reference vector in every switching period. The inverter
switching is done according to the reference voltage vector location. Two active and two
zero vectors are used in every switching period. The time of application of each vector is
obtained from the relationship obtained on the basis of the ‘equal volt-second’ principle. The
degree of freedom used in the SVPWM is the division of the time between the two zero states
(000 and 111). The distribution of the time duration between the two zero states 7(000) and
8(111) is equivalent to adding the zero sequence component to the three-phase average leg
voltages. Hence, the two PWM approaches are equivalent in this sense.
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Figure 3.49 ANN-based SVPWM waveforms

3.5.1 Modulating Signals and Space Vectors

The switching pattern generated due to the interaction between a triangular carrier signal and
the modulating signal is shown in Figure 3.50; the magnitude of the modulating signal is
assumed constant during the sampling period. The switching pattern shown is the leg voltage
with magnitude +0.5V,;.. By comparing Figures 3.50 and 3.31, it is seen that the same
switching pattern and space vector disposition is available in the SVPWM in sector I

Modulating signals '
R g S1Z /Camer
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/
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Figure 3.50 Relationship between carrier-based and SVPWM in sector I
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The same similarity also exists in other sectors. The relationship between the modulating
signals and space vector in different sectors can be found from Figure 3.31 as

VAT, = 0.5V (Vy +vun) Ty = 0.5V (ta+ 1y + 13 — 17)

VT = 0.5V (Vg +vun) Ty = 0.5Ve(—ta + 1y + 5 — t7) (3.53)

VaTls = OSVdc(VZ + VnN) T, = O-SVdc(ta +itp+1s — 17)

The relationship between the modulating signal and the space vector in sector I is

Uy = (ta+lb+lg — l7)/TS
Up=(—ty+tp+1ts—1t7)/T;s (3.54)
Uc = (—ta—ty+13 — 17)/ T

where fg is the time of application of the zero vector 111; #; is the time of application of the zero
vector 000; and Uu, Up, Uc represents the three-phase modulating signals for the SPWM.
The modulating signals for SPWM are

UA = V,: + Vun
Ug = Vg + vy (3.55)
Uc = Vit vy
1
where v,y = 3 (Ua+ Up+ Uc) (3.56)

is the zero sequence signal.
The relationship between the modulating signals and the space vectors in the other five
sectors can be obtained in a similar fashion by using Figure 3.31, and are listed in Table 3.5.
The relation between the zero sequence signal and the space vector time of applications can
be determined by substituting equation (3.54) into equation (3.56). The resulting relationships

Table 3.5 Relationship between the space vector and modulating signal

Sector No. Uy

Us

Uc

I

tat+ty+1t3 —t7)/ Ty

_ta +1+ g — 17)/Ts

ta—th+13 —17)/ Ty

( ( (-
I (ta — ty+ 13 — 17) /T, (ta+ 1ty +15 — 17) /T (—ta—ty+1t3—17)/ Ty
11 (—ta—tr+15—17)]Ts (ta+tp+1s —17)] T (=ta+tp+1ts—17)/Ts
v (—ta —ty+15 — 17)/ T (ta =ty +13 — 17) /T (tatty+15 — 17) /T,
A% (ta+tp+15—1t7)/Ts (=t —tp+1t3—17)/ Ty (ta+tp+15 — 17)] Ty
VI (ta+tp+ 15— 17)/T (—ta =ty + 15 — 17) /Ty (ta =ty + 15 — 17) /T
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Table 3.6 Line-to-line voltages and space vectors

Sector No. Usp Upc Uca

I 21, /Ty 24, /T —2(ta+1)/ Ty
I =2t/ T 2(ta+1p)/Ts —2t, /T,

111 —2(ta+1p) /Ty 2t, /Ty 2ty /T,

v 21,/ Ty =21y /Ty 2ty + 1)/ Ty
A% 2t/ Ty —2(t,+ 1p) /Ty 21,/ T

VI 2([0 + tb)/Ts _2[a/Tx _2Zb/TS'

are given for odd sectors (sectors I, III, and V) and for even sectors (sectors II, IV, and VI) in
equations (3.57) and (3.58), respectively:

: [—ta+ 1ty — 3t7 4 313] (3.57)
VaN = 50 | la - .
N 3TS b 7 8
1
Vay = 3—Ts[ta — 1y — 317+ 3] (3.58)

3.5.2 Relationship between Line-to-line Voltages and Space Vectors

A relationship between the line-to-line voltage and space vectors can be obtained using the
equations of Table 3.5 and equation (3.54), now listed in Table 3.6:

Vd(’ # # .. . .
UyT, = (Ui = U)T, = = (Ui _ Uj>TS, Wherei,j = a,b,cand i # j (3.59)
A direct relationship between the line-to-line voltages and space vectors exist. It can be noted
that the line-to-line voltages are determined by only active vectors, there being no role of zero

vectors.

3.5.3 Modulating Signals and Space Vector Sectors

The relationship between the modulating signals and the sectors of the space vector can be
obtained by plotting the three-phase sinusoidal waveform and identifying the region of O to
60 degrees (sector I), 60 to 120 degrees (sector II), 120 to 180 degrees (sector III), 180
to 240 degrees (sector IV), 240 to 300 degrees (sector V), and 300 to 360 degrees (sector VI).
The relationship is shown in Figure 3.51.

3.6 Multi-level Inverters

The voltage source inverters discussed so far produces only two levels of output, either £0.5V,;,
or 0 and V., hence called the two-level inverter. Two-level inverters pose several problems
in high power medium voltage applications, due to limited voltage blocking capability of the
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Figure 3.51 Relationship between modulating signal and space vector sectors

power semiconductor switches. Moreover, dv/dt is considerably higher, causing high stress on
the switching devices. The solution to this problem lies in using a series connection of several
power switching devices or alternatively using multi-level inverters [23—-30]. The former
solution may lead to unequal voltage sharing among the devices. Hence, the later solution is
preferred. The output voltage waveform of the multi-level inverter is significantly improved
when compared to a two-level output. The THD is low and the output quality is acceptable, even
at low switching frequency. In high power drives, switching losses constitute a considerable
portion of the total losses and hence the reduction of this is amajor goal. Nevertheless, the number
of power switching devices used in a multi-level inverter is high and additional diodes and
capacitors are needed. Anotherimportant shortcoming of the multi-level inverteris imbalance in
the capacitor voltages at the DC link. This issue is addressed in [31-34].

Multi-level inverters have many attractive features, such as high voltage capability, reduced
common mode voltages near sinusoidal outputs, low dv/dt, and smaller or even no output filter;
sometimes no transformer is required at the input side, called the transformer-less solution,
making them suitable for high power applications [35-38].

There are several topologies of multi-level inverters proposed in the literature. However, the
most popular configurations are:

¢ Diode Clamped or Neutral point clamped multi-level inverters;
¢ Capacitor clamped or flying capacitor multi-level inverters;
¢ Cascaded H-bridge multi-level inverters.

The neutral point topology uses diodes to clamp the voltage levels, while the flying-capacitor
topology uses floating capacitors to clamp the voltage levels. The major problems associated
with these two topologies are the balancing of capacitors voltages. Additional problems
associated with the flying capacitor type is the starting procedure, as the clamping capacitors
are required to be charged to the appropriate voltage level. The balancing problem becomes
more pronounced with increasing number of levels. However, the cascaded H-bridge inverter is
modular in nature, with each unit connected in series and there is no problem of balancing.
The major problem with this type of topology is the requirement of complex transformers [5].
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3.6.1 Diode Clamped Multi-level Inverters

The three-level neutral point/diode clamped inverter was first proposed by [39]. The
power circuit topology of a three-level neutral point clamped or diode clamped inverter is
shown in Figure 3.52. One leg consists of four power semiconductor switches (IGBTs) and
two power diodes for clamping. At the DC link side, one capacitor is needed at the source
end and two capacitors are halved and connected in series to form a neutral point N. In this
configuration, two power switches conduct simultaneously. When the upper two switches,
middle two switches, and lower two switches are on the inverter leg, voltage attains
0.5 Vg, 0, and —0.5 V4. voltages, respectively. The switches S, and S',, Sy, and S'y,, and
S, and S’; are complimentary in operation. Defining the switching function Sy;, Sio,
and S;, (k=A, B, C) (zero when switch is off and one when switch is 1, with the
constraint: Si; + Sko + Sx2 = 0) when the upper two switches are on, the middle two
switches are on, and the lower two switches are on, respectively. The leg voltages can then
be written as

Van = (Sa1 — Sa2) Ve
Ven = (Sp1 — Sp2) Vae (3.60)

Ven = (Se1 — Se2) Vie

o,
'y
=)
W
=
<l <1
| ==
o
o)1
=
y
0,

Va O Vo O Ve O

Figure 3.52 Neutral Point Clamped three-level inverter topology
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The line voltage relation can be obtained as

Vab = Van — Ven = (Sa1 — Saz — Sp1 + S3) Ve
Vbe = Van — Ven = (Sg1 — Sg2 — Sc1 + Sc¢3) Ve (3.61)
Vea = Ven — Van = (Sc1 — Se2 — Sa1 +Sa3) Vae

The phase to load neutral voltage can be obtained as

2
Van = gvdc(SAl — Sa3 — 0.5(Sg1 — Sg3+Sc1 — Sc3))

2
Von = gvdc(s,gl — Sy — 0.5(Sa1 — Suz +Sc1 — Se3)) (3.62)

2
Ven = ngC<SC1 — SC3 — O.S(SA] - SA3 +SBI - SB3))

The common mode voltage (voltage between the load neutral and inverter neutral) is

1
Vny =3 Vie(Sa1 + 881 +Sc1 — Saz — Sgz — Sc3) (3.63)

3.6.1.1 Carrier-based PWM Technique for NPC Three-level Inverter

A SPWM scheme of a two-level inverter can be readily extended to a multi-level inverter.
However, the number of triangular carrier waves is equal to L — 1, where L is the level number.
Multi-carrier signals are generated and compared with the sinusoidal modulating signal of
SPWM fundamental frequency. The switching/gating signals are thus generated. Broadly
classified, a SPWM scheme is of two types, phase shifted and level shifted. In phase shifted
SPWM schemes, the required phase shifts among different carriers and is given as

b= (3.64)

Thus, in a three-level phase shifted SPWM, two carrier waves are needed, with a 180-degree
phase shift. In a five-level inverter, four carrier waves are required, with a 90-degree phase shift.
As the number of level increases, the number of carrier waves increases and the phase shift
angle decreases.

Level shifted SPWM schemes are further classified as:

¢ in-phase disposition (IPD), in which all triangular signals are in phase;

¢ phase opposition disposition (POD), in which all the carrier above reference zero are in
opposite phase to those below zero reference;

e alternate phase opposition disposition (APOD), in which in each carrier pair is in opposite
phase.
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The principle of different types of SPWM schemes, as applied to a five-level diode clamped
inverter, is shown in Figure 3.53. In a five-level inverter, four carrier signals are required, as
shown in Figure 3.53 and are compared with the three-phase sinusoidal modulating wave (in
the figure, only the phase ‘a’ modulating signal is shown). The gating signals are generated at
the point of intersection of the modulating wave and the carrier wave. The operation of the

Carrier and Modulating wave [p.u.]

Time [s]

(a)

AN

Carrier and Modulating wave [p.u]

0 (b) Time [s]

Carrier and Modulating wave [p.u.]

Time [s]

(©

Figure 3.53 Principle of SPWM for a five-level diode clamped inverter: (a) IPD; (b) POD; and (c) APOD
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Figure 3.54 MATLAB/Simulink model of SPWM for a three-level NPC (File name: NPC_3_phase_
3_level.mdl)

upper and third from the top power switches are complimentary. Similarly, the second from the
top and the bottom-most switches are complimentary in operation.

3.6.1.2 MATLAB/Simulink Model of Carrier-based PWM Scheme for Three-level NPC

MATLAB/Simulink model of a three-level NPC inverteris shown in Figure 3.54. The simulation
modelisdeveloped using the mathematical model of the inverter. The DClink voltage is assumed
as unity, the fundamental output frequency is chosen as 50 Hz, and the switching frequency is
kept at 2 kHz. The carrier signals are chosen such that they are in phase disposition (IPD).

The resulting waveforms obtained from the simulation are shown in Figure 3.55. Seven-level
phase voltages are obtained, while three-level line voltages are generated. More number of step
leads to lower THD. Spectrum of phase voltage is also shown in the figure.

3.6.2 Flying Capacitor Type Multi-level Inverter

The flying capacitor or capacitor clamped topology has some distinct advantages over other
topologies of multi-level inverters, for example, the redundancies of the voltage levels, which
means that more than one switch combination can create same output voltage and hence
freedom exists in the choice of the appropriate switching combination. The flying level
capacitor inverter has phase redundancies, unlike the NPC that has only line-to-line redun-
dancies [40—48]. This feature allows charging and discharging of particular capacitors in a way
that may be integrated within the control algorithm for balancing the voltages. Other advantage
of this inverter is that the active and reactive power flow can be controlled. Also, the large
number of capacitors enables an operation through short duration outages and significant
voltage sags.

Flying capacitor multilevel topology is a good approach, particularly for more than three
voltage levels. A negative aspect of using a Flying Capacitor is that the output current changes
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Figure 3.55 Response of a three-level NPC

the voltage of the capacitors. In general, the capacitance must be selected as high to make the
changes as low as possible. Therefore, the size of the capacitors increases as an inverse of the
switching frequency. This topology is therefore not practical for low switching frequency
applications [40]. Another important shortcoming of this topology is the starting/excitation of
the inverter. The capacitor must be charged to the appropriate voltage level before operating of
the inverter. Hence, a special starting procedure is required for this type of multi-level inverter.

The flying capacitor voltage balancing is a tedious task in the flying capacitor topology
[40—42]. Numerous techniques have been presented in the literature to balance the voltage
across the clamping capacitors [41-48]. These include the SPWM, as well as the SVPWM,
using switching vector redundancies. Among the carrier-based techniques, three methods are
most popular, namely phase shifted PWM, modified carrier redistribution PWM, and saw-
tooth rotation PWM. A comprehensive comparison of these methods are presented in [46] for
a three-phase system. It is concluded that the modified carrier redistribution PWM offers the
optimum performance. This technique is further used in [14,17]. Hence, the same technique is
elaborated on in this chapter.

3.6.2.1 Operation of Three-level Flying Capacitor Inverter

The power circuit topology of a five-phase three-level flying capacitor type voltage source
inverter is shown in Figure 3.56. In this topology of a multi-level inverter, the floating
capacitors are employed to clamp the node voltages of the series connected power
switching devices. Four power switching devices are connected in series to form one leg
of the inverter. The complimentary switches are indicated in the Figure 3.56((sn1,s:11),
(Su2.85);n € a,b,c); the top and the bottom switches and the two middle switches are



Pulse Width Modulation of Power Electronic DC-AC Converter 111

O
£
S I
5 =N T LT s
BCE || Lt
=
T .45} = o
O

Va O Vp O Ve O

Figure 3.56 Power circuit of a three-level three-phase flying capacitor type inverter

complimentary. Two power switching devices are turned on simultaneously to provide three
different voltage levels at the output phase, 0.5V, —05V,,, and 0. Since the voltage across
the flying capacitors is limited to 0.5 V., the same voltage stress will be borne by each
switch. As the number of levels increases the required voltage, the blocking value reduces,
thus lower rating switches can be used or alternatively higher voltage can be achieved. The
relationship between the pole voltage and the output phase voltage remains the same as that
of an NPC three-level inverter.

One cycle of the operation of one leg of the flying capacitor inverter is depicted in
Figures 3.57 a—h. The path of the current is shown as a dotted line. The pole voltage is 0.5 V.
and the current either flows to or from the load in Figures 3.57a and b. The capacitor state
remains unchanged.

The flying capacitor charges during the switching state of Figures 3.57c and f. The charging
current is equal to the load current. Hence the design of flying capacitor should take into
account the maximum load current. The pole voltage is zero during this operation. The flying
capacitor discharges during the switching state of Figures 3.57d and e. Once again the current
flow through the capacitor is equal to the load current. The pole voltage remains zero during
this switching state. Figures 3.57g and h show the switching state when the pole voltage attains
the value of —0.5 V. and the flying capacitor conditions remains unchanged.

It is evident from the above discussion that the capacitor charging state changes throughout
Figures 3.57c—f. Thus, to balance the flying capacitor voltage, these switching states need
special attention. Thus the PWM technique described in the next section optimally exploits
these redundant switching states.
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3.6.2.2 PWM Technique to Balance Flying Capacitor Voltage [44,46]

The major goal of the PWM scheme is to balance the flying capacitor voltage and keep it
constant at half of the DC link voltage, irrespective of the load condition. The basic idea behind
voltage balancing is equal charging and discharging time of the flying capacitor. From the
switching diagram (Figure 3.57) it is clear that for switch states of Figures 3.57c and f, the
output pole voltage remains the same (zero), thus these states are redundant states. However,
the flying capacitor charges in the state of Figures 3.57¢ and f and discharges to the load in state
of Figures 3.57d and e. Therefore, states (Figures 3.57¢ and f) and (Figures 3.57d and e) should
persist for the same time for equal charging and discharging of the flying capacitor. To
accomplish this, the carrier signal should be formulated, as shown in Figures 3.58 and 3.59, for
switch S;; and S, respectively. The upper carrier is used when the reference voltage lies
between 0.5V, and V., while the lower carrier is used when reference voltage lies between 0
and 0.5V,.. The gate signals are shown in Figures 3.60 and 3.61 for the two different values of
the reference voltages. The carrier signal for four sampling periods are shown. It is evident that
the redundant switching state is active in the first sample and then in the third sample in
Figure 3.60. Hence, the flying capacitor charges in the first sampling time and discharges in the
third sampling time, keeping the same charging and discharging time in four sample periods.
The switching time of each power switch will be equal to 2T as evident from Figures 3.60
and 3.61. The similar observation can be made from Figure 3.61. Thus it is seen that for all the
values of the reference voltages, the charge and discharge time of the flying capacitors remains
the same. Thus the voltage is balanced at the flying capacitor terminals as an average in four
sample time. This average balancing time will be higher for higher level numbers.

3.6.2.3 Start-up/Excitation Procedure of FL.C

One of the important requirements of a flying capacitor inverter is its start-up procedure. This
problem still persists in a five-phase inverter as in a three-phase inverter. At the start, the flying
capacitor needs to be charged equal to 0.5 V.. Thus the gating signal is provided in such a way
that the switch S and S,,,’ remains ‘ON” to charge the capacitor and the switches S, and S,,»’
remain ‘OFF’. Once the voltage of the flying capacitor builds up to the required voltage level
(i.e. 0.5 V,.), all the switches are kept off so that the flying capacitor voltage floats at 0.5 V..
Then the normal PWM inverter operation is implemented.

3.6.2.4 MATLAB/Simulink Model of Three-level Capacitor Clamped or FL.C Inverter

The MATLAB/Simulink model for implementing the three-level FLC inverter is shown in
Figure 3.62. The model is shown using the simpower system block-sets. SPWM is further
illustrated in Figures 3.60 and 3.61, which are used in this model.

DC link voltage of 100V is retained and the switching frequency remains at 2.5 kHz, the
flying capacitor is chosen as 100 uF, and the load parameters are R=5Q and L=0.5mH.
The resulting output line and phase voltages are shown in Figure 3.63. The output line voltage
assumes three levels and the phase voltage has seven levels.

3.6.3 Cascaded H-Bridge Multi-level Inverter

Several units of the H-bridge inverters are connected in series to form a cascaded H-bridge
topology that outputs multi-level voltages. This is a highly modular configuration, where by
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Figure 3.57 (a) Switch State 1100 with positive current flow; (b) Switch state 1100 with negative current
flow; (c) Switch state 1010 with positive current flow (Flying capacitor charges); (d) Switch state 1010
with negative current flow (Flying capacitor discharges); (e) Switch state 0101 with positive current flow
(Flying capacitor discharges); (f) Switch state 0101 with negative current flow (Flying capacitor charges);
(g) Switch state 0011 with positive current flow; (h) Switch state 0011 with negative current flow

adding each H-bridge cell increases the level of the output voltages. Each H-bridge unit

requires isolated DC supplies. The number of units to be connected in series to obtain an L level
(odd) of the output voltages is given as

N="— (3.65)



114 High Performance Control of AC Drives with MATLAB/Simulink Models
Vdc /
Vao/2

Vdc/2

Ts 2Tg 3T, s 4Ts

Figure 3.58 Carrier wave for S,; and S, in FLC inverter
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Figure 3.59 Carrier wave for S, and S,,,’ in FLC inverter

where L is the number of output levels and N is the number of H-bridge unit. The number of
output voltage levels can only be odd. Hence, to obtain a five-level output, two H-bridge units
are connected in series.

If two units are connected in series, they form a five-level output, as shown in Figure 3.64.
The switching states and the possible output voltages for this configuration are given
in Table 3.7. The output phase voltages can acquire four different voltage levels,
—2Vi4ey, — Ve, 0, Ve, 2V, Tt is further noted that the switching redundancy exists in the same
way as the output voltage level is obtained from different switching combination. This
redundancy can be exploited in a SVPWM to choose the best possible vectors to generate
the reduced common mode voltages.

Vdc :
Vdc/2 E \
S i
mnBl |
Sn2 :
T, | 2T, | a7l 4T,

Figure 3.60 Gate signal generation when V4. /2 < |v,.ef| < Vg
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Figure 3.61 Gate signal generation when 0 < ‘vmf‘ < Vu/2

3.6.3.1 Carrier-based PWM Technique for a Multi-level CHB Inverter

The SPWM technique can be broadly classified into two types, phase shifted and level shifted.
In the phase shifted SPWM technique, the phase shift angle between two adjacent carrier
signals is given by equation (3.64). Hence, in a five-level cascaded H-bridge inverter, four
carrier waves are required with the phase shift between the two carriers at 90 degrees.
The modulating signals are three-phase sinusoids. In a five-level inverter, the carrier with a
0-degree phase shift will control the switching of the cell-1 upper power switch S,;; and the
90-degree phase shifted carrier signal controls the switching of the cell-2 upper power switch
Sa12- The 180-degree phase shifted carrier signal controls the cell-1 switch S,,, and the
270-degree phase shifted carrier controls the switching of S,,; of cell-2 (Figure 3.64).
The gating signals are generated at the intersection of the triangular carrier signals and the
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Figure 3.62 MATLAB/Simulink model of three-level flying capacitor inverter (File name: flc_3ph.mdl)
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Figure 3.63 Output line and phase voltages from three-level FLC inverter

modulating signals. The inverter switching frequency and the device switching frequency is
related by

fv,inverler = (L - 1)f.xdevice (366)

In level-shifted SPWM technique, (L — 1) level shifted carriers are required. The carriers are
arranged vertically between —V . and V4. and the amplitude of the carrier depends upon their
number, for example, in the case of a five-level inverter, four carrier signals are required.
The amplitude of the carrier signals will then be 0.5V 4. to Vg, 010 0.5V 4., —0.5V4. to — Vg,
and —0.5V 4 to 0. The inverter switching frequency and the carrier frequency is the same in the
case of level-shifted PWM. The device switching frequency and the inverter switching
frequency is related, as shown in equation (3.65).

_Vd(' Vie
Sl Sl
oo~ Vae = Ve

Figure 3.64 Power circuit topology of a five-level cascaded H-bridge inverter
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Table 3.7 Switching states and output voltages in a five-level CHB inverter

Sai1 Sa22 Sar2 Sao1 VN1 VN2 Va

1 0 1 0 Ve Ve 2V4e
1 0 1 1 Ve 0 Ve

1 0 0 0 Ve 0 Ve

1 1 1 0 0 Ve Ve
0 0 1 0 0 Ve Ve
0 0 0 0 0 0 0

0 0 1 1 0 0 0

1 1 0 0 0 0 0

1 1 1 1 0 0 0

1 0 0 1 Ve —Vie 0

0 1 1 0 —Vae Ve 0

0 1 1 1 —Vae 0 Ve
0 1 0 0 —Vie 0 Ve
1 1 0 1 0 —Vae Vi
0 0 0 1 0 —Viae Ve
0 1 0 1 —Vae —Vae -2V

3.6.3.2 MATLAB/Simulink Model of Five-level CHB Inverter

A MATLAB/Simulink model for a five-level cascaded H-bridge inverter is shown in Fig-
ure 3.65. The model is formulated using Simpower system block-sets. The phase-shifted
SPWM technique is employed and the resulting waveforms are shown in Figure 3.66.

3.7 Impedance Source or Z-source Inverter

The impedance source or Z-source inverters are special types of inverters that provide the
voltage boost capability in conventional inverters. The conventional inverters work as a buck
converter only, because the output voltage is always lower than the DC input voltage.
Moreover, the upper and lower power switch cannot conduct simultaneously, otherwise the
DC source will short circuit. Hence, a dead band is provided intentionally between the
switching on and switching off of the complimentary power switches of the same leg. This dead
band causes distortion in the output current. These shortcomings are overcome in the Z-source
inverter. Two inductors of equal value and two capacitors of equal value, arranged in the form of
aletter X with series inductors and diagonal capacitors, are inserted between the DC source and
inverter six power switches. This intermediate stage offers the advantage of boosting the DC
source voltage, which is a highly attractive solution for renewable energy interface such as
Photovoltaic system, Fuel Cells, etc., where the generated voltage is low and the load demand
voltage is high. Detailed discussions on the Z-source inverters are given in [49-58]. The
concept of impedance source is equally applicable to AC-DC, DC-DC, AC-AC, and DC-AC
power converter topology. This section introduces this new class of inverters (DC-AC
converter) and will elaborate the basic principle of operation and control power circuit
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Figure 3.66 Output line and phase voltages from five-level CHB inverter

topology of a Z-source inverter, as shown in Figure 3.67. The DC source obtained from the
renewable energy sources or a diode rectifier is connected to the conventional three-leg inverter
through an intermediate impedance network.

The switching of a Z-source inverter produces seven additional states when compared with a
conventional inverter where only eight states are possible (six active and two zero). This is
because the operation of the power switch of the same leg is permitted in this type of inverters.
When one or more leg is conducting with both power switches being ‘ON’ simultaneously, this
leads to these additional switching states, called ‘shoot-through’ states and operation of the
inverter in these states causes voltage boost. During ‘shoot-through’ states, the output voltage
at the load terminal is zero, while the voltage at the input of the inverter or output DC from
the impedance network increases. The switching table, with additional shoot-through states, is
presented in Table 3.8

DC Impedance Network , Z-Source

Source M i Three-phase Inverter
1 >
Vie % Si S S5
0 VAl Ve Ve
Vie S S, s
B T Sl @ o # & @
VarP Vor® VerP

Figure 3.67 Power circuit topology of a Z-source inverter
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Table 3.8 Shoot-through states in a three-phase Z-source Inverter

Switching State Name Conducting Switches
Shoot-through 1 (E1) Si, 8¢

Shoot-through 2 (E2) S5, S,

Shoot-through 3 (E3) Ss, S5

Shoot-through 4 (E4) S1, 81, 82, 8
Shoot-through 5 (ES5) S1, Si', 83, S5
Shoot-through 6 (E6) S5, S, S5, 84
Shoot-through 7 (E7) S1, 81, 82,87, S5, S

3.7.1 Circuit Analysis

The equivalent circuit of a Z-source inverter is shown in Figure 3.68. The inverter behaves as a
constant current source when looked at from the impedance source to the inverter side, as
shown in Figure 3.68a, where the inverter is operating in normal ‘non-shoot-through’ mode.
The inverter is a short circuit and the equivalent diode at the DC side is off when the inverter
operates in the ‘shoot-through’ mode, as shown in Figure 3.68b.

For the circuit analysis, the following assumptions are made; the inductance values are
assumed to be the same, i.e. L; =L, =L, as are the capacitor values, i.e. C; =C, =C. The
inductor current is assumed to be large and constant. If the switching period is 7§, the shoot-
through period is Ty, and non-shoot-through period is 7,5, where

Ts = Top + Tusn (3.67)
Due to the symmetrical impedance network, the following relation holds true:

Vel = Ver = Ve (3.68)

v =vip =V, (3.69)

DC Impedance Network, Z-Source DC Impedance Network, Z-Source

Source rWY] i Source
L -
PrA—
N VL

PN

y\lo / 4 ﬁ_é
vinvCD zi v
L

(@ (b)

<

c

iR
o{ Vv,
Vae

1

|

Figure 3.68 Equivalent circuit of a Z-source inverter: (a) non-shoot-through mode; (b) shoot-through
mode
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During the non-shoot-through state, the following relations hold true from the equivalent
circuit (Figure 3.68a):

Vensh = Vi = Vae — Ve (370)
Viny = Vc - vL - 2‘/(: — Vo (371)
Vo = Ve (3.72)

During the shoot-through period, the following relation is obtained from Figure 3.68b:

vy = 2V, (3.73)
Vi—sh = VL = VC (374)
Viny = 0 (375)

The average voltage across the inductor over one switching period should be zero in steady state
and hence, from volt-second principle, the following relation can be written as

ViT = vy Tgp + vi—nsiTs = 0

(3.76)
ViT = V. Ty, + (Vdc - Vc)Tnsh =0
From equation (3.76), the following relation is obtained:
V T,
¢ - _ Tmh (3.77)

Ve Tusn — Ty

The peak DC link voltage across the inverter bridge is obtained using equations (3.71)
and (3.77):

2Vc‘ - V( c Vc T, sh
‘A]inv =2V, — Vg4 = 7ivdc = (2 - 1) Vie = <2nl - 1> Ve

Vdc Vdc Tnsh - Tsh
T (3.78)
= Vdc = ngc
Tousih — T
where
Ts 1 1
8 Tousn — Ty 1—2% 1—-26— ( )
where g is boost factor. The output peak AC voltage from a conventional inverter is
V.
p =ML (3.80)



122 High Performance Control of AC Drives with MATLAB/Simulink Models

The peak output voltage in a Z-source inverter is

a:Mv,-nv/zzMg% (3.81)
where M is the modulation index. It is thus seen that the output AC peak voltage from a Z-source
inverter is g (boost factor) times the conventional inverter output. The value g is always more
than unity and hence gain in the output voltage is achieved. It is seen from equation (3.79) that
the boost factor g is zero if the shoot-through period 7, = 0. Hence, it can be said that the boost
in the output voltage is obtained due to the shoot-through in the switching state.

3.7.2 Carrier-based Simple Boost PWM Control of a Z-source Inverter

Conventional PWM schemes, such as sinusoidal carrier-based and SVPWM, are equally
applicable to a Z-source inverter. The only difference is seen when voltage boost is required and
shoot-through state operation is needed. In the conventional PWM, two zero states and two
active states are used. The shoot-through state is inserted within the conventional zero states, as
shown in Figure 3.69. The triangular carrier signal is shown along with the sampled modulating
signals. Two additional constant signals are used, namely V,, Vy, to modulate the shoot-
through duty ratio. Hence, by controlling the amplitude of the two additional signals, the output
voltage from the Z-source inverter is controlled. It is seen that the zero vector time only is
altered, the active vector time remaining the same.

The shoot-through duty ratio (6) decreases with the increase in the modulation index M. The
maximum duty ratiois 1 — M and hence reaches zero for modulation index of unity. The voltage
gain reduces with the increase in the modulation index. The voltage gain due to the boost
becomes zero for M = 1. The gain is high for a low modulation index, hence to obtain a higher
gain the modulation index must be kept low.

The overall gain G in the output voltage using the simple boost PWM method is

v M

E Va2 M1 (3:82)

Vi Carrier I}\/Iodulatin y siglals
Va 7T N L
g i\ /

e 4w e
e i‘\\ //i : i\\ yai
BT ™ g PV .
S _; — 113 Tl T El 1 i |~
5 | A S RS R R I I R
S,3 — T o o0d oo ofT "_i B
5;} 3 ron ; r-
S% P N B e
3 1 -

Ll 1,
"\Slﬁ)ot—thro{éh Z€10 state/

Figure 3.69 Principle of carrier-based simple boost PWM for a Z-source inverter
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The maximum modulation for given g is

M = G
2G -1

(3.83)

The voltage stress across the power semiconductor switch using the carrier-based simple boost
PWM method is

Vitress = ngc = (ZG - I)Vdc (384)

Higher gain at the output of inverter leads to high stress on the power semiconductor power
switch.

3.7.3 Carrier-based Maximum Boost PWM Control of a Z-source
Inverter

The limitation of the simple boost control method is that the stress across the power switches is
higher for higher voltage gain, since the voltage gain is given as M.g and the voltage stress
across the switch is g. V.. In order to minimize the stress of the power switch, the boost factor g
should be minimized and do simultaneously maximize the modulation index M, keeping the
output voltage gain at a desired value. However, in order to increase the voltage gain, the boost
factor g should be enhanced. To meet these conflicting requirements, the zero states are all
converted into the shoot-through period. The active states remain unchanged, as shown in
Figure 3.70.
The average duty ratio of the shoot-through is [50]:

Ty 2m—3V3M
5 Lo _2m=3V3M (3.85)
T 2w

Modulating signals

[ ]
il i
L4 Sy ~—— TN - . S
o Eh T ry
1
Ve T
Vi ™ ]
i ! i (M
S 1 T1T11(0 T1 1 1 B
S2 1 1 7100 oofTi 1 i B
3 1 000 00 o 1 B

] s/
\Shoot—tﬁ;ough zero’s%ates/'

Figure 3.70 Principle of carrier-based maximum boost PWM for a Z-source inverter
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Figure 3.71 Voltage gain versus modulation index for Z-source inverter

The boost factor is given by

1

T
= = 3.86
$T1-25 3vaM—n (3.86)
The output voltage gain is given by
TM
G=Mg=——71—— 3.87
S =3M—n (3.87)

The voltage stress across the power switches are

3V3G -7
Vitress = 8 Vie = ?

Vi (3.88)

The voltage stress in a PWM scheme is considerably lower than the simple boost PWM
method. Hence, a higher gain can be achieved with this maximum constant boost PWM
method.

The variation of the voltage gain G versus the modulation index for simple boost PWM and
maximum constant boost PWM is shown in Figure 3.71.

To increase the modulation index M to 1/+/3, the third-harmonic injection method can be
adopted. The modulating signal consists of a sinusoidal signal plus the one-fourth or one-sixth

third harmonic.

3.7.4 MATLAB/Simulink Model of Z-source Inverter

The MATLAB/Simulink model of a Z-source inverter controlled using a simple SPWM
scheme is shown in Figure 3.72. The switching frequency of the inverter is kept at 2 kHz, the
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Figure 3.73 Voltages at the source side: (a) at the input of the bridge inverter; (b) across two capacitors;
and (c) across two inductors

fundamental frequency is chosen as 50 Hz, the impedance network parameters are L = 500 uH
and C =400 pF, and the output filter parameters are L, =0.01 H, C, =110 uF. The load is
chosen as variable with different requirements of active and reactive powers. The load is
changed at the instant of t =0.5 s and t = 0.8 s, the modulation index is kept at 0.75, the output
phase voltage requirement is 249 V rms, and the DC link voltage is kept at 400 V. The resulting
waveforms are shown in Figures 3.73 and 3.74.

Figure 3.74 Outputs from Z-source inverter: (a) filtered three-phase voltages: (b) three-phase load
current; and (c) line voltage
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3.8 Quasi Impedance Source or qZSI Inverter

The impedance source or Z-source inverter, described in Section (3.7) suffers from the
drawback of discontinuous input (DC) current during boost mode, high voltages across the
capacitors, and higher stress on power switches. These shortcomings are overcome by a
different topology of inverter called qZSI [58-61]. The qZSI topology is derived from the
original Z-source inverter. The advantages of a qZSI are:

e draws continuous current from DC source;

the voltage across the capacitor C2 is reduced;

¢ lower component count and hence higher reliability and higher efficiency; and
¢ lower voltage stress on the power switches.

There are several topologies of qZSI reported in the literature [59]. This section elaborates on
the voltage fed qZSI with continuous input current, as shown in Figure 3.75. The two operating
modes of the inverter are the shoot-through and non-shoot-through modes, and the equivalent
circuits during the modes of operation are shown in Figure 3.75.From the circuit (Figure 3.76a),
the voltage relations during the non-shoot-through period (7,,,,) are

vt = Vae — ver, V2 = —Veo, (3.89)

Viny = V1 — Vi2 = Vel +Ve2s Vdiode = 0. (3.90)
From the circuit (Figure 3.76b), the voltage relations during the shoot-through period (7;,) are
ver =ve2+ Vin, V2 = vel (3.91)

Viny = 0, Viiode = —(Ve1 +ve2) (3.92)

Impedance Network, qZSI

"
. .
E S
DC & 1, i, i
Source 4 i v : Three-phase Inverter
. Pt v i
H ¢ _
E D * E+ Sl Sg S3
2 H + '
o E Cl::[\/cl i Viny VA VB Ve
. ' N
Ve : ) : S'1| S, S’
2 '|' : i o—l ]
H ]
H ]
— 4
Var® VorP WerP

Figure 3.75 Power circuit topology of the voltage fed qZSI
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Figure 3.76 Equivalent circuit of the qZSI; a non-shoot-through state, b. shoot-through state

The average voltage across inductor over one switching period should be zero in steady

state and hence, from volt-second principle, the following relation can be written from
equations (3.89) and (3.91):

Vi =Ty = Txh(VCZ + Vd(t) + Tm‘h(vd' - VCI) =0 (393)

Via = Ty = Tg(Ver) + Tosn(—=Ve2) = 0 (3.94)

Thus, the following relations are

1
Ver =——=<V, Ve =
Cl 1—28 des C2

g Ve (3.95)

From equations (3.90), (3.92), and (3.1046), the peak DC-link voltage across the inverter
bridge is

Vie = ngc (396)

T 1
Vi = Ver+Ver = === Vae = 75

Tnsh - Tsh

where g is the boost factor of the qZSI. The average currents through the two inductors L, and
L, can be calculated by the system power rating P:

Iy = Iy = Ijy = P/ Vg, (3.97)
According to Kirchhoff’s current law and equation (3.97), the following current relations are
obtained:
Iy =1y = liy — Iy, Ip =211y — Iiny (3.98)
Defining the following terms:
1. M is the modulation index; v is the ac peak phase voltage or output peak voltage of the

inverter:
2. p=(1-8)/(1-28); k=5/(1-25); g =1/(1 - 28).
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Table 3.9 Comparison of average quantities of ZSI and qZSI [60]

VL1 = V2 Viny Vdiode

Ver Ve v Ly =1 =1 It = I Ip
Tsh Tnsh Tsh Tnsh Tsh Tnxh

ZSI PVd(: 7kvd(? 0 ng(: ngc 0 PVdc PVdc Gvdc/2 P/Vdc Iinv 71L1 2ILl 71inv
qZSI deL‘ 7kvdc 0 ngc ngc 0 PVdc kvdc GVdc/z P/Vdc Iinv - ILl 2ILl - Iinv

A comparison between the Z-source and quasi Z-source inverter average parameters are given
in Table 3.9.

The gZSI and Z-source inverter have the same features. The advantage of boosting the input
DC voltage in a single-stage configuration is also available with the gZSI. There is no need to
provide dead time between the switching on and off of the power switches of the same leg.

3.8.1 MATLAB/Simulink Model of qZ-source Inverter

The MATLAB/Simulink model of the qZSI is shown in Figure 3.77. The inverter is controlled
using a simple SPWM technique. The simulation parameters are the same as that of the ZSI.
The resulting waveforms are shown in Figures 3.78 and 3.79.

3.9 Dead Time Effect in a Multi-phase Inverter

This section further elaborates on the effect of introducing dead time (time lag between the
switching ‘ON’ and switching ‘OFF’ of the two power semiconductor switches of the same leg
of aninverter). The two power switches of the same leg should not be turned on simultaneously,
in order to avoid the source side short circuit and uncontrolled flow of current through inverter
switches and subsequent failure of the inverter; the time delay thus to be introduced between the

Discrete,
QZS| CARRIER BASED Ts=1e-006 s.
CONTROL
Control

nlbE =

Commanded ;.
Voltage DC-source
Isolated Load

= —
VB> WaE>—
INPUT [: Fo 20H D> ——> [Vab Tlered™>>—————-
N s S IaE>—»|

Vab1
- |

OUTPUT

Figure 3.77 MATLAB/Simulink model of Z-source inverter
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and V,, (V) V_ andV_, (V) V., V)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 3.78 Voltages at the source side: (a) at the input of the bridge inverter; (b) across two
capacitors: (c) across two inductors

turning on and turning off of the two switches of the same leg. The power semiconductor switch
turn-on and turn-off time depend upon several factors, such as the power rating of the switch,
the operating temperature, and gate drive current [62]. The required dead time is a function of
the power rating of the device, considering one leg of a multi-phase inverter with gate signal
supplied from a gate drive circuit. The waveforms associated with Figure 3.80 are shown in
Figure 3.81.

Figure 3.80 shows one of the legs of the basic multiphase PWM inverter with RL load. V(t)
and Vj(t) are carrier and modulating signals, respectively, which are compared in a comparator.

Vabc Filtered (V)

Iabc (A)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 3.79 Outputs from qZ-source inverter: (a) filtered three-phase voltages; (b) three-phase load
current: (c) line voltage
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PWM

comparator >—
signal

Vi(t) +

[: Va(t)

Time
Delay
circuit

Ip(t) Ic(t)

RL Load

oV

Figure 3.80 One leg of multiphase PWM inverter with time delay circuit

Output of the comparator is V(t). This output signal and its complement signal (V,(t)) are fed
to the gates of upper (T,) and lower (T,) IGBTs of one leg through a time delay circuit. Time
delay between upper and lower IGBTs switching is required to avoid shoot-through conditions
and subsequently to avoid the source short circuit. The waveforms of the PWM inverter in
Figure 3.80 are shown in Figure 3.81 for positive phase current i, > 0 and negative phase
current i,, < 0. Figure 3.81 also shows the duration at which Dy, D,, T, and T, are conducting.
Vb1, Vo, V11, and Vr; are the voltage drops across Dy, D5, T;, and T, respectively. D; and D,
are the free wheeling diodes. Here it is assumed that the delay time t4 includes t,, and t,¢ of the
devices. The shaded portion for i, > 0 is responsible for the decrease of output voltage, whereas
the shaded portion for i, < O is responsible for the increase of output voltage.

increasing

Figure 3.81 Gate control signals V,; and V,, and output voltages at i, > 0 and i, < 0, showing IGBTs

(Ty, T,) and diode (D;,D,) ON conditions
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Figure 3.82 Dead time effect on output voltage

The voltage deviation ¢ depends on the delay time ¢, and slope of the carrier wave V.(z).
Therefore:

- =2V, 2V,
—= —ore = ty—— = 4f.t;V. 3.99
W @) gz~ Yl (3:99)

where V., f., and T, are the amplitude, frequency, and time period of the carrier signal,
respectively.

Figure 3.82 depicts ideal, real, and error output voltages waveforms. Here it is assumed that
the IGBTs switch instantly. The error pulses, whose height and width are equal to % and 4,

respectively, are in opposition to the output current.
The area of each pulse is

Ae =2 x 1, (3.100)

where the number of pulses is

(3.101)
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The pulses due to dead time effect can be summed to form a square wave whose height and
width are ‘4’ volt and % s, respectively and T is the period of the triangular wave or the inverter
switching period. Therefore, the area of the resulting square wave is

]—‘l‘ﬂ V V V
/1x—:npx£xtdorh:AV:npx£xtd:fcxﬂxtd (3.102)
2 2 T 2

where AV is the amplitude.

In the ideal PWM waveform, the predominant harmonics are shifted to the switching
frequency and the low-order harmonics are either suppressed or cancelled. However, due to
switching dead time, 74, the presence of the error voltage can introduce low frequency
components such as the 5th and 7th, especially at very high switching frequencies. The
rectangular pulses can be approximated to a square wave with a frequency equal to that of the
output fundamental frequency. If ‘h’ is the height of the square wave, then

h x TT’" =n, X Vpc X tg (3.103)
ie.
(Tm
h% = Tz(, X Vpc X ty (3.104)
h=f. X Vpc Xty (3.105)

where f, is the frequency of the carrier wave or the inverter switching frequency. Using the
Fourier series expression for the square wave, the nth harmonic of the error voltage is

s 4,
y, = _ e x Voe Xt (3.106)

™ mn

The above equation shows that the more f. increases, the more V|, rises. Therefore the upper
limitation of carrier frequency exists when using the high frequency carrier waveform and the
product of f. and tq should be selected to a minimum value to avoid waveform distortion due
to low frequency harmonics introduced by switching lag times.

The effect of dead time is compensated in real time implementation using several open-loop
and closed-loop techniques. Some of the important references related to the dead time
compensation are [2,63-66].

3.10 Summary

This chapter discusses the PWM control of a three-phase two-level and multi-level voltage
source inverter. The basic structure of the inverter is discussed starting from half-bridge to full-
bridge and then three-phase inverter is elaborated on. A simple SPWM scheme is discussed
followed by a third-harmonic injection and offset addition-based PWM. SVPWM is presented
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and a general simulation model is given that can be modified to implement both continuous and
discontinuous SVPWM. An over-modulation region is also presented along with its MATLAB/
Simulink implementation. The use of the artificial intelligence technique for implementing
SVPWM is described. The effect of dead banding is also discussed. Basic topologies of the
multi-level inverter are presented and their SPWM is elaborated on. Special inverters (Z-source
and quasi Z-source) that have the capability of boosting the voltage are discussed in detail.

3.11 Problems

3.1:

3.2:

3.3:

3.4

3.5:

3.6:

3.7:

A single-phase half-bridge voltage source inverter is supplied from a center-tapped dc
input voltage 120 V. The inverter supplies a resistive load of 20 Q. Calculate;

(a) The fundamental output peak and rms voltage

(b) First three harmonics of the output voltage

(c) Power consumed by the load
A single-phase full-bridge voltage source inverter is supplied from a dc input voltage
of 300 V. The inverter supplies a resistive load of 20 Q. Calculate;

(a) The fundamental output peak and rms voltage

(b) First three harmonics of the output voltage

(c) Power consumed by the load
A single-phase half bridge inverter is controlled using bipolar PWM method and
supplied from a center tapped 120 V dc supply. The fundamental output voltage is of
50 Hz frequency. The triangular carrier signal’s frequency is 5 kHz. For a modulation
index of 0.9, determine;

(a) Frequency modulation ratio

(b) Fundamental output peak and rms voltage

(c) First three significant harmonic order produced in the output voltage
A single-phase full-bridge voltage source is supplied by a dc source of 300V and
controlled using unipolar PWM technique. The modulation index is 0.9, the funda-
mental output frequency is 50 Hz and the carrier signal frequency is 2 kHz. Compute
the following:

(a) Fundamental output voltage peak value

(b) First three dominant harmonic components
A three-phase voltage source inverter is operating in 180° conduction mode and
supplied from a 600 V dc link voltage. Calculate;

(a) The peak and rms value of the output fundamental phase and line voltages

(b) Three most significant harmonic component of phase peak value
A three-phase voltage source inverter is controlled using Carrier-based sinusoidal
PWM technique. The frequency of the fundamental output voltage is to be kept at
50 Hz and the switching frequency of the inverter is 2 kHZ. The inverter is supplied
from a dc link voltage of 600 V. The modulation index is 0.9. Compute the fundamental
output phase RMS voltage value.

To enhance the output voltage third harmonic components are injected. Compute
the value of the peak value of the third harmonic component required to raise the output
voltage by 15.47%.

A three-phase induction machine is supplied from a three-phase voltage source
inverter. The three-phase VSI is controlled using space vector PWM technique and
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sinusoidal supply is to be given to the motor. The inverter switching frequency is
5kHz and the DC bus voltage at the inverter input is 300 V. The inverter output
frequency is 50 Hz. The reference phase voltage rms is 100 V. Identify the space
vectors that will be applied and their time of application for the time instants: 1 ms,
5ms, and 10.5 ms.
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4

Field Oriented Control
of AC Machines

4.1 Introduction

This chapter focuses on vector control of AC machines, particularly IM, PMSM, and DFIG. We
consider these machines to be the most interesting for modern electric drives, and so the focus
will be on their control and simulation. The control of AC machines can be classified into
‘scalar’ and ‘vector’ controls. Scalar controls are simple to implement and offer good steady-
state response; however, the dynamics are slow because the transients are not controlled.
To obtain high precision and good dynamics, vector control schemes have been invented for use
with closed-loop feedback controls. Thus, this chapter focuses on the ‘vector control’ schemes
of AC machines after a brief description of the scalar control method.

Adjustable speed drives offer significant energy savings and fast and precise responses in
industrial applications. At the beginning of the 1970s [1-9], the principles of torque and flux
control were introduced and called ‘field oriented control’ or ‘vector control’ for squirrel cage
induction machines and later for synchronous machines. The vector control idea relies on the
control of stator current space vectors in a similar, but more complicated, way to a DC machine.
The advancement in adjustable speed AC drives was slow until the 1980s, when the
microprocessor revolution made it possible to implement complex control algorithms, which
made AC machines the dominating machine in the drives market.

The research on vector control of AC machines is active and up to date. The new
advancements are high precision and include the use of novel solutions, such as the sensorless
operation.

4.2 Induction Machines Control

Squirrel cage types of Induction Motors (IM) have been considered for a long time as the
workhorse in industry [2]. It has been claimed that 90% of installed motors are of this type.
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Among the reasons for their popularity are robustness, reliability, low price, and relatively
high efficiency.

Different control methods are popular in the industry (e.g. scalar method (named V/f), vector
control, direct torque control, etc.). In this chapter, we will first describe the V/f method, and
then focus on the vector control approach.

4.2.1 Control of Induction Motor using V/f Method

The aim of this section is to model a scalar control method for IM, named V/f = constant. This
method is the simplest way for controlling this type of machine.

In this type of control, a constant ratio between the voltage magnitude and frequency is
maintained. This is to keep it constant and is the optimal flux in the machine.

A well-known machine model is presented in Chapter 2 and can be rewritten as [1-8]:

d lpsx

Usy = Ryl + dr - wa%}- (41)
Ay,
o = R+ G2 (42)

It is assumed that the co-ordinate system is connected with stator current, hence:

Yoo = [ (4.3)
Py =0 (4.4)
which in a steady state would be
difys,
= =0 4.5
dr (45)
Therefore:
Uy = Ryl (46)
Usy = Rlgy + waif, (4.7)
The voltage vector magnitude is
us| = /1. + ufy (4.8)

|uS| = \/(Rb'ié‘x)z + (RSiS,V)2 + (wdd/sx)z +2 'RSiS}' ’ wa'vbsx (49)
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Neglecting stator resistance, the following is achieved:

Jus| = \/ (@aths)? (4.10)

Keeping constant motor flux magnitude at rated value (in per unit, this is 1), the following is
correct:

|| = 1 (rated value in per unit) (4.11)

Therefore, equation (4.13) becomes
|ux| = (wa)2 (412)

where
w, =27f (4.13)

Thus, in V/f control, a constant ratio between the voltage magnitude and frequency is
maintained. This is to keep constant and optimal flux in the machine. The V/f control of the IM
model is shown in Figure 4.1. It consists of the motor model and the control system model, as
shown in Figure 4.2. All the models are described per unit unless otherwise specified. The
Simulink software file of V/f control of the IM model is [IM_Vbyf_control]. The motor
parameters are located in the [IM_Vbyf_param], which should be first executed.

4.2.1.1 Current and Flux Computation

The magnitude of current and flux can be calculated from the real and imaginary parts, as
follows, and are also shown in Figure 4.3:

| = \/ T+ I (4.14)
- el
Clock

speed
step
e P isX i
ramp »{omegaR Command Usx Is
mixed| N
Speed Command P iSy
flux
» omegaR Usy B epsi rx Scope
Control System Pepsi ry Torque
E fp ?} measurements
pulse—»>-—= ™o
constant—» [ mo ]
Torque Command M

Figure 4.1 V/f control of an induction motor
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VIf Control usy

Figure 4.2 V/f control system model

s =\ /i + U (4.15)

The motor torque is given by [1-7]

L . .
M, = J—Z’r (Wraisp — Yrglsa) (4.16)

4.2.1.2 Control System

The control system model is a PI speed controller that calculates the stator voltage. The PI
speed controller is shown in Figure 4.4. The integrator is only active when the error is within 0.4
per unit.

The V/f control calculates the real and imaginary parts of the stator voltage, based on
constant V/f formulation (Figure 4.5). The magnitude of the stator voltage is calculated from

D > | _current ]
X current
isx [_> P+
Product »
@ > g "
isy ]_> x P>+ sqrt
Product 1 L |
@D JFER
epsi rx [_> >+ flux
Product 2
D > oo :;l)
epsiry I_> x P - sqrt1
Product3 L |
Lad X ; i
Ll
Product 4
L % » -
Product 5

Figure 4.3 Current flux, and motor torque calculations
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Figure 4.4 Limited authority PI control systems model

the absolute value of the PI controller output and the angle is calculated by integrating the PI
controller output.

4.2.1.3 Simulation Results

The simulation result for square pulse command in speed is shown in Figure 4.6. The given
results are selected examples of machine response.

4.2.2 Vector Control of Induction Motor [1-16]

Squirrel cage IM (and other types of AC machines) cannot be controlled as easily as they can be
in the case of separately excited DC motor. For all types of control, the magnetic flux and
produced torque should be decoupled for maintaining linearity between input and output and
for achieving high dynamic drive. In the case of AC machines, the dynamic models are non-
linear and more complex than those in DC machines.

Overcoming this problem became possible by using space vector representations of AC
machines. The flux oriented control methods allow representation of the mathematically
complicated induction machine in a similar manner to DC machines for obtaining control
linearity, decoupling, and high performance AC drives.

Proper control of motor speed and produced electromagnetic torque is needed in high
performance adjustable speed drives. The torque production depends on the armature current
and machine flux. The magnetic field should be kept at the optimal level (rated flux) for
producing maximum torque, while protecting against entering the saturation level. Keeping
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| - » |-
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s R e &)
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S E— D
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Figure 4.5 V/f control
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Figure 4.6 Simulation results

constant flux allows for obtaining a linear relationship between motor torque and armature
current. In this way, linear control is achieved with high machine dynamics.

Decoupled control between flux and torque is easily achieved in the case of separately excited
DC motors, but it is not so simple for AC drives. In squirrel cage motors, the controlled signal is
only the stator current because the rotor current is inaccessible. In such a way, the torque equation
is not linear, so linear control with maximum torque production is difficult to achieve.

The vector control approach was first formulated by Blaschke [9] to overcome this problem.
The principle of field-oriented control was introduced and decoupled control between torque
and flux was possible.

In summary, by using vector representation, it is possible to present the variables in an
arbitrary co-ordinate system. If the co-ordinate system rotates together with a flux space vector,
then we use different terminology: flux-oriented control, rotor-oriented, etc.

Relationships of motor models presented in Chapter 2 can be described in frame d-¢, rotating
with rotor flux on the d axis (the ¢ flux component is zero ¢, =0), as

di
;Sld =dap- l.sd +ay- 0 +(1)l/,,~ . isq + w, - a3.0+a4 s Ugg (417)
diy, .
o ay-lg+ar -0 —wyy - igg —wp-a3 - Ve +ay - uy (4.18)
dv¥, ,

i =as-¥Y.u+ (a),pr — (1),) -0+ag- iy (419)
0=as-0— (wd,r - w,) ‘W, +ag - isq (420)

do, L . . 1
7 :ﬁ(‘yrlsq—()'lsd)_ jmo (421>
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Hence:
L .
My = = (Pyisg) (4.22)
L,
In this way, it was possible to represent the electromagnetic torque as a product of a flux-
producing current and a torque-producing current. Keeping constant flux, an induction
machine may be controlled, like a separately excited DC machine.
Assuming that the flux is kept constant (at rated level):

O0=uas-WY,ytas iy (4.23)
which gives
Isg = —% Wy (424)
ae

From the above equations, it is evident that in a quadrant co-ordinate system dg, the axis d is
consistent with the direction of the rotor flux linkage vector and the component on axis g affects
the quantity of electromagnetic torque.

4.2.2.1 Basic Control Scheme

Figure 4.7 describes the basic scheme of vector control of an AC machine.
In typical AC drive systems, two motor phase currents and the DC bus voltage are measured.
The measured currents are transformed using the Clarke transformation block into a stationary
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Figure 4.7 Basic scheme of FOC for the three-phase AC machine
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frame (iy, and izg). These last two components are further transformed, using the Park
transformation, into rotating components (dg). The PI controllers compare the command
values with the measured components (after transformation) and command proper values to
establish the desired condition.

The outputs of the controllers are transformed from a rotating to a stationary frame using the
Park transformation. The commanded signals of the stator voltage are sent to the pulse width
modulation (PWM) block.

4.2.2.2 MATLAB/Simulink Model for Induction Motor Vector Control

The control scheme of an IM is shown in Figure 4.8. The control depends on vector
transformation using Park/Clark transformations. The idea is to control this type of machine
in a similar way to a separately excited DC motor, in which the torque is controlled separately
from the flux. In this way, decoupled control between the two subsystems is achieved when the
flux is kept constant.

For control purposes, the motor model is first transformed into the d-g axis model. It consists
of a motor model, various transformations, and the control system model. All the models are in
per unit unless otherwise specified. The Simulink software file of vector control of IM model in
[IM_vector_control]. The motor parameters are located in the [IM_param], which should be
first executed.

The IM model in Simulink is described in Chapter 2. The motor current, flux magnitude are

calculated in the following:
| = /B + 155 (4.25)

sl =\ /i + g (4.26)
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Figure 4.8 Induction motor control
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—P u(1)*cos(u(3))+u(2)*sin(u(3))

alpha*cos(gama) + beta*sin(gama)

—Pp u(2)*cos(u(3))-u(1)*sin(u(3))

beta*cos(gama) - alpha*sin(gama)

Figure 4.9 «-B to x-y transformation

| u(1)*cos(u(3))-u(2)*sin(u(3))

alpha n

x*cos(gama) - y*sin(gama)

Usx

e u(2)*cos(u(3))+u(1)*sin(u(3))

beta ’ -

y*cos(gama) + x*sin(gama)

Figure 4.10 x-y to a-f transformation

4.2.2.3 Variables Transformation

Usy

The machine variables can be transformed into dg components by using the ‘a-8 to x-y’
transformation, as shown in Figure 4.9. The block in Figure 4.9 calculates the voltages to
be applied in the d-q axis. The d-q axis voltages are converted into the x-y components by ‘x-y
to a-B’ transformations, as shown in Figure 4.10. Both of these transformations require
the rotor flux angle (gamma) and the rotor flux magnitude, which are calculated by using

the transformation in Figure 4.11.

4.2.2.4 Control Scheme

The inner and outer loop control system model is shown in Figure 4.12. The inner loop
controller works on the d-g axis model. The outer loop controller works on the flux and speed to
calculate the demand for Id and Iq currents, respectively. The inner loop controller then controls

the Id and Iq currents.

4.2.2.5 Simulation Results

The simulation results for square pulse demand in speed are shown in Figure 4.13.
The given simulation results are selected examples of machine response.

(O D——PRe L Vel

PSirx
R
Im
PSI
! Real-Imag to Co_mplex to
Complex Magnitude-Angle

Figure 4.11 Real-imaginary to magnitude-angle transformation
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Figure 4.12 Two-loop control system for an induction motor

4.2.3 Direct and Indirect Field Oriented Control

Motor state variables may be identified using direct measurement or indirectly by using
machine models or observers. In most control schemes, the optimal variables selected as state
space are stator current components and rotor (or stator) flux components. In the direct, as well
as indirect, control methods, the stator current is measured directly. In direct control schemes,
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Figure 4.13 Simulation Results
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the machine’s magnetic field is measured using special sensors located in the machine air gap.
This method is not practical and can be used for laboratory investigations; however, for
practicality, the machine flux is computed using special methods.

These two basic advanced methods are used for flux computation and control purpose. A first
method is based on modeling the AC machine by its state space equations. A sinusoidal
magnetic field in the machine is assumed. The machine models are defined as open-loop
(e.g. stator voltage model or as closed-loop adaptive observers [1-9,11-16]). The adaptive
observers are receiving more attention than open loop models, because of their robustness
against parameters variation and higher computation precision.

4.2.4 Rotor and Stator Flux Computation

The stator flux vector could be computed from the next well-known voltage models [1-9,13,14]:

b, = J(as _R)dr (4.27)
W, = Lyis + Ly, (4.28)

The rotor flux vector is
W, = L, + Ly, (4.29)

After some algebra, we get the next expressions of rotor flux vector components in the stationary
co-ordinate system (af3):

L, .

l!lra = ? (lrllsa - SLSlsa) (430)
L, .

wrﬁ = E (l/"sﬁ - SlesB) (431)

The rotor flux magnitude is computed as

| =\ + (4.32)

The angle of the rotor flux position vy, is

—tan"! d”ﬂ) 4.33
’ys tan <ll,ra ( ’ )

The disadvantage of this method is that it is operationally limited at lower frequencies (below
3%), because of problems with integrating small signals at low frequencies.
An increase of lower speed operation range is possible using the current model [3,6]:

diy ks |
Tl(r% = ;}g'%r (1 _]mer)(l/r + Eus (434)

The model fails in operation at higher speeds, because of differentiating higher signals.
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The control systems designed using those open models are sensitive to stator and rotor
resistances. For the voltage model, the effect of stator resistance is particularly visible at lower
speed range. The method is simple but needs significant modifications in order to increase the
operation precision and cancel the DC drift for lower speed operation [12-15].

4.2.5 Adaptive Flux Observers

In this section, we will discuss the basic description of flux closed loop observers. More
examples will be given in Chapter 9.

The full-order observer used for estimating state variables (mostly stator current and rotor
flux components) is described as [12]

%x = A% + Buy + G(is — iy) (4.35)
In this, » means the estimated value, and G is the feedback observer gain.

One of the commonly used observers is the Luenberger observer [16], which is mainly
used for flux and stator current computation. The equations representing this type of
observer are development of the machine model discussed in Chapter 2. The equations may
be presented as [15]

di o 4 i i . 4
2 = et @ Pra 0 a3 Wig 4 dy e+ Killsa = lia) (4.36)
di ) ; R
Tf =a-lpg+a '\P"B —w, a3 VYo tag- Usg + ki(lxﬁ — 15,5) (437)
d¥,, < < 5 RS L
7 Wio + — - Wig + a6 - fsa — Kp1 (lsa — o) — K2 (i — 1sg) (4.38)
dv¥y. . . . . .
dlﬁ = a5 ~\Pr3 “+ae - iSB + W, + kfz(l'm — l'm) — kfl (Z'XB — ifﬁ) (439)
where
RL? +R,L2,

_ B AR, 4.40
a L (4.40)

R,L,
a =——" (4.41)

W

Ly,
= — 4.42
as w ( )

L,
— 4.43
a = (4.43)

R,

as = — — (4.44)

L
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Ly,
=R, 4.45
ag L (4.45)
w=0oLLy=LL;=LL,— L}, (4.46)
LZ
o=1--"" (4.47)
LL,

Here, u,,,u,g are voltage components; iy, i;g are measured current components; [ 233 are
estimated current components, with ‘i‘m, ‘i’,B as estimated rotor flux components; R, R, are
motor resistances; Ly, L., L,, motor inductances; w, is rotor angular speed; and k;, k1, ks>
are constants. Based on the above differential equations, the Luenberger observer is shown
in Figure 4.14.

The Simulink software file of vector control of IM model is [IM_VC_ Luenberger]. The
motor parameters are located in the model initialization function.

usx
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From _»
P From7
-—bryo
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Figure 4.14 Simulink diagram of the Luenberger observer for stator currents and rotor fluxes estimator
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Figure 4.15 Stator flux oriented vector control

4.2.6 Stator Flux Orientation

Stator flux oriented control (Figure 4.15) is less sensitive to machine parameters than rotor field
orientation [11,13,17]. The usual method for computing stator flux is the open loop voltage
model. Such equations are sensitive to stator resistance, which is dominant only at lower
speeds [6]. The method enables producing more torque in the field weakening region than RFO,
as will be discussed in the next section.

The use of the SFO scheme in field weakening is an excellent solution for many existing
problems. This control principle gives a solution for decoupled control at field weakening. The
operation at the absolute voltage limit of the inverter for maximum torque production
eliminates the voltage margin required by the current controllers to adjust the respective
current components ig and i. Decoupled control of torque and flux would then become difficult
in a classical vector control scheme [17,19].

4.2.7 Field Weakening Control

One of the important applications of the machine is its running at the field weakening region, in
which it operates at speeds higher than the rated one [17-24]. Such an operation is required in
specific applications, such as spindle and traction drives.

The reason for flux weakening (decreasing) is that the magnetic field of the machine operating
above rated speed level would be decreased due to the limit in the machine’s voltage capability,
which is imposed by a stator winding voltage limit and the DC link voltage [17-24].

To increase the produced torque to a maximum level in the field weakening region, it is
essential to properly adjust the machine’s magnetic field by maintaining the maximum voltage
and maximum current. The loss of torque and power in the case of not properly adjusting the
machine flux (e.g. in the case of 1/w method) is up to 35% [18-23].

Therefore, the machine flux should be weakened to such a level that it would guarantee a
maximum possible torque at the whole speed range.
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Field weakening control can be categorized into three methods [17-24], including:

1. adjustment of the machine flux in inverse proportion to speed (1/w);
2. forward control of the flux based on simplified machine equations; and
3. closed loop control of the stator voltages to keep a maximum level.

For the conventional control method (1/w), the flux is established inversely proportional to the
motor speed. The DC link voltage cannot be fully utilized for maximum torque production,
which means this method is not able to provide the maximum torque in the field weakening
region. The reason is that enough of the voltage margin needed to control the stator current
cannot be achieved [17,19].

The second method is based on simplified machine equations, making it parameter
dependent. It gives reasonable results, assuming that machine parameters are known. Indeed,
this type of control is not a preferable and optimal way for maximum torque control at the field
weakening region.

The voltage control field weakening method ensures maximum torque production at the
whole field weakening region when in a steady-state. The method provides maximum required
torque during a steady state, and is not dependent on motor parameters and DC link voltage.

4.2.77.1 Current and Voltage Limits for Maximum Torque Production

Current limiting during an overload condition in the field weakening must be controlled, in
order to limit the torque producing current component i, while giving the priority to the flux
producing component iy. The i; must be reduced to keep the total stator current within the
maximum level imposed by the inverter and machine’s capabilities. Hence, the optimum flux
and maximum torque is achieved at field weakening [19].

The limit for the maximum voltage is reached when the system operates at maximum
modulation index [19]. The inverter DC link voltage sets the maximum stator voltage limit. The
priority in the voltage is for the d component u 4, responsible for machine excitation to insure the
optimal flux and hence, the maximum possible torque. The limiting condition is

Ug < 4 /u?max — “421 where ug,,,, is limited by inverter DC bus [19,20,22-24].

The block diagram for the control scheme at field weakening is shown in Figure 4.16 and is
widely described in [19]. The system operates with a stator field or rotor field orientation. An
open loop voltage model is used for estimating the machine flux components and transfor-
mation angle and even the rotor angular speed w.

4.3 Vector Control of Double Fed Induction Generator (DFIG)
4.3.1 Introduction

The DFIG is a rotor-wound three-phase induction machine that is connected to the AC supply
from both stator and rotor terminals (Figure 4.17). The stator windings of the machine are
connected to the utility grid without using power converters, and the rotor windings are fed by
an active front-end converter. The machine can be fed by current or voltage source inverters
with controlled voltage magnitude and frequency [12,25-32].

In the control schemes of DFIM, two output variables in the stator side are generally defined
and used for the control. These defined variables could be electromagnetic torque and reactive
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Figure 4.16 Induction motor field weakening system

power, active and reactive powers, or stator voltage and its frequency. Different structures are
used to control each pair of such variables.

The DFIM is popular and widely adopted for high power wind generation systems and other
types of generators with similar variable speed high power sources (e.g. hydro systems). The
advantage of using this type of machine is that the required converter capacity is much lower
(up to three times lower) than those that connect the converter to the stator side [12,25-27,32].
Hence, the costs and losses in the conversion system are drastically reduced [1].

Grid

Supply @

Wind Turbine

# ﬁl%} ﬁL)&

Grid-end Machine-side
Converter Converter

S

Figure 4.17 General view of DFIG connected to wind system and utility grid
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DFIG can be used either in an autonomous generation system (stand-alone), or in parallel
with the grid. If the machine is working autonomously, the stator voltage and frequency are
selected as the controlled signals. However, when the machine is connected to the infinite bus,
the stator voltage and frequency are dictated by the system. In such situations, the controlled
variables are the active and reactive powers [12,27-32]. Indeed, there are different types of
control strategies for this type of machine; however, the most popular is vector control, which
has different orientation frames similar to the squirrel cage IM, but the most popular of these is
the stator orientation scheme.

4.3.2 Vector Control of DFIG Connected with the Grid (a3 Model)

The mathematical model of DFIM is similar to the squirrel cage induction machine, the
only difference being that the rotor voltage is not zero. The machine model is presented in
Chapter 2.

The active and reactive powers of stator and rotor circuits are needed in the control of DFIG
and may be described in per unit as [32,38]

Ps - (Vdsids + Vqsiqs) (448)

Oy = (Vgsids — Vasigs) (4.49)
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Figure 4.18 Block diagram of the DFIG control system
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P, = (vd,id, + Vqriqr) (4.50)

0= (vqridr - vdriqr) (451)

The DFIG system with vector control scheme is shown in Figure 4.18, and consists of a DFIG
model presented in the a8 frame and control system part. All variables and parameters are in
per unit unless otherwise specified. In practice, vector control of this machine is similar to the
vector control of the squirrel cage IM with a difference in controlled variables. The control
depends on vectors transformation from three-phase to rotating frame.

The control scheme was programmed in MATLAB/Simulink, as shown in Figure 4.19. The
Simulink software file of vector control of double fed induction generator scheme is [DFIG_VC_-
model]. The scheme parameters are located in [DFIG_VC_init], which should be first executed.

The DFIG model consists of different blocks related to the machine model, computation
blocks, and control part, as will be described below.

The machine model in the stationary frame is given in Chapter 2 (Figure 2.10).

4.3.3 Variables Transformation
4.3.3.1 Stator to Rotor Transformation

The stator parameters (flux, current, and voltage) are converted into the rotor reference frame
by using the following transformation:

P dem

@ Qdem

OmegaR

fs

Demand Signals

Power Regulator

Xy -> polar
yep Scope

DFIG Model

Figure 4.19 DFIG power regulation model



Field Oriented Control of AC Machines 157

u[1]*cos(u[3]) + u[2]*sin(u[3))

Fcn

u[2]*cos(u[3]) - u[1]*sin(u[3])

fsyR
Fent
Figure 4.20 Stator to rotor transformation
Dk = D3OS Vi + Py SIN (4.52)
Dsyr = Py,COS Vg + Py Sin vy, (4.53)

These equations are modeled in Figure 4.20.

4.3.3.2 Rotor to Stator Transformation

The rotor parameters (flux, current, and voltage) are converted into the stator reference frame
by using the following transformation:

Iy = I:xRCOS Vg, — Igxsin Yrir (454)
Iry = IrxrSIN Vg5 + IygrSIN Vg, (4.55)

The above equations are shown in Figure 4.21. The angle vy, is in the rotor angular position (fir
in MATLAB/Simulink), is shown in Chapter 2.

4.3.3.3 Stator Current Relationship

The relationship between stator currents, stator flux, and rotor current is

LH .

Iyx = dl)lsx - fllr,x (456)
o Ly,

iy = % — i (4.57)

These equations are programmed, as shown on Figure 4.22.

u[1]*cos(u[3]) - u[2]*sin(u[3])

;

irx

Fcn

u[1]*sin(u[3]) + u[2]*cos(u[3])

iry

Fen1

Figure 4.21 Rotor to stator transformation
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Figure 4.22 Stator current calculations

4.3.3.4 Power Calculations

The active and reactive power components are given as
P = usxisxF + usyisyF (458)
Q = usyis‘xF + usxisyF (45 9)

The index F denotes the filtered value. The filtration is not essential for the control; however, it
provides smoother waveforms. Additional filters may be added to other variables if necessary.
These equations are modeled, as shown in Figure 4.23.

4.3.3.5 Control System

Cascade control is used for power regulation. The PI control for active and reactive power
provides the demand for an inner current loop, as shown in Figure 4.24. The active power
controller commands the rotor current in the « frame (i,.) in the stator reference frame. The

u[11°u[3] + u[2]*u[4]

calc active power P

u[2luf3] - ult ufd]

calc reactive power Q

Figure 4.23 Active and reactive power calculations
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Figure 4.24 Cascaded control system model

reactive power controller commands the 8 component of this current. The angle vy,,; is the angle
between stator flux and rotor speed (ksi in MATLAB/Simulink), as shown in Chapter 2. After
transformation from stator flux reference frame to rotor speed frame, the a3 rotor current
components i,z and i, are obtained. Two additional PI controllers are used to generate the
rotor voltage for the PWM voltage inverter. To simplify this, we neglect this inverter and

command those two voltages directly to the DFIG model.

4.3.4 Simulation Results

The simulation result for power regulation with step changes in speed, which controls the active
and reactive powers for different speeds, is shown in Figures 4.25 and 4.26.
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Figure 4.25 Simulation results — tracking
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Figure 4.26 Other machine variables

4.4 Control of Permanent Magnet Synchronous Machine
4.4.1 Introduction

Permanent magnet synchronous motors (PMSM) have received increased attention in industry
due to their mature material and design technology. Their high torque to inertia ratio, power
density, and high efficiency make them an attractive alternative to industry’s workhorse IM for
many applications (Table 4.1).

Depending on the dynamic requirements and speed control precision, either brushless DC
motor (BLDC) or PMSM are used. The former is mostly used with lower amounts of magnets.
The latter is used for high requirements and has higher amounts of magnets. The BLDC is also
named the Switched Permanent Magnet Motor (SPMM) or trapezoidal permanent magnet
motor (TPMM). This type of motor is fed using a square current waveform; hence the character
of the back emfis trapezoidal. The PMSM is fed by a sinusoidal current waveform and is widely
used in industry.

In this chapter we will focus on controlling the motor without PWM. We will only be using PI
controllers of the commanded currents.

Any reader interested in more details about the control and characteristics of this type of
motor and drive is recommended to use the list of references given at the end of this chapter and
in other chapters (particularly Chapters 2, 9, and 10).

4.4.2 Vector Control of PMSM in dq Axis

Using the vector of PMSM allows similar dealings with the motor as with a DC separately
excited DC machine. Indeed, the idea is similar to the vector control of IM. The produced
torque of the machine can be presented as [33-37]
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Table 4.1 Advantages and disadvantages of PMSM comparing with induction motor

Advantages Disadvantages

Higher torque for the same dimension. For e In the case of inverter faults, it is not possible to

the same power, the dimension is lower by reduce the magnetic field by reducing the torque
almost 25%; surge, which forces a use of switch between the

o Lower weight for the same power, around motor and the inverter;
25%; ¢ It is possible to connect only one motor to the

¢ Lower rotor losses, which results in higher inverter; therefore group motor work is not possible;
efficiency of up to 3%; ¢ The use of permanent magnet forces using enclosed

¢ Decreased motor noise by 3dB, which motor housing complicates the cooling process;
causes that the rotor to run smoother. This ¢ Importance of using high switching frequency of the
helps in reducing the harmonics that result power transistors, which increases the switching
from an irregularity of the air gap; losses and also the inverter structure, should be

¢ Higherinductance inside the magnetic path, changed, e.g. trapezoidal inverter;
around 1.2[T]. ¢ An increase of the inverter voltage in the case of

inverter blocking during motor running. This results
in the necessity of using chopper in the DC link;
¢ Higher price of the motor (around 10-20%).

3 S
t, = 7p [\Pflq + ldlq(Ld - Lq)} (460)
and in per unit as
te = iy + (La — Lg)iaiy (4.61)

For surface mounted PMSM, the d and g inductances are equal (L; = L,). The produced
torque in such a situation is

le =iy (4.62)
Hence the torque can be expressed as
te = Yyissin B (4.63)

The torque obtains maximum value for 8 (torque angle) equal to 90 degrees for a given value
of stator current. This gives maximum torque per ampere and hence a higher efficiency [36].

A general scheme of the PMSM model in the dq axis is shown in Figure 4.27. It consists of a
PMSM model and the control system in the dq axis connected with the rotor speed control loop.
All the parameters and variables are presented in per unit unless otherwise specified.

Keeping zero i, is the most common control for permanent magnet machines. As explained
earlier, this helps protect the machine against under- or over-excited conditions. Therefore, in
the MATLAB/Simulink model, we start from commanding zero d axis stator current.

The Simulink model for the above scheme is shown in Figure 4.28. The Simulink software
file of vector control of interior PMSM scheme is [PMSM_VC_dq]. The motor parameters are
located in the model initialization function.

PMSM in stationary and rotating frame are given in Chapter 2.
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Figure 4.27 Vector control scheme of permanent magnet synchronous machine

Figure 4.28 Vector control of PMSM
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4.4.2.1 Control System with Cascaded PI Controllers

Figure 4.29 PI Control system for PMSM

PI control loop for d-current is used to provide the control input voltage u,; as shown in
Figure 4.29. The rotor speed loop controller calculates the demand for g-current, which in turn
provides the voltage component in axis g axis u,.

4.4.2.2 Simulation Results

Examples of simulation results for step changes in speed and load are shown in Figure 4.30.
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Figure 4.31 Vector control of PMSM

4.4.3 Vector Control of PMSM in - Axis using PI Controller

The control of the PMSM model in the o~ (x-y) axis is shown in Figure 4.3 1. It consists of the
PMSM model and the control system model. All the models are in per unit unless otherwise
specified. The machine model in stationary a-( reference frame is given in Chapter 2.

The Simulink software file of vector control of interior PMSM scheme is [PMSM_VC_alpha_
beta]. The scheme parameters are located in [PMSM_param], which should be first executed.

4.4.3.1 Variables Transformations

The currents in the x-y (a-) axis are converted into the d-g frame of reference by using the
following transformation:

isg = 15xC0S 0 + I5,sin 0 (4.64)
Iyg = — IsxSin 0 + icos 0 (4.65)

These equations are modeled, as shown in Figure 4.20. The currents in the d-g axis are used
for control purposes. The controller provides control input in the d-q axis.

The control voltage in the d-q axis is then converted into the x-y axis by using the following
transformation and then applied to the machine in the x-y reference frame:

Ugy = UggCOS 0 — Ug,Sin O (4.66)
Iy = Ugqsin 0 + uz,cos 6 (4.67)

These above equations are modeled, as shown in Figure 4.21.

4.4.3.2 Control System

The control scheme is shown in Figure 4.34. The PI controller for the d-current provides the
control input u,, and a cascaded PI control for the speed is shown in Figures 4.35-4.37.
The speed loop controller calculates the demand for the g-current loop, which in turn provides
the other control input uy.

The transformation and individual PI controllers are shown in Figures 4.32 to 4.35.



Field Oriented Control of AC Machines 165

u[]*cos(u[3]) + u[2]*sin(u[3])

isd

calc isd

;

u[2]*cos(u[3]) - u[1]*sin(u[3])

isq

calc isq

Figure 4.32 x-y to d-gq transformation

u[1]*cos(u[3]) - u[2I*sin(u[3])

calc usx

usx
ul1sin(u[3]) + ul2l'cos(ul3])

usy

calc usy

Figure 4.33 d-g to x-y transformation
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Figure 4.34 Control system model
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Figure 4.35 d-channel PI controller

4.4.3.3 Simulation Results

The simulation results for step demand in speed are shown in Figures 4.38 and 4.39.

4.4.4 Scalar Control of PMSM

Scalar control of PMSM is a simple way of controlling this type of machine; however, it is
imprecise and has a slow response similar to the induction machine [33]. Hence, in this section
we will not go into detailed equations, but will focus on the main characteristics and control
scheme. The method is named constant volt per hertz or V by f (V/f), which is an open loop
control method operating on the voltage magnitude rather than on the vectors. It is easy to
perform, but results in a slow response and imprecise values. Nevertheless, this technique for
PMSM offers a sensorless control scheme. The rotor angular speed can be computed using a
stator voltage frequency [33].

2 A FomegaR » K- %f P+
OmegaR com % Infegrator
” ntegrato IC > -
1 kiomegaR Limit:—-2 to 2 — >
Isq com
OmegaR - Saturation 9
P kpomegaR + Limit—2 to 2
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Figure 4.36 Outer loop PI controller for speed control

ol
|

" ntegrator
Kiisq Limit—1.5 10 1.5 >

- usq
» . Saturation
P| kpisq + Limit—15t0 1.5

Kpisq _—

Figure 4.37 g-channel PI controller
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Figure 4.38 Simulation results — tracking

The voltage to frequency ratio should be constant (V/f = const) to maintain constant flux in
the machine. Otherwise the machine may reach under- or over-excitation conditions, which are
not recommended from stability and economical points of view.

The method in principle is similar to the IM, which was explained earlier. The block diagram
representing this method is shown in Figure 4.40. Stator resistance could not be neglected for
lower frequencies; therefore, the speed is limited in the low frequency range.
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Figure 4.39 Other machine variables
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Figure 4.40 Block diagram of constant volt by frequency control of PMSM

One disadvantage of using this method is that the stator current is not controlled. This allows

changing of the main flux in the machine above the rated value.

Exercises

4.
5.

. Program the equation of the torque in all AC machines and give its value to the scope.
. Calculate motor speed reverse and observe the current components and torque response?
. See the effect of changing the parameters of PI controllers in all control schemes (hint: first

change the proportional part and observe the response and then the integral time constant and
observe the steady state error).

Observe what will happen if you command different values of i,. in motors control.

Program the scalar control scheme with speed control loop.

The Simulink software file of V by f vector control of interior PMSM scheme is [PMSM_sca-
lar]. The scheme parameters are located in [PMSM_param], which should be first executed.

Additional Tasks

1.

2.

Research a comparison study between stator flux and rotor flux field oriented control
schemes.
Make a broad test of motors operation in term of starting, breaking, loading, reversing, etc.

Possible Tasks for DFIG

1.

Command different powers while changing the rotor speed around the rated value (up
to 30% change). Observe the active and reactive powers, motor currents, voltages, and
fluxes.

Obtain the unity power factor out of the DFIG (hint: the reactive power should be zero).
Observe the effect of changing controllers’ parameters on the control performance. As an
example, test the effect of changing the active power parameters.
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Questions

Q1
Q2
Q3
Q4
Q5
Q6
Q7

What is scalar control of motors?

What are a few drawbacks of scalar control?

Why would one choose field oriented control over vector control?
Classify field-oriented control (vector control) methods.

State an advantage of using vector control.

State some drawbacks of vector control.

What are different types of reference frames used in vector control?
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Direct Torque Control
of AC Machines

Truc Phamdinh

5.1 Preliminary Remarks

Theoretical principles of direct torque control (DTC) for high performance drives were
introduced in the second half of the 1980s [1-3]. Compared with field-oriented control, with
origins that date back to the beginning of the 1970s, DTC is a significantly newer concept.
It took almost 20 years for vector control to gain acceptance by industry. In contrast, the concept
of DTC has been taken on board by industry relatively quickly in only ten years [4,5]. While
vector control predominantly relies on mathematical modeling of an induction machine, DTC
makes direct use of physical interactions that take place within the integrated system of the
machine and its supply. The DTC scheme adopts simple signal processing methods and relies
entirely on the non-ideal nature of the power source that is uses to supply an induction machine
within the variable speed drive system (two-level or three-level voltage source inverters, matrix
converters, etc.). It can therefore be applied to power electronic converter-fed machines only.
The on-off control of converter switches is used for the decoupling of the non-linear structure of
the induction machine [6]. The most frequently discussed and used power electronic converter
in DTC drives is a voltage source inverter.

DTC takes a different look at the induction machine and the associated power electronic
converter. First, it recognizes that regardless of how the inverter is controlled, it is by default a
voltage source rather than a current source. Next, it dispenses with one of the main
characteristics of the vector control indirect flux and torque control by means of two stator
current components. In essence, DTC recognizes that if flux and torque can be controlled
indirectly by these two current components, then there is no reason why it should not be
possible to control flux and torque directly, without intermediate current control loops.

The control part of a DTC drive consists of two parallel branches, similar to those of vector
control. The references are the flux set point and the torque set point, which may or may not be
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the output of the speed controller, depending on whether the drive is torque controlled or
speed controlled. DTC asks for the estimation of stator flux and the motor torque, so that
closed loop flux and torque control can be established. However, the errors between the set and
the estimated flux and torque values are used in a completely different way when compared to
the vector control. In vector control these errors would be used as inputs to the PI controllers,
whose outputs are then set points for the stator d-g-axis current references. The basic idea of
DTC is that the existing errors in torque and flux can be used directly to drive the inverter
without any intermediate current control loops or co-ordinate transformation. Flux and
torque controllers are hysteresis types and their outputs are used to determine which of the
possible inverter states should be applied to the machine terminals, so that the errors in the flux
and torque remain within the prescribed hysteresis bands.

DTC is inherently sensorless. Information about an actual rotor speed is not necessary in the
torque mode of operation, because of the absence of co-ordinate transformation. However,
the correctness of the estimation of the stator flux and torque is important for the accurate
operation of hysteresis controllers. An accurate mathematical model of an induction machine is
therefore essential in DTC. Accuracy of DTC is also independent of variations of the rotor’s
parameters. Only variations of stator resistance, due to changes in thermal operating condi-
tions, cause problems for high performance DTC at low speed.

In summary, the main features of DTC and differences compared to vector control are [7]:

e direct control of flux and torque;

e indirect control of stator currents and voltages;

e absence of co-ordinate transformation;

 absence of separate voltage modulation block, usually required in vector drives;

e requirement to know only the sector in which the stator flux linkage space vector is
positioned, rather than the exact position of it (necessary in vector drives for co-ordinate
transformation);

e absence of current controllers;

« inherently sensorless control, since speed information is never required in the torque mode of
operation;

e in its basic form, the DTC scheme is only sensitive to variation in stator resistance.

5.2 Basic Concept and Principles of DTC
5.2.1 Basic Concept

The DTC principle was introduced in the late 1980s [11-13]. In contrast to vector control,
which became accepted by drive manufacturers after 20 years of extensive research, DTC
needed only just over a decade to really take off. A direct torque controlled induction motor
drive has been manufactured commercially by ABB since the mid-1990s [5]. In the direct
torque controller developed by ABB, the optimum inverter switching pattern is determined in
every sampling period (25 us). The core of the control system in DTC is the sub-system
containing torque and flux hysteresis controllers and optimal inverter switching logic.
An accurate machine model is also important, since estimation of the stator flux and motor
torque is based on the machine model and the measurement of the machine input stator voltages
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and currents. The measurement of actual speed is not required [5]. A machine model in
stationary reference frame is used to develop DTC theory. Detailed discussion regarding
mathematical modeling of induction machines is presented in Chapter 6.

In the stationary reference frame, the stator flux linkage is the integral of the stator emf. If the
stator voltage drop on stator resistance can be neglected, then the stator flux is the integral of the
applied voltage. Hence, in a short period of time the increments of stator flux are proportional to
the applied voltage. It therefore follows that the inverter output voltage space vector directly
impresses on the stator flux and a desired locus of stator flux can be obtained by selecting the
appropriate inverter output voltages [7]. The rotor time constant of induction machines is
usually large; therefore the rotor flux linkage changes slowly compared to the stator flux
linkage and can be assumed as constant in magnitude and in speed of rotation during short
transients [7]. When the forward active voltage space vectors are applied, the stator flux linkage
vector is moved away from the rotor flux linkage vector. This will increase the machine’s
torque, because the torque angle increases. However, if the zero or backward active voltage
space vectors are applied, the torque angle is reduced. The torque is therefore reduced [6]. It can
now be seen that torque can be controlled directly and increased or decreased almost instantly
by moving the stator flux linkage space vector to the required position, being determined by
torque demand. This in turn can be done quickly by selecting the appropriate voltage vector
while the stator flux linkage magnitude is kept within the hysteresis band. This is the reason
why the control scheme is called DTC [7].

DTCrequires set points of flux and torque as independent inputs. The estimated values of these
quantities are needed to establish closed loop control of the flux and torque. However, the errors
between the estimates of actual quantities and set points are used in a completely different way
compared to vector control. There is no utilization of current controllers in DTC. The torque and
flux controllers are two-level or three-level hysteresis controllers, which determine whether an
increase or adecrease of flux and/or torque isrequired, depending on whether or not torque or flux
errors fall outside the predefined ranges. From this information, together with the knowledge of
the position of the stator flux linkage space vector, an appropriate voltage vector will be selected
based on the switching strategy. An accurate knowledge of the magnitude of the stator flux
linkage space vector in the machine is needed. However, knowledge of the precise value of the
stator flux space vector instantaneous position is not required. The control system only needs to
know in which sector of the voltage vector space, which is a two-dimensional complex plane, the
flux linkage space vector is. In the case of the standard two-level voltage source inverter, there are
six sectors in the space vector plane corresponding to the six active voltage space vectors, with
the voltage vectors positioned at the centers of the sectors. Each sector expands 60 degrees so that
all six of them cover the voltage vector complex plane. DTC is inherently sensorless. Different
structures of speed estimators can be incorporated into a direct torque controller for sensorless
drive operation with closed loop speed control.

5.2.2 Principle of DTC

5.2.2.1 Torque Production in a Direct Torque Controlled Drive

In a direct torque controlled induction motor drive supplied by a voltage source inverter, it is
possible to directly control the stator flux linkage and the electromagnetic torque by the
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selection of the optimum stator voltage space vectors in the inverter. The selection of the most
appropriate voltage vector is done in such a way that the flux and torque errors are restricted
within the respective flux and torque hysteresis bands, fast torque response is obtained, and the
inverter switching frequency is kept at the lowest possible level.

In the case of rotor flux oriented control of an induction motor, the electromagnetic torque
developed by the motor is described by

Te = (3/2)P(Lm/Ly ), igs (5.1)

where the stator g-axis current is the imaginary component of the stator current space vector in
the co-ordinate system fixed to the rotor flux space vector, as shown Figure 4.6a.

The torque equation (5.1) can be written in terms of the amplitude and phase of the stator
current space vector with respect to the d-axis of the reference frame as

T. = K, |i|sin Z (5.2)

Instantaneous change of the torque requires, according to equation (5.2), change in the
amplitude and phase of the stator current space vector, such that the d-axis current component
remains the same (so that rotor flux is constant), while the torque is stepped to the new
appropriate value by the change in the stator g-axis current component.

An alternative expression for the torque uses the stator flux space vector and stator current
space vector. Regardless of the applied method of control, the torque developed by the motor
can be written as

3
T, = 5P|y [Ji,Jsina (5.3)

where the angle « is the instantaneous value of the angle between the stator current and stator
flux space vectors. Figure 5.1b shows the stator current space vector and stator flux space
vector’s relative positions.

It can be shown [7] that at certain rotor speeds, if the amplitude of the stator flux is kept
constant, an electromagnetic torque can be changed rapidly by altering its instantaneous
position so that angle « in equation (5.3) is rapidly changed. In other words, if such stator

s A Las

(a) (b)

Figure 5.1 (a) Stator current and rotor flux space vectors in a rotor flux oriented induction machine;
(b) stator current and stator flux’s relative position in an induction machine
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Figure 5.2 Relative positions of stator flux and rotor flux space vectors

voltages are imposed on the motor, which keep the stator flux constant (at the set value), but
which also quickly rotate the stator flux space vector into the required position (determined by
the torque command), then fast torque control is obtained. It follows that if in the DTC drive the
developed torque is smaller than the reference, the torque should be increased by using the
maximum possible rate of change of the stator flux space vector position ¢;. If the stator flux
space vector is accelerated in the forward direction, an increase in torque is produced; however,
when it is decelerated backwards, a decrease in torque results. The stator flux space vector can
be adjusted by using the appropriate stator voltage space vectors, obtainable from the VSI
operated in the PWM mode. Thus there is a direct stator flux and torque control achieved by
means of the voltage source, hence the name ‘DTC.” Another form of the torque equation
(Figure 5.2) is the one given in terms of stator and rotor flux:

T, = § pi
2 oL,

v gs‘sin £ (5.4)

where ¢ is the angle between stator flux and rotor flux space vectors.

Rotor flux changes slowly because its rate of change depends on a relatively large rotor time
constant; therefore, it can be assumed to be constant in a short period of time. The stator flux
amplitude is also kept constant in the DTC control scheme; hence both the vectors in the
equation (5.4) have constant amplitudes. Rapid change of torque can be obtained if instan-
taneous positions of the stator flux space vector are changed quickly so that ¢ is quickly varied.
This is the essence of DTC. The instantaneous change of € can be obtained by switching on the
appropriate stator voltage space vector of the VSIL.

If stator resistance voltage drop is neglected, the stator voltage equation in the stationary
reference frame is

v, =dy Jdi (5.5)

Hence the applied stator voltage directly impresses the stator flux. If the voltage abruptly
changes, then stator flux will change accordingly to satisfy equation (5.5). The variation of the
stator flux changes during a short period of time when the stator voltage is changed as
Aﬂs = vy At. This shows that the stator flux space vector moves in the direction of the applied
stator voltage space vector during this period. By selecting the appropriate stator voltage space
vectors in subsequent time intervals, it is then possible to change the stator flux in the desired
way. Decoupled control of the stator flux and torque is achieved by acting on the radial and
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tangential components of the stator flux space vector. These two components are directly
proportional to the components of the stator voltage space vector in the same directions.
The angle & between stator and rotor flux space vectors is important in torque production.
Assume that the rotor flux space vector is traveling at a given speed, at a certain point in the
steady-state operation; this speed is initially equal to the average one of the stator flux space
vector. The induction motor is accelerated. Appropriate stator voltage vector is applied to
increase torque, and quick rotation of stator flux space vector occurs. However, rotor flux space
vector amplitude does not change appreciably, because of the significant rotor time constant.
The rotor flux space vector’s speed of rotation is also not changed abruptly; recall that speed of
rotation of this vector can be given in terms of rotor flux components and their derivatives; if
rotor flux components do not change due to the large time constant, the angular speed of rotor
flux space vector does not change either. This will result in an increase of ¢ that in return
increases the motor’s torque. If deceleration is required, an appropriate voltage vector will be
applied to reduce the angle ¢ and therefore the decrease the torque developed by the motor. The
application of zero voltage vectors will almost stop the rotation of the stator flux space vector. If
the angle £ becomes negative, the torque will change signs and a braking process takes place.

5.2.2.2 Inverter Switching Table

A number of methods for the selection of the optimum voltage space vectors for DTC have
already been mentioned [1,8—12]. However, this book only discusses the classical method
originally suggested by [1]. Space vectors of inverter output phase voltages are shown again in
Figure 5.3 as further explanation. In addition, sections of the plane, identified with Roman
numeral I to VI, are also included. The sectors are all of 60 degrees and are distributed £30
degrees around the corresponding voltage space vector. If the stator flux space vector lies in the
kth sector, where k = 1,2,3,4,5,6, its magnitude can be increased by using the voltage vectors k,
k + 1, k — 1. Its magnitude can be decreased by using k + 2, k — 2, and k + 3 vectors. In
other words, stator flux will be increased if either the voltage vector belonging to the sector or
any of the two adjacent voltage vectors is applied. It will be decreased if the remaining three
active voltage vectors are applied. Vectors k + 1 and k + 2 are called active forward voltage
vectors, whereas vectors k — 1 and k — 2 are called active backward voltage vectors.
However, the selected voltage vector will also affect the torque production of the induction
motor. In addition, the switching frequency will also be affected. The idea is to always keep the

Figure 5.3 Phase voltage space vectors and appropriate sectors
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Table 5.1 Phase to neutral voltages of three phase voltage inverter

Switching Switches Space Phase Phase Phase

state on vector voltage v, voltage vy, voltage v,

1 1,4,6 Viphase (100) (2/3)Vpc —(1/3)Vpc —(1/3)Vpc
2 1,3,6 Vaphase (110) (1/3)Vpce (1/3)Vpe —(2/13)Vpc
3 2,3,6 Vaphase (010) —(1/3)Vpc (2/3)Vpce —(1/3)Vpc
4 2,35 Vaphase (011) —(2/3)Vpc (1/3)Vpc (1/3)Vpc

5 24,5 Vsphase (001) —(1/3)Vpc —(1/3)Vpc (2/3)Vpc

6 1,4,5 Vephase (101) (1/3)Vpce —(2/3)Vpc (1/3)Vpc

7 1,3,5 V7phase (111) 0 0 0

8 2,4,6 Vgphase (000) 0 0 0

switching frequency as low as possible so that the most appropriate voltage space vector is the
one that requires the minimum number of switchings and simultaneously drives both the stator
flux and the torque errors in the desired direction. From Table 5.1, where inverter switching
states are defined as a set of binary signals for each of the six possible non-zero space vectors,
we see that progressing from state one towards state six requires only switching one of three
inverter legs. Hence, if the inverter operates with a vector whose state is 100, then the most
appropriate subsequent vectors are 110, 101, and 000 (zero vector number 8), as these vectors
require switching in a single inverter leg. Minimum switching frequency is achieved in this
way. Which of the three possible vectors will be applied depends on the flux and torque errors.

An illustration of the switching process is given in Figure 5.4. Operation in the base speed
region is assumed so that the stator flux reference is constant and equal to the rated stator flux.
A deviation by a hysteresis band equal to Ay, is allowed for the actual flux with respect to the
reference. It is assumed that in certain time instants, the stator flux is in the first sector and has
just reached the outer boundary of the allowed deviation (point A). The inverter switching state
therefore has to be changed, since the stator flux must be reduced. The direction of rotation is
anticlockwise. If the stator flux is in sector one, then the application of voltage vectors 1, 2, and

BA

Sector 2

Figure 5.4 Control of stator flux space vector by means of appropriate voltage vector application [7]
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6 would further increase the flux. Reduction in the flux can be obtained using vectors 3, 4, and 5.
Out of these three, vector 3 is the only one that asks for switching in only one of the inverter legs.
Vector 3 is therefore applied, and drives the stator flux towards point B, where the stator flux
once again reaches the upper hysteresis band. Since the stator flux is now in sector 2 and
once again needs to be reduced, the possible voltage vectors that will lead to the reduction in the
stator flux are vectors 4, 5, and 6. Vector 4 is the only one that asks for switching in a single
inverter leg. Voltage vector 4 is therefore applied, and it drives stator flux towards the lower
boundary of the allowed deviation (point C). In point C the stator flux is still in the second sector
and needs to be increased. An increase can be obtained using vectors 1, 2, and 3. As vector 3
asks for a single switching, this vector will be applied again. The process continues over time.

Previous considerations did not take into account the impact of the torque error on the
selection of the switching state. Stopping the rotation of the stator flux space vector
corresponds to the case when the torque does not have to be changed (actual value of the
torque is within the prescribed hysteresis bands). However, when the torque has to be changed
in the clockwise or anticlockwise direction, corresponding to negative or positive torque
variation, then the stator flux space vector has to be rotated in an appropriate direction. In
general, if an increase in torque is required, then the torque is controlled by applying voltage
vectors that advance the stator flux space vector in the direction of rotation. If a decrease is
required, voltage vectors are applied to oppose the direction of rotation of stator flux space
vector. If zero change in torque is required, then zero vectors are applied. It follows that the
angle of the stator flux space vector is controlled indirectly through the flux amplitude and
torque control. The torque demands are reduced to choices of increase, decrease, or zero.
Similarly, the stator flux amplitude control is limited to the choice of increase and decrease.
Figure 5.5 illustrates the selection of the optimum voltage vector as a function of the required
change in flux and torque. The situation is shown for an anticlockwise direction of rotation of
the stator flux space vector and for the initial position of the stator flux space vector in the first
two sectors. Similar figures can be constructed for other sectors.

The result of these considerations can be represented in the optimum voltage vector selection
table (Table 5.2) or inverter switching table. This gives the optimum selection of the voltage
vectors for all the possible stator flux space vector positions (in terms of sectors) and the desired
control inputs, which are the output of the torque and flux hysteresis comparator, respectively.
The outputs will give commands of increase or decrease for torque and stator flux, in order to
keep both of them within the respective hysteresis band. If a stator flux increase is required, then

B F-T+ F+T+ L sector 2
3 2 3 (F+,T+)
- 4 (F-T+) T (FHT-)
v sector 1 v
’ » a=a » a=a
¥ X 6 (F-T-)
57 6
F-T-  F+T-

(@) (b)

Figure 5.5 Selection of the appropriate voltage vector for required changes in stator flux and torque:
(a) when the stator flux is in sector 1; and (b) when the stator flux is in sector 2 (F = flux, T = torque)
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Table 5.2 Optimum voltage vector look-up table

A AT, Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6
1 V2 V3 Yy Vs Vs vy
1 0 vz Vs vz Vs vz Vs
-1 Ve Vi V2 V3 Y4 Vs
1 V3 V4 Vs Vs Vi V2
0 0 Vs Y7 Vs Y7 Vs Y7
-1 Vs Ve Vi V2 V3 Yy

Active voltage vectors: 1 (100), 2 (110), 3 (010), 4 (011), 5 (001), 6 (101).
Zero voltage vectors: 7 (111); 8 (000).

Ay, = 1, and if a stator flux decrease is required, then A, = 0. This notation corresponds to
the fact that the digital output signals of a two-level flux hysteresis comparator are

AP, =1 if w < ’gs* _ |hysteresis band|

(5.6)

A, =0 if ’%s‘ > ’gs* + |hysteresis band|

Similarly, if a torque increase is required, then AT, = 1, if a torque decrease is required, then
AT, = —1, and if no change in torque is required, then AT, = 0. The notation corresponds to
the fact that the digital outputs of a three-level hysteresis comparator are

AT, =1 if T, <T, — |hysteresis band|
AT, =0 if T,=T, (5.7)
AT, = —1 if T,>T, + |hysteresis band|

5.3 DTC of Induction Motor with Ideal Constant Machine Model
5.3.1 Ideal Constant Parameter Model of Induction Motors
5.3.1.1 Induction Machine’s Dynamic Model in dg Rotating Reference Frame

An induction machine with a perfectly smoothed air gap is considered. The phase windings of
the machine are assumed to be physically 120 degrees apart for both stator and rotor. Winding
resistances and leakage inductances are assumed to be constant. All the parasitic phenomena,
such as iron loss and main flux saturation, are ignored at this stage. The induction machine
under consideration is therefore an ideal smooth air-gap machine with a sinusoidal distribution
of windings, and all the effects of MMF harmonics are neglected [13,14]. A schematic
representation of the machine is shown in Figure 5.6.
The notations in the figure above are:

1. w,: angular rotor speed;
2. wy: angular speed of stator flux space vector;
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Figure 5.6 Schematic representation of induction machine with reference frames in three-phase domain
and common rotating d-q reference frame

3. 0: instantaneous rotor angular position with respect to phase a magnetic axis of stator;

4. 6,:instantaneous angular position of common rotating reference frame with respect to phase
a magnetic axis of stator.

5. 6,:instantaneous angular position of common rotating reference frame with respect to phase
a magnetic axis of rotor.

After the transformation from a three-phase domain to a common rotating reference
frame with an arbitrary angular speed, the stator and rotor voltage equations of the induction
machine are

o diy
Vas = Rylgs + Zd - w”lfl]qf
Ly, )
Vgs = Rylys + 7 + iy
. d ar
Vagr = erdl‘ + :!;tl — (wa - wr)llfq).
o (5.9)
Var = Relgr + =5+ (@ = 0r )iy,
The flux linkages are
‘l’d.v = Lgigs + Lyigr (5 10)
¢qs = Lsiqs + Lmiq" |
lpdr = Lri{[r + Lmids (5 11)

l,[lq,. = Lriqr + Lniiqs

Symbols Ly, L, denote stator and rotor self-inductance respectively; while L, is the magne-
tizing inductance.
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The relationship between the stator, rotor, and magnetizing inductances and the three-phase
model self and mutual inductances are

Ly =Ly + Ly (5 12)
L, = Ly + Ly '

where L,y, L, are stator and rotor leakage inductances, respectively. The equation of
mechanical motion remains as

1dwr
P dt

T.— T, = (5.13)

where T, is electromagnetic torque; 7} is load torque; J is inertia of the induction machine; and
P is the number of pole pairs.

Electromagnetic torque can be expressed in terms of d-g components of stator flux and stator
current as

3
T, = Ep(dldsiqs - l,[lqsl'ds) (5.14)

The per phase equivalent circuit of the ideal constant parameter machine mode in the d-g
rotating reference frame is shown in Figure 5.7.

5.3.1.2 Induction Machine’s Dynamic Model in «-3 Stationary Reference Frame

The induction machine model that will be used later in this chapter for simulation purposes is
the machine model in the stationary reference frame. Components of stator current, rotor
current, and angular electrical speed w, are used as state-space variables in the fifth-order
differential equation system. The stator and rotor voltage equations with stator current,

+
jouLyi, j@, (Lo, +Lyi,,) <>

O

Figure 5.7 Dynamic equivalent circuit of an IM in an arbitrary rotating common reference frame
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rotor current, and rotor angular speed as state-space variables are obtained by using
equations (5.8)—(5.11), and (5.13) as

. di di
Vas = Rylqs + Ly 76;5 + L, TC;r
. dig, diny (5.15)
VBS - Rslﬁs + LS Z + Lm 7
iy . . di .
0 - Lm ﬁ + erm lﬁs + erar + Lr % + errlBr
. . 5.16)
. di . . dig, (
0 = —wLias + L}nf — o, Lyig + erBr + L, d[;,
Jdow, 3 .. . . . . .
ﬁ dlr = EP[ZBS(leas + Lmlar) — las (leﬁs + LmlBr)] - TL (517)

These differential equations will be used to build the induction machine model in MATLAB/
Simulink for the simulation of the performance of a DTC induction motor drive.

5.3.2 Direct Torque Control Scheme
5.3.2.1 Basic Control Scheme of Direct Torque Controlled Induction Motor

Since Ay = v At, then the stator flux space vector will move fast if non-zero voltage vectors
are applied to the motor. It will almost stop if zero voltage vectors are applied. In DTC drives,
at every sampling period the stator voltage vectors are selected on the basis of keeping the
stator flux amplitude error and torque error within the prescribed hysteresis bands. The size of
the hysteresis bands will significantly affect the inverter switching frequency. In general, the
larger the hysteresis band, the lower the switching frequency and the poorer the response of
the drive to change in reference. Because the stator flux space vector is the integral of the
stator voltage vector, it will move in the direction of the stator voltage space vector for as
long as this voltage vector is applied to the motor.

Basic control schemes of a DTC induction motor drive are shown in Figures 5.8 and 5.9 for
torque mode and speed mode of operation, respectively. In each figure there are two parallel
branches, one for stator flux amplitude and the other for the torque control. The torque
reference is either an independent input (for a torque-controlled drive, Figure 5.8) or the output
of the speed controller (in a speed-controlled drive, Figure 5.9). Both the stator flux and the
torque controllers are of the hysteresis type. The drive requires appropriate measurements that
will enable the estimation of the stator flux and torque for closed loop control of these two
quantities. Stator currents and measured or reconstructed stator voltage are used for the
estimation, as given by the equations (5.18) and (5.19):

d]as = f(vas - Ryl.mv)dl
Wgs = | (vas — Ryigy ) dt 518

lvbs = \/ lrlliy + l!l%;\ €os d)s = l!fas/lr//s sin ¢)X = ¢B\/¢
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Figure 5.8 Control scheme of a DTC induction motor drive for torque mode of operation

3
T, = EP(IPMI'BS — lpﬁsim) (5.19)

In addition, an estimate of the speed of rotation is required for closed loop speed control in
sensorless DTC drives. Note that the DTC induction motor drive inherently lends itself to
sensorless operation, since no co-ordinate transformation is involved and a speed signal is only
needed for closing the speed loop.

5.3.2.2 Stator Flux and Torque Estimation

From the considerations of the previous sub-section, it follows that for successful operation of a
DTC scheme, it is necessary to have accurate estimates of the stator flux amplitude and the
electromagnetic torque. In addition, it is necessary to estimate in which sector of the complex
plane the stator flux space vector is situated. As already shown in the sub-section above, the
stator flux amplitude and torque can be obtained in a straightforward manner if stator
currents are measured and stator voltages are reconstructed (or measured) according to
equations (5.18) and (5.19).

B

>

'//:*O Flux | Ay | Inverte > —\
comparator| "| switching VSI @

% tabler N /
A
Stator flux
vector sector
PID Torque
Controller " |comparatorfA7

s

Estimation of Measured signals
—— " 77
¥ and T,

From speed sensor
or speed estimator

Figure 5.9 Control scheme of DTC induction motor drive for speed mode of operation with or without
speed sensor
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The two problems encountered in the process of stator flux and torque estimation are the
requirement for the pure integration and temperature related variation in stator resistance in
equation (5.18). Stator resistance related voltage drop is significant at low speed of operation.
The accuracy of the estimation atlow frequency depends on the accuracy of statorresistance value.
Anopen loop stator flux estimator can work well down to 1-2 Hz, but not below this frequency [7].

Equation (5.18) can also be used to find the location of the stator flux space vector in the
complex plane:

& = tan”" (g, /tss) (5.20)

The exact position of the stator flux space vector is not needed in DTC induction motor
drives. It is only necessary to know in which sector (out of six possible ones) of the complex
plane the vector is located. Equation (5.20) will be used in the simulations for determining the
sector containing the stator flux space vector. The determination of the sector of the complex
plane containing the stator flux space vector can be done by using the algebraic signs of the
stator flux a-B components obtained from equation (5.18) and the sign of the phase ‘b’ stator
flux, which is obtained by using i, = —0.5¢,, + 0.5\/§¢BS), as discussed in [7].

5.3.3 Speed Control with DTC

The general speed control scheme is shown in Figure 5.9. A PID controller is used as a speed
controller whose input is the error between the speed command and feedback speed. Feedback
speed can be from the speed sensor or speed estimator. A PI controller is commonly used
instead of a PID controller.

For better performance of speed responses (lower overshoot, faster time response, reduced or
zero steady state-error), a PI controller with anti-wind up is used as a speed controller.
Figure 5.10 shows the structure of a PID controller with anti-wind up in MATLAB/Simulink.

=
A
Saturation Anti Windup Gain
S * -
Set point ysp g Tis
error Integrator
y
=

System Output
set point weighting

VSum
<4
P+lsD Proportional Input to system
-Tds
Td/N.s+1
Derivative

Figure 5.10 PID controller with anti-wind up
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Simulation of the performance of the DTC of the induction motor using MATLAB/Simulink
will be discussed in the next sub-section. The discussion will focus on both the torque control
mode and the speed control mode. Structures of the simulation programs are also presented.

5.3.4 MATLAB/Simulink Simulation of Torque Control and Speed
Control with DTC

5.3.4.1 MATLAB/Simulink Simulation of Torque Control with DTC

This sub-section discusses the implementation of the simulation of the independent control of
torque and stator flux with the DTC method suggested by [1]. The machine model does not
consider iron losses, magnetic saturation, or stray losses. The machine’s parameters are
constant during the operation.

MATLAB/Simulink is used for the simulation. Figure 5.11 presents the overall layout of the
simulation program.

Figure 5.12 shows the structure of the block that represents the dynamic mathematical model
of the induction motor with constant parameters. Because the model is ideal, iron losses and
magnetic saturation are not considered.

The parameters of the motor are listed in the dialog box, as shown in Figure 5.13.

The differential equations of the mathematical model are represented in the Simulink file, as
shown in the Figure 5.14.

The machine model is represented in the a- 3 reference frame. The block ‘Fen’ in Figure 5.14

is the expression of d{'}f from all the variables iy, igs, iar, igr and the input voltage vq, vgy, as

A 4

A 4

Stator Flux
Estimator

=

To Workspace

N
L

Voltage Source
Inverter

Load Torque Induction Motor

Stator Flux Estimator

Voltage

—| Space ¢ ¢ Sector of Stator Flux phi_s
Vector Space Vector
Switching Table
Sector of Stator Flux Space Vector Te
N flux _s flux_s*
Switching Table Torque and Flux |¢ -
Hysteresis
Comparators aE Te*
Flux command

Torque and Flux Hysteresis Comparators  Torque command

Figure 5.11 Simulation program of DTC of induction motor
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Figure 5.12 Simulink layout of the machine model

shown in Figure 5.15. Similarly, the block ‘Fenl,” ‘Fen2,” ‘Fen3,” and ‘Fend’ are the
expressions for ‘Z’j"' ,d;’;’,d;‘;’,d;‘;z respectively. The block ‘FcnS’ is the expression for the
electromagnetic torque from the above variables.

The subsystem ‘Flux Calculator’ in Figure 5.14 contains the expression for the stator flux and
rotor flux from the variables.

The layout of the subsystem ‘Stator Flux Estimator’ in Figure 5.11 is presented below in

Figure 5.16.

Figure 5.13 Parameters of the induction motor
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Figure 5.14 Representation of differential equations in the machine model

The location of the stator flux space vector in the complex plane is determined by the block
‘Sector of stator flux space vector’ block in the Figure 5.11. The structure of this block is shown
in Figure 5.17.

The structure of the hysteresis comparators in the block ‘Torque and Flux Hysteresis
Comparators’ are shown in Figure 5.18. Flux and torque hysteresis comparators are shown in
Figures 5.19 and 5.20, respectively.

The structure of the switching table suggested in [1] is shown in Figure 5.21. Each ‘Look-up
Table’ block represents the switching state of one leg of the three-phase voltage source inverter.

The block used to observe the voltage space vector applied to the induction motor is
presented in Figure 5.22. The principle of operation of the three-phase voltage source inverter is
illustrated in Figure 5.23. Each ‘Switch’ block represents a leg.

Figure 5.15 Expression of differential equation in block ‘Fen’
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Figure 5.16 Schematic diagram of ‘Stator Flux Estimator’ block
The values of the flux command, torque command, and load torque of the DTC system are
illustrated in Figure 5.24. The flux command is the rated flux, and the torque command is one

and a half times of the rated torque. The load torque is equal to the rated value and applied
instantaneously at the moment the rotor speed reaches the rated speed.
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Figure 5.17 Structural diagram of ‘Sector of stator flux space vector’ block
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Figure 5.18 Structure of the ‘Flux and Torque Hysteresis Comparators’ block

(e )

i |1 Oul |
Realy

Figure 5.19 Flux hysteresis comparator

w0
Relay
Inl Out |
w1
Relay 1

Figure 5.20 Torque hysteresis comparator

Figure 5.21 Simulink diagram of the DTC look-up table
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Figure 5.22 Simulink diagram for observation of the applied voltage space vectors

Figure 5.23 Simulink diagram of a three-phase voltage source inverter

Figure 5.24 Values of flux command, torque command and load torque
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Figure 5.25 Induction motor’s electromagnetic torque and load torque

Torque response in the control of torque and stator flux with DTC is shown in Figure 5.25.
The load torque is not applied during the starting point, but the motor is fully loaded when
it reaches the rated speed.

Stator flux and rotor speed are shown in Figure 5.26, and the stator current is illustrated in
Figure 5.27.

The rotor speed in Figure 5.26 is slightly reduced with the progression of time. This is due to
the fact that the average value of the motor’s electromagnetic torque at high speed is slightly
less than the load torque because of high torque ripples. The torque command and load torque
are both at the rated values; therefore, the rate of change of speed with time is negative
according to equation (5.13).

From the simulation results, the two significant weaknesses of DTC are high flux ripples at
low speeds, and high torque ripple at high speeds.

5.3.4.2 MATLAB/Simulink Simulation of Speed Control with DTC

Speed control can then be implemented after the development of independent control of
electromagnetic torque and stator flux. A PID controller with an anti-wind up, whose structure
is shown in Figure 5.10, is used for control of speed. The output of the controller is the torque
command, which in turn is the input of the torque hysteresis comparator. The input of the speed
controller is the error between the speed command and actual speed. Figure 5.28 shows the
schematic structure of the speed control of an induction motor with DTC.

The speed control DTC system of the induction motor in Figure 5.28 is without load of the
motor. The speed command goes from zero to the rated electrical speed. Details of the speed
command signal and values of the PID controller’s parameters are shown in Figure 5.29.
Figure 5.30 shows the value of the load torque during the simulation. All other configurations



192 High Performance Control of AC Drives with MATLAB/Simulink Models

400

025 4100

2

K

0.75[ 300 &
©

(0]

(0]

Q.

— (%)
Ke) —
< i)
< Rotor speed o
305t {200 Z
L 8
9] =
IS 8
%] w
8

>

(o]

je

<

o 1 1 1 1 1 1 1 1 1 0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (s)

Figure 5.26 Stator flux and rotor speed in control of torque and stator flux with DTC
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Figure 5.27 Stator current in control of torque and stator flux with DTC
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Figure 5.28 Simulation program of DTC of induction motor in speed control without load

of the simulation program are similar to the ones in the torque control program, except the
values of the speed command and PID controller. Responses of the rotor speed, electromag-
netic torque of the motor, stator flux, and phase current obtained from the simulation will be
analyzed and presented in Figures 5.31-5.34.

Figure 5.29 Speed command and values of PID controller’s parameters of the induction motor control
system in Figure 5.28
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Figure 5.30 Load torque during the speed control simulation
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Figure 5.31 Stator flux and rotor speed of induction motor in DTC speed control without load
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Figure 5.32 Motor speed and speed command of induction motor in DTC speed control without load
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Figure 5.33 Torque response during no-load operation of DTC speed control
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Figure 5.34 Stator phase current during no-load operation of DTC speed control

The speed response in Figure 5.31 meets the requirement and is stable after reaching the
command value. The obtained stator flux is similar to the one in the torque control and is not
affected by the variation of speed. Figure 5.32 shows that the steady state error during no-load
operation of the DTC speed control is insignificant.

The torque has been increased up to a maximum allowable value during the acceleration of
the motor from standstill to commanded value. When the speed reaches and remains at the
required value, the torque is reduced to proximity of zero. High torque ripples are still present
due to the high speed of the rotor. Figure 5.34 shows the similarities between the
current response versus the response obtained in torque control. In both cases the starting
current is still high.

The motor is run again in the speed control mode without a load at starting point. Then a rated
load torque is applied and removed step-wise; this is a highly hypothetical situation to test the
noise removal capability of the controller. The load is suddenly applied after starting 1 s and
also suddenly removed at the moment of 1.2 s from starting point. Speed, torque, flux, and stator
phase current responses are shown in Figures 5.35-5.38, respectively.

When the load torque is applied, the speed drops, then quickly returns to the command value
without steady state error. Similarly, the speed rises when the load torque is removed, then
returns to speed command after a short period of time. The torque response shown in
Figure 5.36 has demonstrated the dynamic of electromagnetic torque. The motor’s torque
cannot change abruptly to match the load torque. This is the reason for a dip in speed shown in
Figure 5.35. However, the motor torque increases rapidly to bring the speed back to the required
value and stabilize the speed response. Similar dynamic response of electromagnetic torque
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occurs when the load torque is removed suddenly. This explains the variation of speed in
Figure 5.35.

Stator flux is not affected during the application and removal of load torque, as shown in
Figure 5.37, which causes the variation of the motor’s electromagnetic torque. This illustrates
the ability of DTC to independently control the torque and flux in the induction motor.

Stator phase current is increased during the loading period of the motor, as shown in
Figure 5.38. However, high overshoots are not detected during the transient period of loading
and unloading. This demonstrates that the current is well controlled in DTC, except during the
starting of the motor. The problem of high starting current can be overcome by the combination
of soft starting and DTC.

In summary, DTC of induction motor with ideal constant parameter dynamic machine model
in both torque control and speed control modes have been discussed in this section and have
also been demonstrated with MATLAB/Simulink simulations. The DTC with dynamic
machine model considering iron loss will be presented in the next section.

5.4 DTC of Induction Motor with Consideration of Iron Loss
5.4.1 Induction Machine Model with Iron Loss Consideration

All the equations for this dynamic model are shown in an arbitrary, rotating common-reference
frame. The equivalent iron loss resistance is placed in parallel to the magnetizing branch, as
shown in Figure 5.39. The space vector equations for the new machine model in an arbitrary
reference frame follow from Figure 5.39 in the form [15,16]:

oAy
vy =Riij+—=+ joah

dt
“ (5.21)
0=R,i + c; +j(w, — wr)ﬂ
%Y = Lo’sis + Lmlm = L‘”is + gm
‘ (5.22)

%r = (rrir + Lmlm = (rrir + gm

m

O

Figure 5.39 Equivalent circuit of an induction machine with iron loss consideration in space vector form
in an arbitrary rotating reference frame
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. di, . ,
RF(’ZFE = Lm d;li +]ngm£m (523)
im + Z.Fe' = is + ir (524)

3 Ly . .
Te = EPL71 (‘rl’drlqm - lllqudm) (525)

or

The equivalent iron loss resistance is considered as a function of fundamental frequency only
in the machine model above, where Rr, = f(f). In reality, equivalent iron loss resistance is a
function of both flux density and frequency. However, the experimental method of its
determination in [17] has already taken into account the dependency on flux density.

This dynamic model only takes into consideration the fundamental component of the
actual iron loss, because the equivalent iron loss resistance in Figure 5.39 models only the
fundamental component of the iron loss. The value of the equivalent iron loss resistance is
calculated using a variable-frequency, no-load test where voltage magnitude is varied
using the V/f= const. control law. The source used in the experiment can be either an ideal
sinusoidal voltage source (e.g. a synchronous generator) or a PWM voltage source inverter,
where measurement of the fundamental component of the input power and current is required.
In real operation with PWM voltage source inverter, there will be higher-order voltage
harmonics in the supply voltage. These harmonics will ‘see’ the fundamental equivalent iron
loss resistance when the model of Figure 5.39 is used in dynamic simulation of a DTC induction
motor drive, since the inverter model will be included. This is an inherent limitation of the
model in equations (5.18)—(5.23), but is of no consequence when the vector control is
considered. In simulation of the vector controlled drives, the voltage source can be assumed
to be ideally sinusoidal without any loss of generality, so that the fundamental equivalent iron
loss resistance suffices. However, this is not the case in DTC, where the inverter model has to
be included in the study. Since use of the fundamental equivalent iron loss resistance for higher
order voltage harmonics is of questionable accuracy, simulation results obtained with the
model of Figure 5.39 will exhibit a change in the torque ripple characteristic. Unfortunately,
there appears to be no better solution to the problem. We would ideally need to use the theory of
multiple reference frames, in which an appropriate circuit, similar to the one of Figure 5.39,
would be devised for each voltage harmonic. Equivalent iron loss resistance values in these
harmonic equivalent circuits could be obtained using the extension of the iron loss identifi-
cation procedure proposed in [17]. However, since DTC relies on hysteresis control, voltage
harmonics that will be present in the inverter output voltage cannot be determined in
advance; moreover, output voltage spectrum is continuous, so application of the multiple
reference frame theory is not possible.

The complete model in the stationary reference frame, convenient for dynamic simulation, is
obtained from equations (5.19) to (5.25) in the following forms:

digs digm
a':R'.a' Lzr'i Lmi
Ve = Rslas + Los g b=y
. diBS diﬁm (5 26)
Vs = Rslﬁs + Los + Lm .

dt dt
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) di di . .
0 = Ryl + Lor 70: + Ly %m + (Lo'rlﬁr + Lmlﬁm)
) : 5.27)
. dig, di . . (
0 = erBr + La'r 7[;’ + Lm % — W (Lo'rlar + Lmlam)
iam + iaFe = ias + iar iBm + iBFe = le + iBr (528)
. di . di
RFelaFe = Lm % RF(”BF(’ = Lm% (529)
3 Lm . . . . . .
Te = EPT [l,Bm (Llrrlm‘ + Lmlam) — lam (L(rrlBr + Lmlﬁm)] (530)
or
Jdw,
T, — T, =— 5.31
e L P dt ( )

The state-space variables of the differential equations are selected as a-3 components of
stator current, rotor current, and magnetizing current, as well as angular electrical speed of
rotor. The final set of differential equations is derived from the equations (5.26) to (5.31) in a
straightforward manner, by eliminating iron loss current components from equation (5.29)
using equation (5.27).

Actual variation of the equivalent iron loss resistance with fundamental frequency is given in
equation (5.32) for a three-phase squirrel cage, 4kW, 380V, 8.7 A, 4-pole, 50 Hz, 1440 rpm
induction motor. The fundamental iron loss component was determined experimentally, using
the procedure of [17]. The testing was performed in the frequency range from 10Hz up to
100 Hz. The base speed region, relevant for the analysis and simulation in this chapter,
encompasses frequencies up to 50 Hz. When the fundamental iron loss component, as function
of the operating frequency, is known, the equivalent iron loss resistance of Figure 5.39 can be
easily calculated. Figure 5.40 presents the measurement results related to the fundamental iron
loss component (Figure 5.40a) and corresponding equivalent iron loss resistance
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Figure 5.40 Fundamental iron loss component: (a) calculated equivalent iron loss resistance; and
(b) experimentally identified points and corresponding analytical approximations
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(Figure 5.40b). The appropriate analytical approximation of the equivalent iron loss resistance,
required for the circuit of Figure 5.39, is also shown in Figure 5.40b. Analytical approximation
of the fundamental iron loss, included in Figure 5.40a, will be required later for compensation
purposes. These analytical functions, obtained using least squares fitting, are given with the
following expressions, in terms of fundamental frequency:

. 0.000038087* — 0.004585/ + 0.183f2 + 1.0254f — 0.2784 f < 50Hz
Fe =
0.00002087f* — 0.0073f> + 0.9658f2 — 57.684f + 1468.3 f > 50 Hz

Rp(Q) =

128.92 + 8.242f + 0.0788f2 f < 50Hz
{ (5.32)

1841 — 55275 /f f>50Hz

5.4.2 MATLAB/SIMULINK Simulation of the Effects of Iron Losses
in Torque Control and Speed Control

5.4.2.1 Dynamic Machine Model with Consideration of Iron Losses

A new MATLAB/SIMULINK model based on a dynamic machine model with iron loss
consideration is developed. This new simulation model will then replace the model of ideal
machine in simulation of DTC in torque control mode and speed control mode. Figure 5.41
below shows this new model for an induction machine with iron losses in a DTC torque control
MATLAB/SIMULINK program. Figure 5.42 illustrates the block diagram of the model.
The details of the block ‘Induction Motor Dynamic Model’ in Figure 5.42 is shown below in
Figure 5.43. Details of the differential equations are demonstrated in Figures 5.44-5.46.

Figure 5.41 Simulation of an induction motor with iron losses consideration
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Figure 5.42 Block diagram model for an induction motor with iron losses

Figure 5.43 Representation of differential equations in a model with iron losses
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Figure 5.44 Expressions for the blocks ‘d(ids)/dt,” ‘d(igs)/dt,” and ‘d(idr)/dt’

Figure 5.45 Expressions for the blocks ‘d(iqr)/dt’ and ‘d(Fldm)/dt’
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Figure 5.46 Expressions for the blocks ‘d(Flqgm)/dt’ and ‘d(w)/dt’

The variables in the differential equations in the above figures are components of stator
current, rotor current, air-gap flux, and rotor speed.
The structural diagram of the block ‘Frequency Calculator’ is shown in Figure 5.47.
The frequency is calculated from the components of stator flux. The components of stator
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Structural diagram of the block ‘Frequency Calculator’
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Figure 5.48 Equations for derivatives of o and 8 components of stator flux

flux are determined from the components of stator current and air-gap flux. The equation for
frequency determination is

Ll/jas dlvbﬁs/dl - wﬁs dlrbas/dl
2m Vs + Vs

Because the values of the denominator in equation (5.33) are small when the simulation
starts running, the values of the variables are artificially kept for the first few step-sizes of the
simulation to avoid the error ‘NaN’ (not a number). The frequency is also kept at 50 Hz during
this period. Due to the small step-size of the simulation, this constant value does not affect the
results of the simulation process. The calculated frequency then goes through a Butterworth
low-pass filter before being used to determine the iron loss equivalent resistance.

Equations for calculating the derivatives of a and 8 components of stator flux to be used in
equation (5.33) are shown in Figure 5.48. Figure 5.49 demonstrates implementation of
equation (5.33). The parameters of the Butterworth filter are also presented in Figure 5.49.

The selecting value for the switches is 5 us, as shown in Figure 5.50.

Figure 5.51 shows the block diagram and expression in ‘Stator Flux Calculator’ in
Figure 5.43. Figure 5.52 illustrates the diagram and expression for electromagnetic torque
estimation in the ‘Torque Observer’ block of Figure 5.43.

f=

(5.33)

5.4.2.2 Simulation of DTC with Iron Losses Consideration in Torque Control Mode

The torque response obtained from the simulation of DTC in the torque control mode, when
iron losses are considered, is illustrated in Figure 5.53. The torque command is still the same as
the one in the simulations of Section 5.3 (26.5 Nm). Similarly, flux command remains at



Direct Torque Control of AC Machines 207

Figure 5.49 Expression in ‘Fen-f” block and parameters for Butterworth filter

Figure 5.50 Selecting a value for the switches in Figure 5.47
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Figure 5.51 Diagram and expression for the stator flux calculation
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Figure 5.52 Diagram and expression for the electromagnetic torque observation
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Figure 5.53 Electromagnetic torque responses for the both cases, without iron losses and with iron
losses consideration

0.9084. The induction motor is still the same, only changing the dynamic model from one with
constant parameter and no iron loss consideration to one that includes iron losses as a function
of frequency.

As can be seen in Figure 5.53 that the electromagnetic torque of the motor cannot reach the
commanded value as it does in the case of ideal machine model due to the iron losses. Therefore,
the actual torque created by the motor is lower than the expected value from the ideal machine
model. This deficiency of the electromagnetic torque will cause inaccuracy in speed response, as
shown in Figure 5.54. In this figure, the speed response of the ideal motor reaches the rated
electrical speed when the rated load torque is applied. However, the rotor speed does not reach
that rated value when iron losses are considered in the machine model, because of the deficiency
of torque, as explained above and shown in Figure 5.55. The difference in torque responses
during the steady state in Figure 5.55 result in a quick decrease of rotor speed, in Figure 5.54,
when iron losses are included. Stator flux and phase current responses are not affected by the
inclusion of iron losses in the machine model, as demonstrated in Figures 5.56 and 5.57.

5.4.2.3 Simulation of DTC with Iron Losses Consideration in Speed Control Mode

The ideal constant parameter machine model in the MATLAB/Simulink program for speed
control of DTC in Section 5.3.4.1 is replaced with the machine model considering iron loss, as
presented in Section 5.4.2.1. The parameters of the PID speed controller are also adjusted to get
a good response of the rotor speed. Figure 5.58 shows the response of the rotor speed during the
start-up, application, and removal of load torque.

The speed response, when iron losses are included, is a little slower than the one obtained
with an ideal constant machine model. This is due to the lower actual electromagnetic torque
produced by the motor when output power is reduced by iron losses. However, the steady state
response of the speed is acceptable. The rotor speed reaches the commanded value.
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Figure 5.54 Rotor speed responses for the both cases, without iron losses and with iron losses
consideration

When the load torque is applied instantaneously, the speed goes down deeper for the case
with iron loss. The recovering period of the speed response is therefore slightly longer for the
case with iron loss. The steady state error of speed response is the same for both cases; rotor
speed returns to commanded value in both cases. A similar difference between the two cases is
observed when load torque is removed instantaneously.

Figures 5.59 and 5.60 show the responses of the motor’s electromagnetic torque when load
torque is applied and removed respectively. In both figures, the torque responses, when iron
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Figure 5.55 Load torque and electromagnetic torque of the induction motor with iron losses consid-
eration during steady state
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losses are ignored and included, are presented. From Figure 5.59, torque response in the case of
iron losses has higher torque ripple in steady state and longer response time compared with the
case when iron losses are not considered. Similar deficiency is also observed when load torque
is removed.

The performance of speed control in DTC of induction motor is generally not affected
seriously by the presence of iron losses. The transient response of speed is affected by the
deficiency in torque response. Simple compensation schemes for torque deficiency are
recommended. More complex compensation schemes can give more accurate torque response
during transient state; however, they require more computing capabilities of the systems. The
next sub-section will discuss a simple compensation scheme for torque response.
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Figure 5.57 Stator phase current of the induction motor with iron losses
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Figure 5.58 Speed response of DTC in speed control mode with machine model considering iron losses
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Figure 5.60 Responses of motor’s electromagnetic torque when load torque is removed

5.4.3 Modified Direct Torque Control Scheme for Iron Loss
Compensation

It has been shown that iron losses affect only the performance of electromagnetic torque
response of the motor. Stator flux response is unchanged when iron losses are considered.
Therefore, only compensation for iron losses is discussed. Equation (5.19), used for torque
estimation in DTC, is based on the ideal machine model, therefore it does not realize the
power deficiency by the existence of iron losses. The estimated value of electromagnetic
torque is higher than the actual one. A reduction of estimated torque is introduced in [18], and is
expressed by

T, = (3/2)P(‘/’asiﬁs - lwb,BsiDlS) — ATre (5.34)

The mechanical power produced by the motor is theoretically assumed as T,w,,, while the
actual output power is T,'w,, [18], and w,), is the mechanical angular speed of rotor rotation
(wm = w,/P). The torque compensation ATr, in equation (5.34) can be obtained from the
following equations [18]:

Tewy, = Telwm + Pre
ATfe = PFe/wm (535)
PFe = ATFewm
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The symbol Py, stands for the fundamental component of the iron losses. Equation (5.34)
holds true for both modes of operation of the motor, braking and motoring. The iron losses will
lower the output torque in motoring, while the torque is higher in magnitude than the value
obtained by equation (5.19) during braking.

The iron losses, as shown in equation (5.32), are a function of frequency. However,
stator frequency is generally not available in DTC. The angular electrical speed of rotor
can be used instead to approximate the iron losses. The difference between stator angular
frequency and angular electrical speed of the rotor is a small slip frequency, and rotor
speed is usually measured or estimated. The torque compensation now can be calculated
as [19]

P Pre(Pwy, /2
ATFe: ke ) or ATF@ :7&)( wZ/ 7T')

m wm

(5.36)

Experimentally identified fundamental component of iron losses often vary almost
linearly with the stator frequency [20-22]. From Figure 5.40, the variation of the funda-
mental iron loss with frequency in the range from 0 to 50 Hz for the motor considered here is
almost linear. By approximating the iron loss in the base speed region with a linear
dependence on frequency, the simplest method of constant compensation for iron losses
is suggested by [19]

P en
ATg, = PLT"" = const. (5.37)

As the fundamental iron loss at 50 Hz equals 173.4 W, while rated motor power and torque
are 4kW and 26.5 Nm, respectively, the constant torque compensation is 1.15 Nm.

The simulation results of DTC with constant compensation for iron losses in torque control
mode are demonstrated in Figures 5.61 and 5.62.

The proposed improvement has over-compensated the power lost by the presence of iron
losses by a small amount. The speed response with iron losses compensation is even better
than the one without consideration of iron losses, as shown in Figure 5.61. The over-
compensation in electromagnetic torque of the motor is clearly shown in Figure 5.62,
especially during the start-up of the motor. This is because the actual iron losses are almost a
linear function of the stator frequency in the low speed region and are much less than the
compensated value during the start-up.

The simulation results of DTC with constant compensation for iron losses in speed control
mode are demonstrated in Figures 5.63 and 5.64. During start-up of the motor, as shown in
Figure 5.63, response time of the speed with compensation is slightly more than the one with
ideal machine model. Slightly higher overshoot is also observed when compensation is
included. However, there is a clear difference between the responses with and without
compensation when iron losses are included.

When load torque is applied and removed instantaneously, compensation of iron losses does
not improve the performance of speed, as shown in Figure 5.64. The responses are similar for
the cases with and without compensation when iron losses are considered.

In summary, iron losses consideration for DTC of induction motor has been discussed in this
sub-section. Simulation of the effects of iron losses on performance of DTC in both torque and
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Figure 5.63 Rotor speed responses of DTC in speed control mode for the three cases
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speed control mode has been demonstrated. The results have also been analyzed. From the
analysis, compensation methods have been discussed and simulation of the simplest one has
been presented. The next section of this chapter will discuss the consideration of both iron
losses and magnetic saturation in DTC.

5.5 DTC of Induction Motor with Consideration of both Iron Losses
and Magnetic Saturation

5.5.1 Induction Machine Model with Consideration of Iron Losses and
Magnetic Saturation

Representations of iron losses and magnetic saturation in dynamic space vector equivalent
circuit of induction machines in an arbitrary frame of reference rotating at angular speed w, are
shown in Figure 5.65.

Differential equations of the machine model are [23]

Vas = Rylas + L, %er%’”
as Stas ags dl’ dt
5.38
. diBs d¢Bn7 ( )
Vs = RslBS + Ly dr + dr
, diar | A, .
0 = Ryigr + Loy Tlr + lc!:’l + w(La'rlBr + ‘rl’ﬁm)
5.39
dig,  diig,, ( )

0= Rri[j’r + L(rr W + + w(erriar + wam)

dt

Figure 5.65 Space vector dynamic equivalent circuit of induction machine in an arbitrary reference
frame [23]
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dlﬁa . . RFe
0 = dlm — RFelas - RFBIOH‘ + meafrz
5.40)
dlpﬁm . . RFe (
0= dt - RFelﬁS - RFelBr + Edfﬁm
llla‘\' = Lysiqs + Liniam
l»[fﬁ.y = asiBs + Lmiﬁm
(5.41)
l»[lozr = Loylar + Liniam
llf/;r = O'I’iBI‘ + Lmiﬁm
do P[3 . .
=3 {213(%%,, — igPg,) — T1 (5.42)
3. .
T, = EP(larlnlIBm - lﬁl‘lrllozm) (543)
The equivalent iron loss resistance as a function of stator frequency is [23]
128.92 + 8.242f +0.0788f> (Q);f < 50 Hz (5.44)
T 11841 — 55272)f (Q):f > 50 Hz '

The equivalent magnetizing inductance is considered as a non-linear function of main flux:

L, =f(,,); where L, = # (5.45)

m

Magnetizing curve approximation (rms values) is [23]

0.1964285i,,,; in <2.2A

Y = . L (5.46)
0.8374 + 0.0067i, — 0.924/i; iy > 2.2A

The indices s and r denote stator and rotor parameters and variable, respectively; index o
stands for leakage inductances; index m defines parameters and variables associated with
magnetizing flux, magnetizing current, and magnetizing inductances; P is the number of pole
pairs; J is the inertia constant; and w is the electrical angular speed of rotor.

5.5.2 MATLAB/Simulink Simulation of Effects of both Iron Losses
and Magnetic Saturation in Torque Control and Speed Control

5.5.2.1 Effects of Iron Losses and Magnetic Saturation in Torque Control Mode

The ideal constant parameter machine model of the induction motor is replaced by the machine
model considering iron losses and magnetic saturation in the MATLAB/Simulink program for
torque control simulation using DTC, as shown in the Figure 5.66.
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Figure 5.66 DTC of induction machine with iron losses and saturation

The other sub-systems of the DTC control system are essentially the same as those shown in
Figures 5.11 and 5.41. The structure inside the block ‘IM model with iron losses and saturation’
is shown in Figure 5.67.

In addition to the blocks for transformation of reference frame, there are also blocks for
calculation of instantaneous values of magnetizing inductance and equivalent resistance of

Figure 5.67 Diagram of the block ‘IM model with iron losses and saturation’
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Figure 5.68 Blocks for differential equations of the dynamic machine model

iron losses. The differential equations of the dynamic machine model inside the block ‘IM with
iron losses and saturation’ are shown in Figure 5.68.

Details of the blocks expressing the differential equations are shown in the
Figures 5.69-5.71.

The structure of the block ‘Frequency Calculator’ in Figure 5.68 is presented in the
Figures 5.72-5.74.

Structures of the blocks used for stator flux and torque calculation in Figure 5.68 are
illustrated in the Figures 5.75 and 5.76.

The instantaneous value of the magnetizing inductance is deduced from equations (5.45)
and (5.46). The implementation of this calculation is presented in Figures 5.77 and 5.78.

The equivalent resistance for iron losses varies with frequency and the implementation of the
calculation of instantaneous resistance is shown in Figure 5.79.

The parameters of the induction motor with consideration of iron losses and saturation are
presented in Figure 5.80.

Simulation of torque control and flux control with DTC, when iron losses and magnetic
saturation are included in the machine model, is carried out with rated values for both torque
and flux commands. The obtained speed is shown in Figure 5.81, together with speeds of
the motor when only iron losses are considered and the constant parameter machine model
is used.

The responses of speed with only iron losses and with both iron losses and saturation
are almost identical. The speeds decrease when rated load torque is applied due to the high
ripples in torque responses, which result in lower average value of electromagnetic torque of
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Figure 5.69 Expressions for differential equations of iy, iq,, and ig,

Figure 5.70 Expressions for differential equations of ig, and gm
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Figure 5.71 Expressions for differential equations of ¢4qm and @

Figure 5.72 Expressions for d-g components of stator flux used to calculate the stator frequency
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Figure 5.73 Expression for frequency calculation and design of Butterworth filter to obtain the
fundamental component of stator frequency
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Figure 5.74 Designs of the ‘Switch’ blocks in Figure 5.72



224 High Performance Control of AC Drives with MATLAB/Simulink Models

Figure 5.75 Stator flux calculation in induction machine model with iron losses and magnetic saturation

the motor. Magnetic saturation does not affect the speed response in this region of operation
of the motor.

Torque responses are shown in Figure 5.82. Again, the additional inclusion of magnetic
saturation does not change significantly torque response. Discrepancies between load torque
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Figure 5.76 Electromagnetic torque calculation in the induction machine model
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Figure 5.77 Expressions for iy, and Ly, (Whenigy, is >2.2 A) in calculation of instantaneous value of the
magnetizing inductance

Figure 5.78 Expression of iy, and values of ‘Switch’ block in Figure 5.77
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Figure 5.79 Calculation of the equivalent resistance for iron losses with frequency

Figure 5.80 Parameters of the induction motor
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Figure 5.81 Speed responses in torque control mode of DTC
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Figure 5.82 Torque responses in torque control mode of DTC
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Steady state response of torque when both iron losses and magnetic saturation are included
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Figure 5.84 Flux response with iron losses and magnetic saturation in torque control mode
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Figure 5.85 Stator current response with iron losses and magnetic saturation in torque control mode

and the actual torque of the motor in steady state are shown in Figure 5.83. This difference is
the cause of the decrease in speed.

Flux and stator current responses are demonstrated in Figures 5.84 and 5.85. The inclusion of
magnetic saturation and iron losses does not cause significant changes in the responses.

5.5.2.2 Effects of Iron Losses and Magnetic Saturation in Speed Control Mode

The simulation program of DTC in speed control mode is essentially the same as that shown in
sub-section 5.3.4.1; only the Simulink block for the induction motor is changed to include iron
losses and magnetic saturation. Figures 5.86 and 5.87 show the schematic diagram of the
program and parameters of the PID controller, respectively.

Figure 5.88 shows the response of speed during the acceleration, applying and removing
of rated load torque, and the speed response with the ideal machine model is also presented.
Figure 5.89 shows the respective torque response when the iron losses and magnetic saturation
are included.

The responses of the motor’s electromagnetic torque during the application and removal of
rated load torque are presented in Figures 5.90 and 5.91, respectively. The electromagnetic
torque with the ideal constant parameter machine model is also demonstrated for comparison.

The difference between the speed responses with and without the inclusion of iron losses and
magnetic saturation is not significant, as shown in Figure 5.88. The transient response of speed
is slightly bit slower with iron losses and magnetic saturation due to the power losses, which
reduce the actual electromagnetic torque. The torque response is essentially the same with
torque response with only iron losses consideration (Figure 5.89).

When load torque is suddenly applied, the responses of electromagnetic torque are almost
identical for all the cases, as shown in Figures 5.90 and 5.91.
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Figure 5.86 Simulation of DTC in speed control mode with the inclusion of both iron losses and
magnetic saturation

Figure 5.87 Parameters of the PID controller in speed control mode
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5.6 Modified Direct Torque Control of Induction Machine
with Constant Switching Frequency

From the discussion and simulation of Direct Torque Control of induction motors in previous
sub-sessions, DTC has several major disadvantages such as [7]:

e problems during starting due to the absence of current controllers;

e operation in low-speed region due to high flux ripples;

» necessity of accurate estimation of stator flux and electromagnetic torque;

e changing switching frequency, because of hysteresis band-based control of torque; and

¢ high torque ripples in high-speed operation due to the utilization of zero voltage space
vectors.

Variation of switching frequency in DTC is one of the major drawbacks in many industrial
applications.

There have been many modifications suggested for constant switching frequency with DTC.
These modifications include DTC with space vector modulation and deadbeat control for
directly calculation of switching pattern to achieve constant switching period [24], DTC with
predictive control, which calculates the optimal switching instant at each cycle on the basic of
RMS torque-ripple equation during one switching period obtained from the instantaneous
torque variation equation [9], and Direct Self Control with fuzzy controller for choosing
switching states to reduce the flux and torque errors, while still achieving fast torque response
and constant switching frequency [25]. However, these modifications have resulted in the
increased sophistication of the control systems, which require more computational capabilities
than the traditional DTC.

The concept of DTC is also extended to introduce the new control method called Stator Flux
Vector Control, which delivers fast torque response and constant switching frequency without
using current controller [26]. This new concept focuses on torque control using variations of the
stator flux angular velocity and stator flux control for obtaining fixed rotor flux amplitude in a
feed-forward manner. The new control method also improves the sensitivities to the induction
motor’s parameters and stabilities, even at low-speed operation [26].

Space vector pulse width modulation (SVPWM) with two-level and three-level inverter
to obtain constant switching frequency in DTC has also been proposed for the applications
in electric vehicle drive [27]. Furthermore, constant frequency torque controller is introduced
to achieve both constant switching frequency and reduction of torque ripples, especially
when DTC is implemented with a low speed processor, which results in low sampling
frequency [28].

5.7 Direct Torque Control of Sinusoidal Permanent Magnet
Synchronous Motors (SPMSM)

5.7.1 Introduction

Permanent magnet synchronous machines (SPMSMs) are categorized on the basis of the
waveform of the induced electromotive force; they are either sinusoidal or trapezoidal. The
SPMSMs with sinusoidal wave-shape of emf are called PMSMs, and the PMSMs with
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trapezoidal wave-shape of emf are known as Brushless DC Machines (BLDCs) [29]. This sub-
section discusses the DTC of SPMSMs, which has a sinusoidal distribution of air-gap flux.
The machines are of surface magnet structure, where the magnets are placed in the grooves
of the outer periphery of the rotor lamination to provide high flux density in the air gap and also
uniform cylindrical surface of the rotor for the mechanical robustness [29].
Mathematical equations for dynamic models of the SPMSMs are presented in the next
sub-section.

5.7.2 Mathematical Model of Sinusoidal PMSM

The mathematical model for SPMSMs are shown in equations (5.47) to (5.52). The dynamic
model is in the rotor flux oriented reference frame. The rotating speed of rotor and rotor flux
space vector are the same for the synchronous motor, and they are also equal to the rotating
speed of the reference frame 0w, = v, = w:

. dipy
Vds = Rxlds + j[d - wrlllqs
5.47)
L dy (
Vgs = Rylgs + qu + iy
dy,
— Ry + 7 5.48
vr il + i ( )
J dw,
T, — T, = —— 5.49
TP dr (5.49)
dfds = Lyigs + Lmlf ( )
5.50
lllqs = le.qs
lvbf :l{fif'i'Lmids (551)
3 . .
T, = 5 P — o) (5.52)

Transformation equations for stator voltage and stator current are shown in equations (5.53)
to (5.55), where 0 is the instantaneous angle of the rotor:

2 2 4
Vds=§ v, cos O + v, cos 0—% + v.cos 0—%

(5.53)

2 2 4
vqs:—5 Vg Sin 0 + vy sin Of?ﬂ + v, cos ef?ﬁ
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ig = iggc0S 6 — iy sin 0

2 2
i = I4sCOS 0—% — Igs SIn 0—%
(5.54)
. . s L. 4
i, = igsCOS 6—? — Igs Sin 0—?
t
0= Jwr(T)dT +6(0) (5.55)
0

When the rotor of the synchronous motor is a permanent magnet, the magnetizing flux
linkage produced by the magnet can be expressed in terms of a fictitious field current iras [30]

l!fm = Lmlf (556)

The mathematical model in an arbitrary rotating reference frame can be rewritten by
applying the equation (5.56) into the equations (5.47) to (5.52):

C L dyy
Vas = Rylgs + th - walrl’qs
5.57)
dy (
Vq: = Rxqu + 7115 + wad/d,y
ll/a's = LSidS + d’m
. (5.58)
lpqs = LXZ‘{S
Jdw
T,.— T, = Par (5.59)
3 . . 3 .
T, = EP(didSqu - l»[qulds) = EP‘»[fmlqs (560)

Because of the design of SPMSMs, the machines cannot be used for main operations as with
traditional synchronous motors. Due to the absence of damper winding, the SPMSMs cannot
be started [30]. They are mainly used for variable speed drives, which require power electronic
conversions for power supplies. Therefore, it is always necessary to measure or estimate the
position of the rotor for the feedback to the control system. However, this is not a disadvantage
for SPMSM-based drives, because the information about rotor position is always needed in
the applications of the drive systems.

The cost of BLDC machines are usually lower than the cost of SPMSMs. However, the
performances of SPMSM are much better. The selection of which of the machines depends very
much on the particular applications [30].
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5.7.3 Direct Torque Control Scheme of PMSM

The mathematical model in equations (5.57) to (5.60) is expressed in the stationary reference
frame as

. d as
Vas = Rylas + ZI‘
5.61)
 dyy (
Vps = RSZ,B.Y + dfy
d/as = L‘\'iﬁs + djm
. (5.62)
lplBs = L‘YZBS
Jdw
T.-Ti=5" (5.63)
3 . . 3 .
T, = EP(d/aslBS - (r[fﬁxlas) = EPlvbmlBS (564)

The DTC scheme for SPMSMs, which directly controls the stator flux linkage and
electromagnetic torque by optimum switching table for voltage fed inverter, is discussed in
this sub-section. Equations (5.61) to (5.64) are used to estimate the stator flux linkage and
electromagnetic torque [7].

Comparisons between reference and estimated values of stator flux linkage and electro-
magnetic torque by comparators are carried out. Stator flux comparator is two-level and torque
comparator is three-level, as expressed in equations (5.6) and (5.7), respectively.

The inputs of the optimum switching table are outputs from the comparators and the sector in
the complex, which contains the estimated stator flux space vector. The complex plane is shown
in Figure 5.3. The optimum switching table for DTC of SPMSMs in this sub-section is the one
suggested by [1] and is shown in Table 5.2.

The next sub-section discusses the simulation of DTC of SPMSMs.

5.7.4 MATLAB/Simulink Simulation of SPMSM with DTC
5.7.4.1 Development of MATLAB/Simulink Program

The simulation program for DTC of SPMSMs is developed on the basic of the scheme
presented in previous the sub-section. The structural diagram is shown in Figure 5.92.

The PID controller in Figure 5.92 is identical to the controller in Figure 5.10. The Simulink
diagram for a machine model of SPMSM inside the block ‘SPMSM’ in the above figure is
shown in Figure 5.93.

Expressions for differential equations in equations (5.61) to (5.63) in MATLAB/Simulink
are demonstrated in Figure 5.94.

Transformation from rotor flux oriented reference frame to stationary co-ordinators in a
machine model is demonstrated in Figure 5.95.

Transformation from stationary reference frame to rotor flux oriented d-g axes in a machine
model is presented in Figure 5.96.
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Figure 5.92 Simulation program for DTC of SPMSM

Block diagrams for estimation of stator flux linkage and electromagnetic torque of SPMSMs
for DTC is shown in Figure 5.97

Block diagrams for transformation from phase stator voltage to « and 8 components of
stationary reference frame are demonstrated in Figure 5.98. The same structure can be used in
the case of transformation for stator current.

Figure 5.93 Simulink diagram of the SPMSM machine model
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Figure 5.94 Differential equations of machine model in simulation program

Figure 5.95 Transformation of reference frames from rotating to stationary
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Figure 5.96 Transformation of reference frames from stationary to rotating

Block diagrams inside the sub-system ‘Flux linkage vector section,” for determination of the
section of complex plane containing instantaneous stator flux space vector, are shown in
Figure 5.99.

The logical expressions for identifying the correct sector are similar to the ones in Figure 5.17
and shown again here for convenience in Figure 5.100.

Figure 5.97 Estimation of SPMSM’s stator flux linkage and electromagnetic torque
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Figure 5.98 Conversion from phase voltage to & and 8 components in stationary reference frame

Block diagrams in the sub-system ‘Flux and Torque Comparator,” to determine the
incremental or decreasing changes of the actual stator flux linkage and electromagnetic torque
compared to the reference values, are illustrated in Figure 5.101.

The hysteresis band for flux comparator is 1% of rated value of stator flux linkage. Similarly,
the hysteresis band for torque comparator is 1% of the rated torque. These are shown in
Figure 5.102.

The two levels of flux comparator and three levels of torque comparator are also shown in
Figures 5.103 and 5.104.

Figure 5.99 Determination of the complex plane’s sector for stator flux space vector
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Figure 5.100 Logical expressions for identifying the sector of stator flux space vector
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Figure 5.101 Stator flux and electromagnetic torque comparators
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Figure 5.102 Hysteresis band for flux and torque comparators
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Figure 5.104 Optimum switching table for DTC of SPMSMs in MATLAB/Simulink

Optimum switching table suggested by [1] is presented in Figure 5.104. The three blocks
‘Look-Up Table (2-D)’ are used for coding the switching states of the three legs of the voltage
source inverter.

The block diagrams for voltage source inverter are shown in Figure 5.105, with equations for
calculation of phase voltage from the leg voltage of the inverter and Figure 5.106, with setting
of the blocks ‘Switch.’

Speed command for DTC of SPMSM in speed control mode is shown in Figure 5.107,
together with the parameters of the PID controller with anti-wind up, as shown in Figure 5.10.
The motor is accelerated forward to rated speed and then reversed to the same speed in the
opposite direction. The upper and lower limits of the PID controller’s output, which is the
torque command, is 20 Nm and —20 Nm, respectively.

Parameters of the SPMSM are shown in Figure 5.108, together with the application and
removal of the load torque during the operation.

5.7.4.2 Simulation of DTC of SPMSM

The simulation program developed in sub-section 5.7.4.2 is run with a fixed step size of 10 s
for solver option of Runge-Kutta in MATLAB/Simulink. The SPMSM is accelerated, then
reversed with the speed command shown in Figure 5.107. When the motor has settled after the
acceleration, the load torque is suddenly applied and removed in a step-wise approach.
Figures 5.109-5.112 show rotor speed, stator flux linkage, electromagnetic torque, and
stator phase current, respectively during start-up and acceleration. The actual rotor speed
quickly meets the commanded speed after 0.05s. The stator flux is fluctuated during the
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Figure 5.105 Voltage source inverter for DTC of SPMSMs

start-up then steady at the rated value. Torque overshoot is high during the start-up and up to the
maximum limit set up by the limiter of the torque command at the output of the PID controller
in Figure 5.92. Due to the high starting torque, the starting current’s overshoot is also high.

Responses of actual rotor speed, motor’s torque, and stator phase current during the
application of load torque are shown in Figures 5.112-5.114.

Figure 5.106 Setting of the blocks ‘Switch’ in sub-system ‘Voltage source inverter’
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Figure 5.107 Speed command and parameters of PID controller
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Figure 5.108 Parameters of the SPMSM
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Figure 5.109 SPMSM’s rotor speed and stator flux linkage during start-up and acceleration
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Figure 5.110 Electromagnetic torque of SPMSM during start-up and acceleration



Direct Torque Control of AC Machines

247

Stator Current (A)

40

35

30 H

25

20

0.05

0.1

1
0.25
Time (s)

0.15 0.2 0.3 0.35 0.4 0.45

0.5

Figure 5.111 Stator phase current of the SPMSM during start-up and acceleration

Angular Electrical Rotor Speed (rad/s)

Figure 5.112

190 T T T T T T T
Commanded Speed
180
Actual  ;----m---oomomoooooooooooooooooooo oo
170 Rotor i T
Speed '
' Load Torque
160 | ! i
150 | : i
140 1 lI 1 1 1 1 1
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0
Time (s)

Commanded speed, actual rotor speed during the application of load torque

Load Torque (N.m)



248 High Performance Control of AC Drives with MATLAB/Simulink Models

10 T T T T T T T

Electromagnetic Torque (N.m)

2 4

M -
—2 1 1 1 1 1 1 1

0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

Time (s)

Figure 5.113 Response of SPMSM’s electromagnetic torque during load torque application

Stator Current (A)

1 1
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
Time (s)

Figure 5.114 Stator phase current when load torque is applied



Direct Torque Control of AC Machines 249

190 T T T T T T 0.4
Q) 180 N 0.3
g f A
§ Actual Rotor Speed
joR
D170 } {02 &
S s
¢ | . R -
T ' ) ' g
o =
8160} 104 %
i 3
- Stator Flux w
= o
5 =
g [77]

150 | 40

1 1 1 1 1 1 -
1400.4 0.5 0.6 0.7 0.8 0.9 1 1.1 0.1
Time (s)
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Figure 5.117 Response of the SPMSM’s electromagnetic torque during load torque removal
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Rotor speed of the SPMSM is not significantly affected when the rated load torque is
suddenly applied in a step-wise approach. The speed drops slightly then quickly returns to the
commanded value, as shown in Figure 5.112.

Transient response of electromagnetic torque is also fast. Electromagnetic torque of the
SPMSM quickly stabilized within the hysteresis bands around the commanded torque, as
shown in Figure 5.113. Figure 5.114 also shows fast response of stator current during the
application of load torque.

Stator flux linkage is slightly affected when the load torque is present, as shown in
Figure 5.115.

Responses of actual rotor speed, motor’s torque, and stator phase current during the
removal of load torque are shown in Figures 5.116-5.118. The response of speed is also
slightly affected when the load torque is removed. Fast transient responses are observed for
electromagnetic torque and stator current. Rotor speed, stator flux, electromagnetic torque, and
stator current of the SPMSM during reversal of speed are shown in Figures 5.119-5.121,
respectively.

Stator flux of the SPMSM is affected significantly during deceleration in the forward
direction of speed, as well as acceleration in the backward direction. This observation is
consistent with the results shown in Figure 5.109. The actual rotor speed quickly follows
the commanded values, as shown in Figure 5.119. The steady state error of speed is
insignificant.

Electromagnetic torque does slightly cross the lower limit set by the limiter at the output of
the PID speed controller, as shown in Figure 5.120. Stator current has high overshoot during the
speed reversal, as demonstrated in Figure 5.121.
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Figure 5.121 Stator current of SPMSM during reversal of speed
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Non-Linear Control of Electrical

Machines Using Non-Linear
Feedback

Zbigniew Krzeminski and Haitham Abu-Rub

6.1 Introduction

A recent trend in advanced drives control has enabled an AC motor to behavior like a
separately excited DC motor. This goal has been almost achieved since introducing the
vector control principle. The main disadvantage of vector control methods is the presence
of non-linearity in the mechanical part of the equation during the changing of rotor
flux linkage.

Although good results from field-oriented control have been observed, attempts to obtain
new control methods are being made. Non-linear control of induction motors was first
presented in [1]. It introduced a novel mathematical model for induction motors, which made
it possible to avoid using sin/cos transformation of state variables. The model consists of two
completely decoupled subsystems, mechanical and electromagnetic. It has been shown that in
such a situation it is possible to have non-linear control and decoupling between electromag-
netic torque and the rotor linkage flux. Decoupling between torque and the square of rotor flux
has been obtained, after assuming some simplification [1,2,25,26]. Works that discuss non-
linear control of dynamic systems include [1-28].

When a motor is fed by voltage source inverters, and when the rotor flux linkage magnitude
is kept constant, the non-linear control system control is equivalent to the vector control
method. In many other situations, this new idea gives simplicity of the structure and good
response [2,25,26].

The main disadvantage of vector control methods is the presence of non-linearity in the
mechanical part of the equation while changing the rotor flux linkage. Direct use of vector
methods to control an induction machine fed by a current inverter, or to control a double-fed
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machine, provides high complexity of the machine model, which is necessary to obtain precise
control systems.

The use of variables transformation to obtain non-linear model variables makes the
control strategy easy to perform, because only four state variables have been obtained with
relatively simple non-linearity form. This means it possible to use this method in the case of
flux vector changing and to obtain simple system structures. In such systems, it is possible
to change the rotor flux linkage with operating point without affecting the dynamics of the
system. The relations occurring between the new variables make it possible to obtain novel
control structures that guarantee a good response from the drive system. This is convenient
for the economical operation of drive systems in which this flux is reduced if the load is
decreased.

It is possible to decouple the drive system into two parts using field oriented control (FOC),
followed by an introduction to a new variable. However, this operation provides a more
complicated non-linear feedback form than those used in the non-linear control approach. In
addition, the use of new variable further complicates the control system.

6.2 Dynamic System Linearization using Non-Linear Feedback

The linearity of the control system using non-linear feedback requires the accessibility to all
state variables. It is assumed that all necessary variables are measured and directly calculated or
estimated using a model or observer system.

The linearization process of non-linear systems is widely discussed in [2,3,8,26,27]. To use
non-linear feedback, it is desirable to obtain a mathematical description of the non-linear
dynamic system as a system of differential equations. It is assumed that the dynamic system is
described by equations [2,3,8,19]:

f=tx) = > gou (6.1)
i=1

where

u=[u,up,...... uy)";x € R u € R™,m < n,f(.),g(.) are vector functions.

Methods of differential geometry [8] make it possible to convert the above-described system
by using a non-linear change of variables and non-linear feedback to the next form:

y =Ay+Bv (6.2)
where A and B are constant matrices, so that a pair (A, B) is controllable.
Linearization of the system using variables transformation and non-linear feedback may be
realized, as in [8] The first step of linearization is to choose new variables:
z = z(x) (6.3)

such that the differential equations take the form:

i] = A1Z (64)
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7, = Ayzy + fz(Z) + gz(Z)ll (65)

where Ay, A, are constant matrices; and f,(.); and g,(.) are non-linear vector functions; and
VARKS R<nﬂn)7 Z, € R™

In the next step of linearization, it is assumed that when using non-linear feedback, the non-
linearity in equation (6.4) will be compensated for. This leads to

B,v =1,(z) + g,(z)u (6.6)

where B, is the adopted constant matrix and v is the new control signal.
If there is an inverse function to g,(z), then the control signal used for linearization is
calculated from [2,3,8,27]

u = [g(2)] ' Bav — f2(2)] (6.7)

After the suggestion of the non-linear control described above, the dynamic system may be
obtained as

i] = A]Z (68)
iz = A2Z + B2V (69)

Linearization of a drive system with an induction motor using non-linear feedback requires,
in general, accesses to all state variables.

Figure 6.1 summarizes the idea of system linearization using non-linear feedback [26].
Combining non-linear feedback with the non-linear model, and then making variables
transformations, converts the highly non-linear dynamic system, such as an induction motor,
into a linear object. This will be shown step-by-step in this chapter.

After obtaining a linear structure of the dynamic system, it will be possible to use a simple
cascaded structure of PI controllers, as shown in the next section.

. 1 Driving Outpu; -new state
Cﬂntro:ns Enal” function -u Nonlinear State variables| vagiabl
—_ machine model | State variable y >
“fifth order transformation
model”
Nonlinear i . .
feedback Flnallyl linearized
machine model

Figure 6.1 Linearization of dynamic system using non-linear feedback: m — driving function of the
linearized system; y — state variable of the linearized system; u-driving function of the non-linear system;
X — state variable of the non-linear system
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6.3 Non-Linear Control of Separately Excited DC Motors

Because the separately excited DC motor has the best mechanical characteristics, and it is
and one of most widely used DC motors, we will limit our explanation of the control of this
motor to our introduction to the topic. Although the DC motor is not being used for
advanced drives at this time, presenting this type of motor is beneficial from an educational
point of view.

For realizing a linearization of the non-linearity in the mathematical model, a new variable is
introduced, proportional to the motor torque [20]:

m=i,-i (6.10)

After taking the derivative of the new variable and making some mathematical arrange-
ments, the following model is derived [18]:

dm 1 1 1
S —vl 6.11
dr (Tf+Ta>m+Tav (6.11)
dl'f if 1
— ==t —2 6.12
A A (6.12)
do, m m,
J =— — — 6.13
dt Tm Tm ( )

The new model allows us to use linear and cascaded controllers for motor control. The
output signals of the controllers are the new variables v1 and v2, which are described from the
model as

T Kour-i

VI:Kl'ua'l.fJ'_w_KS'if'wr (6.14)
Ty

V2:K2'1/lf (615)

The control scheme of the motor using the above procedure is shown on Figure 6.2. The
speed controller commands the variable m that is proportional to the motor torque. This
value is limited by the product of the actual value of the field current and the maximum
value of the armature current. The torque controller commands the variable v2, while the
controller of the field current commands the control signal v1. These two variables, along
with other signals, are used in the decoupling block to compute the command values of the
armature and field voltages.

6.3.1 MATLAB/Simulink Non-Linear Control Model

The separately excited DC motor control model shown in Figure 6.3 consists of two blocks; a
control system model and a separately excited DC motor model are shown in Figure 6.4. All the
models are in per unit unless otherwise specified. The Simulink software file of separately
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Figure 6.2 Separately excited DC motor control scheme

excited DC motor model is [DCmotor_non-linear]. The motor parameters are located in
[DCmotor_non-linear_init], which should be first initialized.

6.3.2 Non-Linear Control Systems

The motor model is linearized by a non-linear input transformation with new input variables
v; and v,. The transformation is

T, K -up-1,

vl =Ky + S g2, (6.16)
Ty

V2 = Kz-uf (617)

These equations are modeled in the transformation blocks shown in Figures 6.5 and 6.6.

Double Click to
Plot Data

o)
§G
ﬁ
[}
I'
_
Vlv

5

Wr_Dem
b :
A square—p.{'_L»‘- cope
L ramp—}w-— P OmegaR Command [pu] la [pu] | la_nonLinear

mixedi—pp. g
Speed Command

E—> If Command [pu] If [pu] » If_nonLinear

step|—P-= Step
square —p»
E ramp _»:.—L»_. » motor load [pu]  OmegaR [pu] »\Wr_nonLinear
mixed| g

Load Separately Excited DC Motor

Control [Nolinear]

Load <t

Figure 6.3 Separately excited DC motor control model



260 High Performance Control of AC Drives with MATLAB/Simulink Models

OmegaR Command -
OmegaR Command [pu]
If Command Ua » Ua la NGD)

If Command [pu] la [pu]

| OmegaR
— If
Uf . »

Uf If »(2)
If [pu]
la
Non-Linear Controller
mO0 Omega_R #@
motor load [pu] OmegaR [pu]
Separately Excited DC Motor
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Figure 6.4 Components of separately excited DC motor control model

6.3.3 Speed Controller

The speed controller is a PI controller, which calculated the demand for variable m, as shown in
Figure 6.7. The armature current demand is calculated by solving the following equations:

Meommand = Uine + Kp, (w"mmmand - wr) (618)
OmegaR '3 P b
CZ: >
"
Product
p| iTatsiuj=001 b ——»{1)
fhen u=0.01 Lia
Avoid zeso
TR
TrEY Productd
la . i Ta
D, >
V2 — Ta
Productd
K2 D
ur
1iK2

Figure 6.5 Transformation block
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The variable m controller is a PI, as shown in the Figure 6.8. The input v; is calculated by
solving the following equations:

Vi = Mt + sz (mcammand - m)

dmint
= Kiz (mwmmand - m)

dt

where |mn] < 3 and |v| <3

Figure 6.7 Speed controller

(6.20)

(6.21)



262 High Performance Control of AC Drives with MATLAB/Simulink Models

1
[y
i Integrator L~
Ki2 Limit: -3 to 3 >
v1
. Saturation
-3to 3
Kp2

Figure 6.8 Variable m controller

6.3.5 Field Current Controller

The field controller is also a PI type. The control variable v, is calculated by solving the
following equations (Figure 6.9):

v2 = Up, + K (lpna — 1) (6.22)
duy,
d];m = Ki3 (Ifcommaud - If) (623)

where, Uf‘ <land|n <1

6.3.6 Simulation Results

The simulation results for various steps in the speed demand with varying loads are shown in
Figure 6.10. The controller tracks the demand well.

6.4 Multiscalar model (MM) of Induction Motor

An induction motor is a higher-order, non-linear object, as shown in Chapter 2. An internal
coupling appears between mechanical and electromagnetic variables. Therefore, it is espe-
cially beneficial to use the idea of non-linear control for induction motor control.

6.4.1 Multiscalar Variables

The non-linear control idea using non-linear feedback was first time presented in [1]. It creates
a new model of the machine with fewer state variables, which may be linked with the rotor,

1
Ki3 s f Pl +
. Integrator L~
Ki3 Limit: -1 to 1 >
v2
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P Kp3 + 1o 1
Kp3

Figure 6.9 Variable v, controller
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Figure 6.10 Simulation results

stator, main flux, etc. If the variables are a function of the rotor flux, then a terminology of non-
linear rotor-oriented control systems is presented (i5, ¢,). Other options, such as (i, ¥s,), (i, ¥,,),
may also be used. In this book, we will focus on the first option because of its popularity and less
complicated decoupling system; however, for extra work, other options could be derived and
examined.

The new state variables for the (i,, ¢,) option may be interpreted as rotor angular speed,
scalar, and vector products of the stator current and rotor flux vectors, and the square of the rotor
linkage flux presented in an arbitrary reference frame (i.e. XY) as [1,2,26]

X111 = Wy (624)

.X12 = lllrxl..s‘y - ll’ryisx (625)
_ 2 2

X21 = d’rx + dlry (6.26)

X2 = lprxisx + lpryisy (627)

In these equations, ¥, Wy, Isx, Isy are the rotor flux and stator current vectors in the co-
ordinate system XY, rotating with arbitrary speed, and w, is the angular speed of the rotor shaft.
Subscript x denotes the real frame and y the imaginary frame; therefore, the variables could be
presented in a stationary a3 frame or any other rotating co-ordinate system.

The state variable x;; is the rotor speed; x;, is proportional to the motor torque; x,; is
the square of the rotor flux; and x;, is somehow proportional to the energy; the physical
meaning of this variable, however, is not related to our idea of control, so we have not
elaborated upon it here.
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6.4.2 Non-Linear Linearization of Induction Motor Fed by Voltage
Controlled VSI

A mathematical model of a dynamic system is presented as differential equations of the state
variables. In the conventional induction motor model from Chapter 2, the model was shown as a
derivative of five state variables. In the non-linear control approach, we have four state variables
that should be differentiated to gain the new model. Therefore, the first step of obtaining the
new mathematical model of the machine is differentiating the four state variables (equations),
which leads to [1,2,26]

dx dw,
Tz“ =— (6.28)
dx 12 disy . dlp,,‘C disx . dl,[fry
—_— = c 7. s = — T T by 2
dt Vs dt +ly dt Yy Y a (6.29)
dxo1 di,, di,,
dX22 disx . ddlrr disy . dlrllry
Y R N, 2 Y e A A 6.31
dt Y dt T dt + dt i dt ( )

The next step is to substitute derivatives for the currents and fluxes from the motor model
(equations) in the derivatives of new variables (in equations). After using such substitutions and
taking into account the relationships of the new state variables (equations), we obtain the next
model of the system [1,2,26]:

dxii  xpply  m,
= - 6.32
dr JL, J (6.32)
dxip 1 Ly, L,
et — — 6.33
dr T, X12 — X11 (xzz + Wy X1 | + Wy U ( )
dX21 Rr Lm
=-2— 2R, — 6.34
dr I, X1 + L X22 (6.34)
dx; X22 R,L,, R.Ly,x3, +x3, L
=T — 6.35
dr T, + Xnxn+ Low, X21 + L o + o U ( )
when 7, is motor electromagnetic time constant:
WweL,
T, = s 6.36
" T Rows + R+ R, (6:36)
wo = L,Ly — L2, (6.37)
Uy = lr[IrxuSy - dfryuxx (638)

Uy = lprxusx + lpryu‘\'y (639)
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The above model has significantly less non-linearities than the conventional model
presented in Chapter 2. Equations (6.9) and (6.11) are linear, though non-linearities still
existin equations (6.10) and (6.12). To linearize these two equations, a new signal (m) is used
in the feedback of the system according to the definitions in equations (6.10 and 6.12). The
two signals are defined to replace the non-linearities in the above equations, as can be seen
from [1,2,26]

L L,
m; = —X11 <X22 +mX21> + —u; (640)
W We
R.L, R,.L 2 2 L
my; = X11X12 + il X1 + m X1y + X _’_7ru2 (6.41)
Lwg L, X721 We

Therefore, the new mathematical model of induction motors is described as [1,2,26]
Mechanical subsystem:

dxii _ xpln  me

dr  JL, J (6.42)
% - 7Tivx12 —my (643)
Electromagnetic subsystem:
d;il _ _2% o1 4 2Rr% X (6.44)
d;f — -2 4m (6.45)

The above model is linear and fully decoupled, which makes it possible to use a linear
cascaded controller, as shown in Figure 6.11.

In the control system, the control signals m; and m, are generated by the PI controller of the
state variables x|, and x,| respectively. Having generated these two signals, the signals u; and
u, can be then computed as [1,62,26]

w L,
Uy = fa {Xn (Xzz + me21) + Wl1] (6.46)
T (o
Wo R,L,, R,Ly, x}, + x3,
_We _ Brtm X1y T X% 6.47
up I < X11X12 + Low, X21 L o1 + my ( )

The voltage components (uy, and uyg) to be sent for the PVM algorithm are defined
as [1,2,26]
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Figure 6.11 Cascaded structure for the multiscalar model control method [2]

gy = a2~ Yttt _f’ﬁul (6.48)
b,
(v[/r U — lrllrozul
up = —L—= T 7 (6.49)

where ¢, is the module of rotor flux linkage.
In the new space variables, the current is not directly controlled; nevertheless, it should be
limited for motor protection. The current magnitude may be computed as

2 2
X{, + X
22 If (6.50)
X21
Therefore, the output signals of the controllers should be limited to assure that the motor
current does not exceed the specific maximum current, I ,,... The torque, then, is limited
according to

2 2
X7y + X
<272 (6.51)
X21
xllig“t = lgn1axx21 - X%Z (652)

6.4.3 Design of System Control

When using an MM, the torque produced by an induction motor is proportional only to one state
variable (x;,), which is present in the mechanical part of the control system. The rotor flux
linkage is stabilized in the electromagnetic part of the system, and its command value may be
described by assuming such criterion as the minimization of energy losses in the system, or the
minimization of response time in the mechanical part of the system when commands are
limited [2].

The mechanical part consists of a first-order delay connected with an integral element in
series. Because of the necessity for torque limiting, it is convenient to use a cascaded control
structure for this subsystem. The disturbance in the mechanical sub-system is the load torque.
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The electromagnetic sub-system consists of two first-order delay elements connected in a
series. To limit the square of rotor flux in this situation, it is also convenient to use a cascade
control structure.

Therefore, in the control system when using MM, cascaded controllers of the PI type may be
applied with constant parameters that are tuned in accordance with the well-known control
theory of linear systems.

In Figure 6.12, the fully decoupled system control of induction, in the case of using voltage
controlled PWM, is shown [2].

6.4.4 Non-Linear Linearization of Induction Motor Fed by Current
Controlled VSI

Although we operate on a stationary reference frame of initial analysis and new model
derivation, we assume that our frame is the stator current in the x-axis (here x denotes the
rotating, not stationary, frame with stator current). In a co-ordinate system, rotating with the
stator current vector in the x-axis, the imaginary component equals zero (i;, =0). After
introducing the first-order delay with a time constant 7 in the stator current set value channel,
the differential equations of the induction motor are [2,25]

disy L,
d} = _? (_lsx + IY) (653)
d¥, R, Ly, .
=YW+ (0 — )V + R, =i, (6.54)

dt L, L,

Upc
# xlz* m u 3
X11 1 sa >
—»@—i» PI —»@—» PI P & »>
'Y ~ 'Y = >
12 =2 —»
2 3 PWM Inverter
X1 X2 m o) Usp
2 N s
—— P o PI o A N —
A
A A A A
X21 X22
A A A A
X1 X1 X21 X22 R
iy L
—4
ip
P D]
Computation Block

Figure 6.12 System control of an induction motor fed by voltage controlled VSI
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d¥ R
= = = (0= 0¥ (6.55)
dw, Ly . 1
W = L7 (_‘Pl‘ylsx) - jmo (6'56)

R,, and L, are rotor resistance and inductance, respectively; L,, is the mutual inductance; w, the
rotor angular speed; w; the angular speed of co-ordinate system; J the inertia; and m, the
load torque.

The multiscalar model of induction motor is further determined from the derivations of the
new MM state variables (equations), and while taking into account the above differential
equations of stator current and rotor flux vectors (equations) that are similar to previous
sections, we obtain the next model with less non-linearities than a conventional one [2,26]:

% _ J%m _ }m (6.57)
M _ ~ (6.58)
b _ —ZIZ—:xy + 2Rr%xzz (6.59)
e a2 (6.60)

where Ti = % + %; and T'is a used time constant in the channel of current set value; and v; and v,
are control signals:

1
Vi = — TI.YlPrx + loxPrxSi (661)

1
Vlz = ?Islpm + isx‘{lrysi (662)

In this new model, there is a simple non-linearity in only one differential equation. Using
non-linear feedback can compensate the non-linearity presented in equation (6.60). This non-
linear feedback has the expression [2,25]:

R)‘Ll‘i .
vy =V, — T 2 (6.63)
The quantity of the stator current amplitude is
‘Pr‘c - lPr
=12 Tol (6.64)

qu

r
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and the next relationship is

Yot _p (6.65)
X21 ;

The slip frequency is

W,
5= 22 el (6.66)
iV,

After introducing non-linear feedback, it is possible to obtain two linear fully-decoupled
sub-systems, mechanical and electromagnetic. Such properties do not depend on the feeding
system of the motor. The final MM has the form:

Mechanical subsystem [2,26]:

Bz _ 7%)@ - (6.68)

Electromagnetic subsystem:
% = —ZILi:le + ZRZer X2 (6.69)
% = —%Xzz +n (6.70)

The multiscalar variables are not connected with the co-ordinate system. Therefore, it is not
necessary to make the variables transform from the specified co-ordinate system to variables in
the other co-ordinate system, which is selected in accordance with dynamic description or
system control synthesis. This is essential for the practical realization of systems control,
because it gives significant simplification to the drive system.

The fully decoupled subsystems make it possible to use this method in the case of a changing
flux vector and to obtain simple systems structures. It is possible to use the cascade structure of
PI controllers in the decoupled control subsystems, making it possible to limit the reference
quantities of the variables x;, and x,,, such that the following relationship is fulfilled:

2 2
Yot X P
— “Ssmax

X2]

(6.71)

where [ ,,.. is the maximum allowed output current.

Also, itis possible, when using this method, to limit the inverter output voltage of the voltage
inverter, cycloconverter, and the voltage in the DC bus of current inverter. This can be done by
limiting the output quantities of controllers.
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The final control system of an induction motor is shown in Figure 6.13. The stator current
components are controlled using current controllers (e.g. hysteresis controllers). Instantaneous
quantities of stator currents and voltages are used in the calculation block to compute the motor
variables. To control the variables x;, and x,,, two PI controllers are used. The command value
for the x|, controller is the output signal of the speed controller. The angular speed x;; is
measured or calculated and used in the control feedback. The command value for the x;,
controller is the output signal of the controller for the square of the rotor flux.

In the control system, the stator voltages are determined from the DC link voltage, with
knowledge of the pulse width modulation algorithm or directly from commanded voltage in
case of using voltage modulator. This method simplifies the total drive system and decreases
the cost.

6.4.5 Stator Oriented Non-Linear Control System (based on ¥y, i)

The steady state and transient electromagnetic behaviors of an induction motor can be
described by the following equations in the stationary reference frame [25,26]:

dl.Y‘C LVRY + LVRV . Rr . Lr Lr
= n Y — oy T 0 — P+ — U (6.72)
dr Wer Wer We 2 Wy
disv L.R; + LsR, . R, . L, L,
= Iy + 71!’3‘}* + @iy — @r — P + — Uy (6.73)
dr Wer Wer We Wer
dy
SX .
e —Ryigy + Uy (6.74)
.. L
Upc
X * Y H}—‘
12 v I,
RLLE: PL ) PI —— J| B
'Y 'y 8 4 § —»
< = =
» £ g § L
o1 * g g S —»| Inverter
21 X2 Vs = § - P
X A ‘F; © > E >
s O L
FY Y
R Use )
X12
5\C22 ‘usﬁ* )
%21 | Computation Block |
B . i

Figure 6.13 System control of an induction motor fed by current controlled VSI
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dijry, .

o~ Ryt (6.75)
do, L . . 1
dTr = Jl,: (Qbrxlsy - l/jrylsx) - jmo (676)

where iy, s, Uy, denotes vectors of stator current, stator flux, and stator voltage,
respectively, and w, is the rotor speed. In addition, the mechanical behavior of an induction
motor can be described by the rotor speed equation:

do, 1 . . 1
dTr =5 (Wrlsy — Wgyisn) — Mo (6.77)
where the parameter w,, is defined by:
we = LL, — L2, (6.78)

and L,, L, L, are stator, rotor, and mutual inductances, respectively; R, R, are stator and rotor
resistances; my is the load torque; and J is the moment of inertia. All variables and parameters
are expressed in the p.u. system. A stationary x-y reference frame is recommended for
simplifications of measurements.

6.4.6 Rotor-Stator Fluxes-based Model

The multiscalar model may be modified by selecting other motor variables other than rotor flux
and stator current. Here, stator flux ¢, and rotor flux ¢, components could be selected to
represent the motor [25,26,29]:

djﬁx == %i (Lipgx — Linty) + @ahyy + thsy (6.79)
ey~ L) ot 50
dj;x - _%, (Lot = Lthe) + (00 = @)y (6.81)
dclzp;y - v% (Lsthry = Luthyy) + (00 = @)ty (6.82)

= b = )~ -

The MM state variables could be then selected as [25,26,29]

qi1 = wy (684)
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qi2 = lpsxlpry - lpsylprx (685)
q21 = ltl’lz\ - dlfy (686)
g2 = lpsxlprx + lpsylpry (687)

Then, the derivatives of the above state variables, while taking into account the motor model
from equations (6.79) to 6.83, yields [25,26,29]

% _ JLngqu - (6.88)

% = —%412 +qugn +wi (6.89)

% = —ZRVL? g + 2Rr%’2922 (6.90)
%:—% (Rr+Rs)%q2] —qnqi +w2 (6.91)

where T, represents machine electromagnetic time constant:
Wi = Uscll, — Usy,, (6.92)
Wa = Usxlpy + Usyiyy (6.93)
Though this model is simple, it requires an access to rotor and stator fluxes.

(Student work: design the control system and run it on MATLAB/Simulink) for this system.

6.4.7 Stator Oriented Multiscalar Model

The first set of variables for the description of the induction motor dynamics was defined in [2]:

X1 = oy (6.94)

X12 = l//sxisy - ‘/fsyisx (6-95)
Xo1 = P Py (6.96)
X22 = Yglsx + Py lsy (6.97)

The differential equations for these variables form the multiscalar model of induction
motor [25,26,29]:

dx;; 1 m,
iy, 0 6.98
dr Jx12 J (6.98)
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%: —]{vx12+x11(x22—vl‘}1x21> —I—L—':ul (6.99)
% = —2R,xp + 2w (6.100)
d;z_zz—Tlvxzz—xl1x1z+$:rxz1—Wﬁ-ZZruz—fxu/l (6.101)
where
Uy = sy — Usxtlyy (6.102)
Uy = gy, + g, (6.103)
= st + sy (6.104)
y Wolr (6.105)

" Rowg + RL2 + R,

m

The non-linear feedback decoupling of the form is

- L
U = Yo {ml — X11 <x22 - Wrle)] (6.106)

Ll‘ ag
- : +R (6.107)
Uy =5\ M2 =X 5X22 .

Then transform the system equations (6.98-101) to the linear systems of the following
forms [25,26,29]:
Mechanical subsystem:

dx;; 1 m,

=Xy — —2 6.108
dr 1T (6.108)
dx12 1
e T, X2 +my (6.109)
Electromechanical subsystem:
dX21 1
—_— = —— 6.110
ar T X21 + iy ( )

where m; and m, are new inputs in the linear system and T time constant. The control variables
uy and u,, appearing in the multiscalar model of induction motor, are transformed on stator
voltage components in the following way [25,26,29]:
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lrbsx(rbrx + lpry lpsy
u2¢ry - ull//sx (6 112)

Uy =
l/jsxlr[,rx + lvbry‘l/sy

A scheme of the system with non-linear control based on stator flux and current is presented
in Figure 6.14. This system, which consists of two linear subsystems, may be controlled by
means of cascaded controllers of mechanical subsystem, but only one controller of flux. The
new state variables do not depend on the system co-ordinate. This is essential for the practical
realization of control systems, because it significantly simplifies the drive system. Sign *
denotes variables estimated in the speed observer presented in [3,4].

6.4.8 Multiscalar Control of Induction Motor

The control of induction motor model is shown in Figure 6.14. For control purpose, the motor
model is decoupled by non-linear state and input transformations. The model consists of motor
model, various transformations, and the control system model. All the models are in per unit
unless otherwise specified.

The Simulink software file of multiscalar control of induction motor model is [MM_voltage_
control]. The motor parameters are located in [IM_param], which should be first initialized.

Induction motor field oriented control Multiscalar nonlinear control structure (MM) Double click
All parameters in per unit [p.u.] - also time !!! ° (g‘:)l o? g:?:a
real_time=pu_time / omega0 Motor 1.5KW 400V Clock
11 omegaR
frbeta
12
fralfa (4
2
isbeta —
22 isalfa 4
(mm|
E Multiscalar variables
'ScopeS calculation
Ll x11 Pli outputs
i x12 ul——pju1t fr
2 > x21
x:
L plx22 »|fralph
. fralfa bt me
1 mt » m1 u2) usbeta N
2 frbeta froetd
m:
12 Flux & Torque

Decoupling block Decoupling block

: x11 "r 11 part 1 part 2
[

11 ?2
x11 comman Load torque

calculations

Motor Model

Commanded x11 (speed)

1 command

Commanded
fx21 (flux*2)

Control System

Commanded
x21 var

Figure 6.14 Induction motor control
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6.4.9 Induction Motor Model

The induction motor (IM) model presented in per unit in a rotating frame with arbitrary speed
(w,) is given in Chapter 2, and modeled in Figure 6.15.
The motor current and flux magnitude are calculated as

| = /12, + 1% (6.113)
s = /W + Vs (6.114)

The motor torque is given by

Ln7 . .
Me = E (lpralSB — lprﬂl_\u) (6115)

6.4.10 State Transformations

The following non-linear state transformation is adopted to convert a system into a form where
non-linearity only appears in the control channel:

% a1"u[1]+a2*u[2]+aS*u[3]"u[4]+a4*u[5]H ! NGD)
EI (1) S isalfa
D »l
usalfa
o
:I » 1
:I ai*u[1]+a2*u[2]-a3*u[3]*u[4]+a4*u[5] —P - @
q S isbeta
@D, < ®
usbeta
»l
L
d» a5*u[1]-u[2]*u[3]+a6"u[4] Ly ! NED)
i fralfa
g | ®3)
»]
a:l—» asuliluruBHas 4 >
S frbeta
1 (4)
1 |
q 1
PR (Lm/(Lrdd))*(u[1]*u[2]-u[3] u[4)-(u[s}JI) B = »(35)
d omegaR
()
m0

Figure 6.15 Induction motor model
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X1 = o (6.116)

X12 = Yralsp — Yrglsa = Le (6.117)
X1 = Y+ =7 (6.118)
o2 = Yyl + Wiy (6.119)

The above transformation is modeled in Figure 6.16.
With the new inputs m; and m,, using following input transformation, the non-linear
induction motor can be completely decoupled [2]:

U2 — u
u, = P2~ Yrptts (6.120)
X2
U1+ gu
Y g 6.121)
X21
Wo Lin
u =—-= (xn <xzz +X21) + m1> (6.122)
L Wo
e R.L, RLn X153 (6.123)
U =— |\ —X11XxX - X - m .
5 I 11X12 Lw, 21 L, X21 :

These equations are modeled in Figures 6.17 and 6.18.

o .

omegaR (1) X

(5 ) P

isalfa ul4Tul3l-u[5]uf2]
> x12

D > ®

isbeta

D > ul4]*ul4]+u[5]*ul5]

fralfa (3) X2

(C2) a

frbeta ul2*ul4]+u[3]ul5]

x22

4)

Figure 6.16 Non-linear state transformation
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m1
O
m2
&5 Wr/Lr*(u[3]*(u[6]+Lm/Wr*u[5])+u[1]) 1D
ul
x11 ™
15 Wr/Lr* (-u[3]*u[4]-Rr*Lm/(Lr* W) *u[5]-Rr*Lm/Lr*(u[4]*u[4]+u[6] u[6])+u[2])
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X2t Saturation
O—
x22

Figure 6.17 Non-linear mapping between ml, m2, and ul, u2

6.4.11 Decoupled IM Model

The decoupled IM model between new multiscalar states and inputs m1 and m?2 can be given

as [2,25,26,29]

dx11 Lm 1
—— =—X;p — -
dr —JL," "I
dxio = ix +m
dr T, 12 !
dxoi R, R.Ly,
—=-2— 2
P I X21 + L X22
dXQz 1
ar f,xzz + my

Wo L,

where T, =
RwWy + RL2 + R.L2,

o
A 4

0
\ 4

(6.124)

(6.125)

(6.126)

(6.127)

P (uBTu[2]-ul4] u[1])/u[s]

M

g
h 4

>
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P (UEBJu[T+ul4T ul2])u(s]
(5 >
froeta (2
CoO—> >
x21
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Figure 6.18 Non-linear mapping between u;, u, and usalpha, usbeta
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6.4.11.1 Control System

As the system model is decoupled, the simple cascade control can be designed, which is also
easy to tune. The cascade control system model is shown in Figure 6.19. The outer loop control
works on system states x;; and x;, to provide demand for x;, and x,,. The inner loop controller
works on the x;, and x,, to achieve the required values.

6.4.11.2 Simulation Results

The simulation result for square pulse demand in speed is shown in Figures 6.20 and 6.21.

6.5 MM of Double Fed Induction Machine (DFIM)

The mathematical model of DFIM can be derived as differential equations of five state
variables. In addition to the rotor speed w,, stator flux s and rotor current i, vectors are selected
to represent the machine in [25,26]

dis R L
SX s m.
—_—= - 'd/sx + Ry— iy + wal,[fsy + Uy (6128)
dT Ls LS
dy R L
sy S df + R m .
R X ry a' S
d’T Ls sy Ls y SX Y
x12
x11 M
8) >
x12 30s+6.5
1 > >
x11 70s+7 :
P+ x12 Filter 2
S controller
+ x11 Filter 1 —
i commend el
x12_dem
x22
x21
-
x22 70s+7
@ > -
x21 S m2
70s+7 »l+ X22 Filter 4
o s controller
Ce >+ x21 Filter 3
et command conteler
x22_dem

Figure 6.19 Cascaded control system for induction motor
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dow, L, . . 1
T " IJ (Ygxiry — Wyyirx) — i (6.132)

For stationary reference, frame w, is zero. For the machine working as generator, the speed
w; is an input to the model.

The multiscalar variables for DFIM can be selected as stators flux and rotor current,
represented as [25,26]

X1 = r (6.133)

X12 = lpsxiry - lpsyirx (6134)
2 2

X21 = dlsx—’_ lllsy (6135)

X2 = wxxirx + %yl'ry (6136)

where ., Py, i, Iry are the stator flux and rotor current vectors in the co-ordinate system XY,
rotating with arbitrary speed and w, is the angular speed of the rotor shaft.

After deriving the new state variables, and substituting the current and flux derivatives using
the machine model, a new multiscalar model of this machine can be presented as [25,26]

dx 11 Lm m,

— = - 6.137
dr I (6.137)
dx 1 L, L L,

d;z = _Exn + X11X22 +W*;X11X21 +Wf;ur1 - ;;usfl + Ui (6.138)

dX21 RS Lm
—— =2 2R, — 2u 6.139
i L X1 + 2R, L X232 + 2ugn ( )

dxy X2 R,L,, RiL, x3, + x3, Ly L,
— e : : — Uy —— ; 6.140
dr T, XXz + Lovy X1 + L. o1 o Uy o Uy + sin )
where

U = urylpsx - ursty (6141)
Up = urxl!lsx + ul‘yll/sy (6 142)
uéfl - uSylllsx - uSXL/j.,y)v (6.143)
Uspy = gy + g, (6.144)
Usit = us‘xil'y - usyirx (6145)
Ugip = Ugylpy + usyiry (6146)

In the non-linear control method, as well as in the vector control method, the angle between
the stator and the rotor is needed either by measurement or estimation.
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After using non-linear feedback, the new linearized machine model is [25,26]

dxll Lm 1
— = — = 6.147
dr gL,y (6.147)
dX]z 1
=— (- 6.148
dr T, (=x12 +m) ( )
del Rs RsLm
— =2 2 2 6.149
dr L. X21 + L. X022 + 2ugm ( )
dX22 1
- (_ 6.150
dr T, (—Xx22 + M) ( )
Where T, is time constant and
Ut = Upylsy — Uniilryy (6.151)
Uy = Upyiisy + “r,v%y (6.152)
a Lm Lm 1
U = % (_xll <X22 + Wo_le) —+ W—guyfl — Ugjy +Tvml> (6153)
We RLy, RLy, 2 Ly, 1
b=—2( = _ ; Uy — Ugn +— 6.154
Uy L. ( L,ngxm L. I +x11x12+wau‘f2 U, 2+Tvm2 ( )

The rotor voltage components to be sent for the PVM algorithm are defined as:

S u + S‘xu

X21

W2 — Wty
g = V2~ Vuirl (6.156)
X21

6.6 Non-Linear Control of Permanent Magnet Synchronous
Machine

The mathematical model of Permanent Magnet Synchronous Machine (PMSM) in stationary
reference frame appears as [17]

di, R, 1 1
dio _ Ry, L L 6.157
dr Lt et (6.157)

dig R, 1 1
A P —u 6.158
I L. g+ L. eg + L. Usg ( )
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dy, 1 . . 1
dt = J (lrlfsalﬁ - dlfﬁla) - jm" (6.159)
and
Ui = Wrcosh (6.160)
d[fﬁ = d/f.sine (6161)
dlpfa .
Ca =" = —y0,8in0 = —w g (6.162)
d
eg = % = +rw,co50 = w4y, (6.163)
For ¢, = ¢, :
do, 1 . : 1
i = 7 (lrl’falﬂ — dlfﬁla) - jmg (6164)

The multiscalar motor variables are [17]
X12 = Igre — lalyp (6.165)

Taking the derivatives of those two state variables, and substituting the derivatives of motor
currents and fluxes, the next model is [17]

dxlz R . . . 1 : 1 1
a L, (ipthya — iatbyp) + ealp T, BVra el — - Callp o tgtye — 7 el
(6.167)
dxlz Rs ;. . . . 1 2 1 2
= 1 sV — ’T‘pfﬁ) — olyplp = Orlhpala + 0, = onlig
+ auﬁwfa — Eua¢fﬁ (6168)
dx12 Ry 1
e s _ - Vv 6.169
p Lsxlz X11X22 JrLanle + Vi ( )
dX22 Ry . . . . 1 !
=-= (laln[lfa + lﬁd’fﬁ) + w"(lpfalﬁ - lpfﬁla) - 7wrl’llf“"[/fﬁ +*wr¢’fa¢’f/3
dt L Ly Ls
1 1
el 7l (6.170)
dx Ry
2 _ ——Xxpn +x1xn+ V2 (6.171)

dt L
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This is equivalent to [17]

dle Rv 1
- _s — — V 6.172
7 Lsxlz X11X22 +LSX11X21 + Vi ( )
d R

72;2 = — —Lj X2 + X11X12 + VZ (6173)

1 1
Vio= 7 U = 7 talpp (6.174)

1 1
V] = L—Suﬂlpfﬁ —+ 7L5 ualﬂfa (6175)

The final decoupled model of the machine is [17]

dX]z 1
= (— .1
7 Ti< X12 +my) (6.176)
dX22 1
— = (- 6.177
0 Ti( X2 + 1) ( )
where
Vi =xnx —ix X —&-im (6.178)
1 = X11X22 L 11X21 7™M .
1
Vo= —xuxi +m (6.179)

T;
From this, the control signals are obtained as [17]

L Vahra — Vithsg

Uy = 6.180
o (6.180)
Vot + Vit
ug :LSM (6.181)
21

The block diagram of the control part is shown in Figure 6.22

6.6.1 Non-Linear Control of PMSM for a dg Motor Model

For a better description of the non-linear control, we again present the motor model [17]:

di, Ry L, . 1
Ba sy i+ — 6.182
dt Ldld+delq+Ldud ( )
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o X12" my u
PI Pl F—» —
r X12 (VRYA
X22 PI M2 » u_»
X22

Figure 6.22 Block diagram of the PMSM with non-linear decoupling

%: Ziqzw,.idng,wﬁ;uq (6.183)
i]—‘;’ = Ti [Wiq + (La — Ly)igiy — m,] (6.184)
% = w, (6.185)

The new driving functions are [17]
v = E—Zwriq + Lidud (6.186)
v = —ij,l’d - li[w,,(//f + quuq (6.187)

Then, the motor model is [17]

%:—gid—&-vl (6.188)
flf;:_f;iqm (6.189)
%‘;’ = Ti [Wiq + (La — Ly)igiy — m,] (6.190)
% = w, (6.191)

The command voltage components could be used from the decoupling block by using v; and
v, in the following way [17]:
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Uug = Lgvi — Lyw,i, (6.192)
g = Lgvy + @, (Laig + ) (6.193)

This will obtain a non-linear control scheme (decoupled) for the dg reference frame.

6.6.2 Non-Linear Vector Control of PMSM in a-3 Axis

The control of PMSM model in the a-f (x-y) axis is shown in Figure 6.23. It consists of the
PMSM model and the control system model. All the models are in per unit unless otherwise
specified.

The Simulink software file of PMSM control model is [PMSM_FOC_in_alpha_beta_non-
linear]. The motor parameters are located in [PMSM_param], which should be first initialized.

6.6.3 PMSM Model in a-3 (x-y) Axis

The PMSM model presented in per unit -3 reference frame is given in Chapter 2 and modeled
in Figure 6.24.

6.6.4 Transformations

The currents in the x-y axis are converted into the d-q frame of reference by using the following
transformation:

Iy = IgxC0S0 + igySiVl@ (6194)

Figure 6.23 Vector Control of PMSM
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Figure 6.24 PMSM model in -8 axis

Isg = —lsxSin + igcos6 (6.195)
These equations are modeled in Figure 6.25. The currents in the d-g axis are used for control
purposes. The controller provides control input in the d-q axis.
The control voltage in d-g axis is then converted into the x-y axis by using the following
transformation and then applying it to the machine in the x-y reference frame:
Ugy = UggCOSO — UsqSinb (6.196)

Iy = UsqSInG + Ugycos0 (6.197)

These above equations are modeled in Figure 6.26.

Figure 6.25 x-y to d-q transformation
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u[1]*cos(uf3]) - uf2]*sin{u{3])

calc use

uf1]*sin(ula]} + u[2] cos(u[3))

calc usy

Figure 6.26 d-q to x-y transformation

6.6.4.1 State and Input Transformations

The PMSM model is linearized by non-linear state and input transformations. The model is
linear between multiscale inputs m1;, m»and states X, X12, X2». The transformations are given
as the following:

6.6.4.2 State Transformation

The non-linear multiscale states are calculated as

X1 = @y (6.198)
X2 = ((La = Lg)isa + Fy)isg (6.199)
X2 = I (6.200)
6.6.4.3 Input Transformation
FF = (Lq = Ly)isa + Fy (6.201)

1 1 1 1 1 R,
U = |-L,| — — — |Ryiyiy, — FF* + i FF — — — % =
1 |: q(Ld Lq) Al‘dl‘l+x11<Lq + Iy >+x11<Ld Lq) qlsq +Lqm1

(6.202)
1 . R
U, = —L—dx“qusq —l—imZ (6203)
L,(Uy — (Lg — Lg)isqU.
usq — ‘1( 1 ( d q)l‘q 2) (6204)

FF
Uy = LaUy (6.205)
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6.6.5 Control System

PI control for the x,; channel provides the control input 72, and a cascaded PI control for the x;;
channel is shown in Figure 6.27. The x;1oop controller calculates the demand for the x1, loop,
which in turn provides the control input m1;.

The PI controller structure is shown in the Figure 6.28.

6.6.6 Simulation Results

The simulation results for speed tracking are shown in Figures 6.29 and 6.30.

22 d % l Iﬁ °
@ Pl x 22
e

x22

Scope

- » »-
! Iﬁ o x12 commard P\ _ ! Iﬁ ° m1
x11 command m1
Pl x11 Plx12
G

x11 ;:I_’E x12
e

Scope1

Scope2

Figure 6.27 Control system model

-sat to sat o

Figure 6.28 Generic PI controller
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6.7 Problems

6.1 Select the parameters of the PI controllers.

Realize the simulation by commanding different voltages and filed currents. Investigate
the motor response.

Figure 6.29 Simulation results — tracking

6.2 Program the two control schemes of separately excited DC motors, with linear and with

non-linear control approaches in one Simulink file. This will give you the possibility for
comparison.
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6.3 Program in Simulink the multiscalar current control scheme of induction motor (hint: use
the block from Figure 6.13 as an example)
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7

Five-Phase Induction Motor
Drive System

7.1 Preliminary Remarks

The term ‘multi-phase’ in this chapter refers to a phase number greater than three. Three-
phase electrical power is readily available as the power is generated, transmitted, and
distributed in three phases. This is the most optimal number of phases for generation and
transmission, as the trade off exists between the complexity and power handling capability of
the three-phase system. The variable speed electric drive is also developed for three-phase
AC machines. However, a power electronic converter, most commonly a voltage source or
current source inverter, is invariably used to supply such three-phase drives. The power
electronic converters do not pose any limit on their number of legs. The number of output
phases in an inverter is the same as their respective number of legs. Hence, adding an
additional leg to an inverter increases the number of output phases. This degree of freedom
lead to interest in developing variable speed electric drives with more than three phases. The
first proposal of a variable speed five-phase induction motor drive is believed to have been
made in 1969 [1]. The five-phase inverter used initially operated in the square wave mode;
however, later the pulse width modulation (PWM) mode of operation was used. Six-phase
drives have attracted much attention in the literature, after their advantages were revealed in
1983 [2]. The research on high phase order motor drives remained steady until the end of the
19th century. The multi-phase drive attracted much attention from researchers after the
advent of cheap and reliable power switching devices, as well as powerful digital signal
processors. Since this chapter is dedicated to the five-phase system, the discussion is focused
on five-phase drives only.

High Performance Control of AC Drives with MATLAB/Simulink Models, First Edition.
Haitham Abu-Rub, Atif Igbal, and Jaroslaw Guzinski.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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The PWM techniques of multi-phase inverters are developed as a part of the control of
advanced multi-phase drive systems. Sinusoidal PWM controls, applied to three-phase
inverters, are also extended to five-phase inverters [2]. A selective harmonic elimination
technique is employed, in addition to sinusoidal PWM. Later, space vector PWM (SVPWM)
techniques were developed and implemented in multi-phase voltage source inverters [3—14].
The initial approach was to use the simple extension of the SVPWM of the three-phase VSI for
the five-phase system. Then it was realized that more elaborate schemes were needed to
generate sinusoidal output and hence several schemes were developed and reported in the
literature. The research on the five-phase drive system is active with a large number of
publications on this subject [5-16].

This chapter describes the fundamental concept of a five-phase drive system. A typical five-
phase drive system consists of a five-phase power converter, a five-phase motor, and their
associated control, which is nowadays implemented in advanced digital signal processors
interfaced with the PC. First, the model of the five-phase inverter is elaborated on, followed by
the simple control in square wave mode known as a ten-step operation. The theoretical concept
is supported by their simulation and experimental validation. More advanced control tech-
niques, such as SVPWM, are next described. The mathematical model of the complete drive in
field oriented control (FOC) mode is also presented. The simulation model is given subse-
quently for each control algorithm. Readers are encouraged to simulate the given drive system
and implement their own algorithms. For further details on the five-phase drive systems and
other higher-order systems, a large literature is available. A comprehensive review of the
development in this area is encompassed in [17-21].

7.2 Advantages and Applications of Multi-Phase Drives

Multi-phase drives offer some distinct advantages over their three-phase drive counterparts.
The major advantages of using a multi-phase machine instead of a three-phase machine are
described in [17-42]:

 higher torque density [22-26];

« reduced torque pulsations [1,27];

 greater fault tolerance [27-38];

 reduction in the required rating per inverter leg (and therefore simpler and more reliable
power conditioning equipment) [39,40]; and

e better noise characteristics, higher phase, number yield smoother torque due to the
simultaneous increase of the frequency of the torque pulsation, and reduction of the torque
ripple magnitude [41,42].

Multi-phase drives are still unsuitable for general purpose drives application and thus their
application areas are restricted to some critical domains such as ship propulsion, more-
electric aircraft, hybrid electric vehicles, electric traction, and battery-powered electric
vehicles [43—48]. The reasons behind this are primarily two-fold. In high power applications
(i.e. ship propulsion), the use of multi-phase drives enables reduction of the required power
rating per inverter leg (phase). This is a major advantage over the converter end side, as lower
switch ratings can handle reduced per-phase power. In high power applications, series and/or
parallel combinations of power electronics switches are required to process large amounts of
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power. The series/parallel combination of switches poses the problem of static and dynamic
voltage and current sharing. Thus reduced per-phase power is very attractive in this
application. In safety-critical applications (i.e. more-electric aircraft), the use of multi-phase
drives enables greater fault tolerance, which is of paramount importance. It has been shown
that the loss of one or two phases has little impact on drive behavior. Finally, in electric
vehicles and hybrid electric vehicle applications, use of multi-phase drives for propulsion
enables reduction of the required semiconductor switch current rating; although these
drives are not characterized by high power, low voltage availability in vehicles makes the
current high.

7.3 Modeling and Simulation of a Five-Phase Induction Motor Drive

A five-phase drive system consists of a five-phase AC machine, a five-phase power converter,
and a controller based on microcontroller/digital signal processors/field programmable gate
arrays that are controlled using a PC. The following section describes the modeling procedure
of these components. At first the model of a five-phase induction motor is presented, followed
by the model development of a five-phase voltage source inverter. The simulation using
MATLAB/Simulink of motor and inverter is also discussed.

7.3.1 Five-Phase Induction Motor Model

The model of a five-phase induction motor described, is developed initially in phase variable
form. In order to simplify the model by removing the time variation of inductance terms, a
transformation is applied and a so-called d-g-x-y-0 model of the machine is constructed. It is
assumed that the spatial distribution of all the magneto-motive forces (fields) in the machine is
sinusoidal, since only torque production due to the 1st harmonic of the field is considered.
However, in a five-phase machine with concentrated type of winding, the 3rd harmonic
component of the current is also used together with the fundamental to enhance the torque
production [5]. This special feature of a five-phase machine is not considered in this book. All
the other standard assumptions of the general theory of electrical machines apply (Chapter 4).
A more detailed discussion of the modeling procedure is available in [49].

7.3.1.1 Phase Variable Model

A five-phase induction machine is constructed using ten phase belts, each of 36 degrees,
along the circumference of the stator. The spatial displacement between phases is therefore
72 degrees. The rotor winding is treated as an equivalent five-phase winding, with the same
properties as the stator winding. It is assumed that the rotor winding has already been referred to
as stator winding, using the winding transformation ratio. A five-phase induction machine can
then be described with the following voltage equilibrium and flux linkage equations in matrix
form (underlined symbols):

djx
o— Rsiz . + Labcde
~abcde 2sfabed dt (71)

S . EXY .y
gab(jdg - leabcde + Lsrlabcde
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’ o -
Yabede = Brlab(fde +

’ o - .
lrl, bede Lrlabcde + Lrslabcde

Labcde

(7.2)

The following definition of phase voltages, currents, and flux linkages applies to equa-
tions (7.1) and (7.2):

The matrices of stator and

I~

It~

[ Laas
Laps
L(l(,“\'
Lads
L L(l&\'

Lear
Lepr
Lacr
Laayr
L Leer

EA;;bcde = [Vm
Lobede = [ as
V. de = [Was
Vabede = [Var
Lopede = [ ar
et = [War

rotor inductances are given with (o = 27/5):

Laps
Lips
Lb cs

Lpgs
Lbes

[ L+ M
M cos a
M cos 2a
M cos 2a

L M cosa

Lepr
Lppr
Liper
Lpay
Lper

[ Ly +M
M cos
M cos 2«
M cos 2a

| Mcosa

Lacs  Lads
Lpes  Lpas
Lees Leds
Leas  Lads
Lees  Lees
M cos a

Vbs
ibs

Vor
ibr

Ves Vds
ics ids

djbs djc.\‘ djds dje.\‘ ] !

Ver  Vdr
icr idr

l//br lpcr l//dr lper]T

Lies
Lpes
L ces
Lies
L ees

M cos 2«

Lix+M Mcosa

M cos «
M cos 2a
M cos2a M cos2a

Laer  Laar
LbL’r Lbdr
Leer  Lear
Ledr  Ladr
Leer  Lier
M cos a

Lls +M

M cos «

Leer
Lper
Leer
Ler
Leer

M cos 2«

Ly,+M Mcosa

M cos «
M cos 2«
Mcos2a M cos2a

L, +M
M cos «

(7.3)

(7.4)

(7.5)
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Mutual inductances between stator and rotor windings are given with
cos 6 cos(0+a) cos(0+2a) cos(0—2a) cos(6— a)
cos(f — ) cos 6 cos(6 +a) cos(6+2a) cos(f—2a)
L,=M]|cos(0 —2a) cos(f—a) cos 0 cos(f+a) cos(6 + 2a) (7.6)
cos(6 + 2a) cos(0 —2a) cos(0 — a) cos 6 cos(0 + a) ‘
cos(0 +a) cos(0+2a) cos(d—2a) cos(6— a) cos 6

L. =L"

=rs T =sr

The angle 6 denotes the instantaneous position of the magnetic axis of the rotor phase ‘a’
with respect to the stationary stator phase ‘a’ magnetic axis (i.e. the instantaneous position of
the rotor with respect to stator). Stator and rotor resistance matrices are 5 x 5 diagonal matrices:

Bs = diag(RX R; R, R RS)

R, = diag(R, R. R, R, R,) (77
Motor torque can be expressed in terms of phase variables as
P T dLadee c p -sT T dLabcde Zf{b(jdg
e El do L= ) [labcde Labcde] W iZbcde (783)
.5 dLvr .7
T, = Plzgcde Télabcde (78b)

Substitution of stator and rotor currents from equations (7.2) to (7.3) and equation (7.6) into
equation (7.8b) yields the torque equation in developed form:

(iasiar + ibxibr + i(:si(:)‘ + idsizlr + iesier)Sin 0+ (iesi(zr + iasibr + ibxicr + i(‘sizlr + l.zisier)Sin(e + 0()+
Te = —-PM (idxim‘ + imibr + iasi('r + ib.vidr + ic.vie»‘)Sin(e + 20‘) + (ic.viar + idsihr + iesiz‘r + ia,s idr + i/iner)
Sin(e - 2&) + (ib.\'ittl' + lesipr + ldsler + lesiar + l.a.\'l'er)Sin(a - CM)

(7.9)

7.3.1.2 Model Transformation

In order to simplify the model, it is necessary to apply a co-ordinate transformation, which will
remove the time varying inductances. The co-ordinate transformation is used in the power
invariant form. The following transformation matrix is therefore applied to the stator five-phase
winding:

[ cosf; cos(fy —a) cos(By —2a) cos(fy+2a)  cos(fs +a) |
—sinf; —sin(f; — a) —sin(6; — 2a) —sin(0; +2a) —sin(b; + @)
2 1 cos(2a) cos(4a) cos(4a) cos(2a)
==V5| o sin(2a) sin(4a) —sin(4a) —sin(2a)
1 1 1 1 1
V2 V2 V2 V2 V2

(7.10)



298 High Performance Control of AC Drives with MATLAB/Simulink Models

Transformation of the rotor variables is performed using the same transformation expres-
sion, except that 6 is replaced by 3, where B =6, — 0. Here, 0, is the instantaneous angular
position of the d-axis of the common reference frame with respect to the phase ‘a’ magnetic axis
of the stator, while B is the instantaneous angular position of the d-axis of the common
reference frame with respect to the phase ‘a’ magnetic axis of the rotor. Hence the transfor-
mation matrix for rotor is

[cosB  cos(B—a) cos(B—2a) cos(B+2a) cos(B+a)
—sin3  —sin(B —«a) —sin(B —2a) —sin(B+2a) —sin(B+ «a)
h 1 cos(2a) cos(4a) cos(4a) cos(2a)
4=V51 o sin(2a) sin(4a) —sin(4a) —sin(2a)
1 1 1 1 1
V2 V2 2 V2 V2

(7.11)

The angles of transformation for stator quantities and for rotor quantities are related to the
arbitrary speed of the selected common reference frame through

0y = fwadt
B =0,—0=](0,—w)dt (7.12)

where w is the instantaneous electrical angular speed of rotation of the rotor.

7.3.1.3 Machine Model in an Arbitrary Common Reference Frame

Correlation between original phase variables and new variables in the transformed domain is
governed by the following transformation expressions:

S

s K
Kd‘] - A.?Xubcde abcde

s ws s
qu - Aslab(?de gdq - As& (713)

roo_ r
qu - Aryabcde

i;lq = Arigbcde %;q = A’—;bcde

Substituting equations (7.1) and (7.2) into equation (7.13) and the application of
equations (7.10) and (7.11) yield the machine’s voltage equations in the common reference
frame where p = d/dt:

Vas = Ryldas — @ailiys + P
Vgs = Rslgs + @ath gy + Py
Vs = Rylxs + pifry
Vys = Rylys + pipy
vos = Rylos + Py,

Vir = Ryigr — (wq — w)% +pibg,

Vgr = Rylgr + (w4
Var = Ryiyy + pi,.,
Vyr = Rylyr + pip,,
vor = Rylor + pipo,

- (1)) ¢/dr + plllqr

(7.14)
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Transformation of flux linkage equations (7.1) and (7.2) results in

Was = (Lis + 2.5M)igg + 2.5Mige g, = (Liy + 2.5M )ige + 2.5Miyq
oo = (Lis + 2.5M)igs +2.5Mige W, = (Lyp + 2.5M)iyy + 2.5Mis

lpxs = Lisixs wxr = Lyiy (7 15)
lpys = Llsiys l/ly,. = L]rl'yr
Yos = Lusios Yo, = Lirioy

Introduction of the magnetizing inductance L,, = 2.5M enables equation (7.15) to be written in
the following form:

dfds = (Lls + Lm)ids + Lyigy lpdr = (Llr + Lm)idr + Lyigg
d]qs = (Lls + Liil)iqs + Lm iqr l!fqr = (Llr + Lm)iqr + Lm iqs

d/xs = Ll‘\'l’xs l,lfxr = Llrixr (716)
d’ys = Ll‘viys lpyr = Ll"i,V"
oy = Ligiog l7001' = Loy

Finally, transformation of the original torque equation (7.8b) yields

T 5PMI:. . . . ]
[ Larlgs — ldslgr
2 oo (7.17)

T, = PLy [idriq.r - idsiqr}

The mechanical equation of rotor motion is invariant under the transformation and is
T,— T, =—— (7.18)

Where J is the inertia and P is the number of poles in machine. The difference between a
three-phase machine model and a five-phase machine model lies in the extra x-y set of
components that exist only in a five-phase machine. However, this extra set are non-flux and
non-torque producing components. They simply add to the extra losses in the machine. The
steady state equivalent circuit of a five-phase induction machine can be obtained by replacing
d/dt term by jw,, where w, is the fundamental operating frequency of the machine, as shown
in Figure 7.1.

In a five-phase machine, the x-y components are decoupled from d-g components; also
there is no coupling of x-y with the rotor circuit. This is true for an n-phase AC machine with
sinusoidal distributed MMF and hence only one pair of components, i.e. d-g produces torque
and the remaining component simply causes losses in the machine. Different harmonics of
the stator voltage/current map into either the d-g or x-y planes of the stationary reference
frame, depending on the harmonic order, as shown in Table 7.1. This is a general property
of multi-phase systems, which lead to distinctions with respect to control of a multi-phase
machine.
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Figure 7.1 Steady-state equivalent circuit of a five-phase induction machine

Thus the fundamental, 9th, 11th ... are produced due to d-g components, while 3rd, 7th,
13th ... are generated due to x-y components and a multiple of the 5th harmonic is produced
due to zero-sequence components.

7.3.1.4 MATLAB/Simulink Model of Main Fed Five-Phase Induction Motor Drive

The MATLAB/Simulink model of a five-phase induction machine fed by a pure five-phase
sine wave is illustrated in Figure 7.2. The five-phase sine wave is generated using a ‘sine
wave’ from the source library of Simulink. All the five phases are generated from one block,
by providing the appropriate phase shift of 72 degrees [0 2?7’ 4{ —4?7’ —2{} . The model can
be used either in the phase variable form of equations (7.1-7.9) or in the transformed domain
of equations (7.14-7.18); here the latter approach is given. The input source voltages are
transformed to d-g-x-y and given to the machine model. The outputs of the machine
models are taken as currents, speed, torque, and rotor flux. The sub-blocks are presented
in Figures 7.2b and 7.2c.

A five-phase sinusoidal supply is given to the five-phase induction motor under no-load and
loaded conditions. The resulting waveforms are presented in Figures 7.3-7.11.

7.3.1.5 No-Load Condition

The response of a five-phase motor under no-load conditions is presented in Figures 7.3-7.7.
Rated voltage of value 220*sqrt (2) and frequency of 50Hz is applied to the stator of a

Table 7.1 Harmonic mapping for five-phase machine

Component Five-phase system
d-q 10j£1(G=0,1,2,...)
X-y 10j£3(G=0,1,2,...)

Zero sequence 10 +5(G=0,1,2,...)
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five-phase motor and is allowed to accelerate to its rated speed of 1500 rpm. The supply voltage
for two cycles is shown in Figure 7.3. The response of the motor is similar to that obtained with a
three-phase induction motor.

7.3.1.6 Rated Load Condition

To observe the behavior of the machine under loaded conditions, a rated load of 8.33 Nm is
applied to the motor shaft at a time instant of 1 sec. The load is applied once the motor reaches a
steady-state condition after excitation and acceleration transients. The resulting waveforms are
shown in Figures 7.8-7.11. It is evident from Figure 7.8 that the motor follows the load torque
well. The speed response presented in Figure 7.9 clearly shows a drop in the speed of the motor,
as the motor settles to a new speed of nearly 1428 rpm. Since no corrective action is
incorporated into the drive, the motor continues to rotate at the reduced speed. Normally a

Figure 7.2 (a) Simulink block of five-phase motor fed using ideal five-phase supply (File Name
Ideal_5_Motor.mdl); (b) Sub-blocks of transformation from five-phase to four orthogonal phases; and
(c) Five-phase induction motor simulation model
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Figure 7.2 (Continued)
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Figure 7.3 Input five-phase voltage to the stator of machine
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Figure 7.4 Torque response of a five-phase motor under no-load

PI controller is used for closed-loop operation to correct the speed error, but this is not taken up
here. The rotor flux for the complete duration of simulation is presented in Figure 7.11. It shows
adrop in the flux due to application of load. Thus, conclusively, it can be said that a five-phase
motor shows similar behavior as that of a three-phase induction motor.
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Figure 7.5 Speed response of five-phase motor under no-load
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Figure 7.6 Stator phase ‘a’ current of five-phase motor under no-load

7.3.2  Five-Phase Two-Level Voltage Source Inverter Model

This section describes the modeling procedure of a five-phase voltage source inverter. A five-
phase inverter has a similar front-side converter structure to that of a three-phase voltage source
inverter. The fixed voltage and fixed frequency grid supply voltage is converted to DC by using
either controlled (thyristor based or power transistor based) or uncontrolled rectifier (diode
based). The output of the rectifier (AC-DC converter) is filtered to remove the ripple in the
output voltage signal. The rectified and filtered DC voltage is fed to the inverter (DC-AC) block.
The inverter block outputs five-phase variable voltage and variable frequency supply to feed
motor drives or other applications as desired. The five-phase inverter has two additional legs

30,
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Figure 7.7 Torque versus speed response of five-phase motor under no-load
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Figure 7.8 Torque response of a five-phase motor under rated load condition

when compared to a three-phase inverter. The block diagram of this arrangement is shown in
Figure 7.12, where the inverter is feeding a five-phase induction motor. The rectifier, filter, and
five-phase inverter constitute the complete three-phase fixed voltage and fixed frequency to
five-phase variable voltage and variable frequency supply system. The DC link side or the front
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Figure 7.9 Speed response of five-phase motor under rated load condition
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Figure 7.10 Stator phase ‘a’ current in a five-phase motor under rated load condition

side will be omitted from further discussion. The five-phase inverter block will be discussed in
detail in the subsequent section.

The power circuit topology of a five-phase voltage source inverter is shown in Figure 7.2; this
was first proposed by [1]. Each switch in the circuit consists of two power semiconductor
devices connected in anti-parallel. One of these is a fully controllable semiconductor, such as a

1.5
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Figure 7.11 Rotor flux in a five-phase motor
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Figure 7.12 Block diagram of five-phase induction motor drive

bipolar transistor, MOSFET, or IGBT, while the second is a diode. The input of the inverter is a
DC voltage, which is regarded as constant. The inverter outputs are denoted in Figure 7.13 with
lower-case letters (a, b, c, d, e), while the points of connection of the outputs to the inverter legs
have symbols in capital letters (A, B, C, D, E). The voltage of this point of connection is called
the ‘Pole voltage’ or ‘Leg voltage.” The voltage between the terminal of the output of the
inverter and the neutral of the load is called the ‘Phase voltage’. The voltage between the neutral
of the load and the neutral of the DC link is called ‘Common mode voltage’. The voltage
across the two output terminals of the load is called the ‘Line voltages’. However, in a five-
phase system, there exists two different line voltages, called non-adjacent and adjacent line
voltages, contrary to a three-phase system where only one line voltage is defined. This is further
discussed in the next section.

The basic operating principles of the five-phase VSI are developed as follows, assuming
ideal commutation and zero forward voltage drop. The upper and lower power switches of the
same leg are complimentary in operation, i.e. if the upper switch is ‘ON,’ the lower must be
‘OFF,” and vice-versa. This is done to avoid shorting the DC supply. Complimentary operation
of the switches is obtained by providing a 180-degree phase shifted gate drive signal to the two
upper and lower switches. However, it is important to provide a time delay between turning
‘ON’ and turning ‘OFF’ of the two complimentary switches. This time delay is called ‘Dead
time,” as both the power switches remain ‘OFF’ simultaneously for a small duration of time.
Thus the ‘ON’ time of each power switch is smaller compared to their corresponding ‘OFF’
time, which is illustrated in Figure 7.14. The upper trace shows the gate drive signal for upper

Figure 7.13 Power circuit topology of a five-phase voltage source inverter
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Figure 7.14 Illustration for dead time

switch S; and the lower trace shows the gate drive signal for lower switch S’. When switch S,
goes ‘OFF,” the Switch S'; turns off after a delay of 7, (dead time). The Power module from
Semikron and other manufacturers have built-in hardware for providing this dead time. In
software realization, there are also options in Digital Signal Processors to incorporate and
change the dead time. In practice, the delay time can be set between 5 and 50 psec.

To simulate the dead time for inverter leg switching in MATLAB/Simulink, the block of
Figure 7.15 can be used. The input to the block is the gate driving signal, where one signal is
passed directly and the second signal is processed through ‘Discrete Edge Detector’ (from
‘Discrete Control blocks’ of ‘Extra Library’ of ‘SimPowerSystem’ block-sets), then multiplied
by — 1 (to make a complimentary signal) using a ‘Gain’ block. The outputs of the block of
Figure 7.15 are two complimentary gate drive signals with the desired dead time. The ‘Discrete
Edge Detector’ block is used to provide the desired dead time. This block is used when the
inverter is modeled using ‘SimPowerSystems block-sets,” using actual components.

The inclusion of dead time in the simulation model affects the output waveform and will
be illustrated using a simulation example in the next section.

The relationship between pole voltage and switching signals is given as

Vi =S8Vs; keAB,C,DE (7.19)

Figure 7.15 Simulink model to create dead time
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where S; = 1 when the upper power switch is ‘ON’ and S = 0 when the lower switch is ‘ON.’
If the load is assumed to be a star connected five-phase, then the relation between the phase-to-
neutral load voltage and the pole voltages can be written as

(7.20)

where v,y is the voltage difference between the star point n of the load and the negative rail of
the DC bus N, called the ‘Common mode voltage.” This common mode voltage or neutral
voltage is responsible of leakage bearing currents and their subsequent failure [50-53]. The
PWM techniques should take into account the minimization or elimination of common
mode voltage.

By adding each term of the equation (7.20), and putting the sum of phase-to-neutral voltage
zero (assuming a balanced five-phase voltage whose instantaneous sum is always zero),
we obtain

vun (1) = (1/5)(Va(2) + Vp(2) + Ve(2) + V(1) + V(1)) (7.21)

Substituting equation (7.21) back into equation (7.20), the following expressions for the
phase-to-neutral voltage are obtained

va(t) = (4/5)Va(t) = (1/5)(Vs(1) + V(1) + V(1) + Ve(1))
vp(2) = (4/5)Vi(1) = (1/5)(Va(t) + V(1) + V(1) + Ve(1))
ve(t) = (4/5)Ve(t) — (1/5)(Va(1) + Va(t) + V(1) + Ve(1)) (7.22)
va (1) = (4/5) V(1) = (1/5)(Vs(1) + V(1) + Va(t) + V(1))
ve(t) = (4/5)Ve(t) = (1/5)(V(1) + V(1) + V(1) + Va(1))

Equation (7.22) can also be written using the switching function definition of equation (7.19):

1%
va(1) = ( 5"0)[4&, — Sp—Sc — Sp — Sg]

[4S5 — Su — Sc — Sp — Sk

[4Sp — Sp — Sc — Sx — S

)
> [4Sc — S5 — Ss — Sp — Sl (7.23)
)
>[4SESBSCSDSA]
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7.3.2.1 Ten-Step Mode of Operation

This mode of operation is an extension of the six-step operation of a three-phase voltage source
inverter. The output phase voltage assumes ten different values, so is called the ‘Ten-step
mode.” The switching frequency of the power switches in this mode is equal to the fundamental
output voltage frequency. Each power switch operates for half of the fundamental cycle and so
is called the 180-degree conduction mode. Thus each power switch turns ‘ON’ and turns ‘OFF’
only once in the whole fundamental cycle. The output in maximum in this mode and switching
losses are minimal. However, the output in mode contains a considerable amount of low-order
harmonics, which decreases the performance of the load. The upper power switch is ‘ON’ when
the load current is positive (current flowing from inverter to the load) and the pole voltage is
positive, and the anti-parallel diode across the upper switch is turned ‘ON’ when the load
current is negative while the pole voltage is also positive. The lower power switch is turned
‘ON’ when the load current is positive and the pole voltage is zero or negative (depending upon
the choice of DC link, i.e. + V4. and 0 or + 0.5V, and — 0.5V.) and the lower anti-parallel
diode is turned on for a negative load current. This is illustrated in Figure 7.16. The possible
pole voltages during the step operation of the five-phase VSI and the corresponding switches
that are ‘ON’ are listed in Table 7.2.

The switching signal for the ten-step mode of operation is given in Figure 7.17. The delay in
switching between the two consecutive phases are 360°/5 =72° or 7r/5. The complementary
gate drive signals are also shown. The ‘dead time’ is not considered here.

To determine the phase-to-neutral voltages for a ten-step mode, the leg voltages from
Table 7.2 is substituted into equation (7.3), and the corresponding values are listed in Table 7.3
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Figure 7.16 Switching state for leg A in a five-phase VSI: (aand c) iy > 0; (band d) iy <O
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Table 7.2 Pole voltages of the five-phase VSI during step mode of operation

Switching Pole Pole Pole Pole Pole
mode Switches ON voltage V4  voltage Vp  voltage Vo  voltage Vp  voltage Vg
1 S1, S2, 83, §'4, S5 Ve Ve 0 0 Ve
2 S1, Ss, 8’3, 84, S's Ve Ve 0 0 0

3 S1, S2, S3, 84, Ss Ve Ve Ve 0 0

4 S'1. 82,83, 84, S5 0 Ve Ve 0 0

5 S'1, S2, 83, 84, S's 0 Vac Ve Vac 0

6 S'1, S5, S3, S4, S's 0 0 Vie Vie 0

7 S'1, 82, 83, 84, Ss 0 0 Ve Ve Ve
8 S'1, S5, 8’3, S4, Ss 0 0 0 Ve Ve
9 S1, 85, 83, 84, Ss Ve 0 0 Ve Ve
10 S1, S5, 83, 54, S5 Ve 0 0 0 Ve

for a star connected load. The corresponding waveform is given in Figure 7.18. Itis evident that
the phase-to-neutral voltage takes on four different values/levels and ten steps in one
fundamental cycle.

Line-to-line voltages are now discussed for a star-connected load. In a five-phase system,
there exist two different systems of line voltages, termed ‘Adjacent line-to-line voltage’ and
‘Non-adjacent line-to-line voltage,” as illustrated in Figure 7.19. The phase voltages are
represented as (vy, vp, Ve, V4, Ve), the adjacent line voltages are denoted as (Vap, Vo, Ved, Vdes Vea)s
and the non-adjacent line voltages are given as (Vac, Vba, Vee, Vda, Ve )- The relationship between
the adjacent, non-adjacent, and phase voltages are elaborated upon by using a numerical
example.

0 £ 2 3 A& . 6z Ix 8z 91 ,
5 5 5 5 35 7

Figure 7.17 Gate drive signal for a ten-step mode of operation
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Table 7.3 Phase-to-neutral voltages of a star connected load supplied from a five-phase VSI

Mode Switches ON Vg Vp Ve Vg Ve
1 S1, S5, 83, 84, Ss 2/5 Vg 2/5 Vye —3/5 Vg —3/5 Vg 2/5 Vye
2 S1, S,, S5, 84, S's 3/5 Ve 3/5 Ve —2/5 Vg, —2/5 Ve —2/5 Vg
3 S1, Ss, S5, 84, Ss 2/5 Ve 2/5 Ve 2/5 Ve —3/5 Ve —3/5 Vg
4 S, Sa, S5, S4, S's —2/5 V4 3/5 Ve 3/5 Ve —2/5 Vpe —2/5 Vg
5 S, Sa, S3, S4, S —3/5 Vg 2/5 Ve 2/5 Ve 2/5 Ve —3/5 Vg
6 S, S5, S5, 84, S's —2/5 Vg —2/5 Ve 3/5 Vye 3/5 Vye —2/5 Ve
7 S, S5, S3, S4, Ss —3/5 Vg —3/5 Vg 2/5 Vye 2/5 Vye 2/5 Vye
8 S, S5, S5, S4, Ss —2/5 V4 —2/5 V4 —2/5 Vg, 3/5 Ve 3/5 Ve
9 Si, S5, S'3, S4, Ss 2/5 Ve —3/5 Vg —3/5 Vg 2/5 Ve 2/5 Ve
10 Si1, S5, '3, 84, Ss 3/5 Ve —2/5 Vg —2/5 Vg, —2/5 Vg 3/5 Ve
A I_I 4_3/5VDC 2/5VDC LI_
Vg wt
0 /5 2n/5 3n/5 4mn/5 b 6n/5  Tn/5 8n/5 9m/5 2n >
Vb
Ve
Vd >
Ve >

Figure 7.18 Phase-to-neutral voltage of a five-phase VSI in ten-step mode
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a__gbh__pc__pd__o
Vab Vbe Ved Vde

Figure 7.19 Phase and line voltages in a five-phase system

The adjacent line voltages are calculated from the values of the phase voltages from
Table 7.3, and the resulting values are listed in Table 7.4 for the ten-step mode of operation.

Similarly, non-adjacent line voltages are obtained and listed in Table 7.5.

The pictorial representation of the adjacent and non-adjacent line voltages are given in

Figures 7.20 and 7.21, respectively.

7.3.2.2 Fourier Analysis of the Five-Phase Inverter Output Voltages

In order to relate the input DC link voltage of the inverter with the output phase-to-neutral and
line-to-line voltages, Fourier analysis of the voltage waveforms is undertaken. Out of the two
sets of the line-to-line voltages, discussed in the preceding sub-section, only non-adjacent line-
to-line voltages are analyzed, since they have higher fundamental harmonic values than the

adjacent line-to-line voltages.
Using definition of the Fourier series for a periodic waveform:

=)

v(t) =V, + Z (Ag cos kwt + By, sin kwt) (7.24)
k=1
Table 7.4 Adjacent line-to-line voltages of the five-phase VSI
Mode Switches ON Vab Ve Ved Ve Vea
1 S1, S2, 5’3, 84, S5 0 Ve 0 — Ve 0
2 S1, S, 85,84, S's 0 Ve 0 0 — Ve
3 S1, 82, S3, 84, Ss 0 0 Ve 0 — Ve
4 S'1, 82, 83, 84, S5 — Ve 0 Ve 0 0
5 S'1, S5, S35, S4, S's — Ve 0 0 Ve 0
6 S'1, S5, 83,84, S5 0 — Ve 0 Ve 0
7 §'1, 82, S3, S4, Ss 0 — Ve 0 0 Vac
8 §'1, 8", 83, S4, Ss 0 0 — Ve 0 Ve
9 S1, 8, 8’3, S4, Ss Ve 0 — Vae 0 0
10 Si, 85, 83, 8'4, S5 Ve 0 0 — Ve 0




314 High Performance Control of AC Drives with MATLAB/Simulink Models

Table 7.5 Non-adjacent line-to-line voltages of the five-phase VSI

Mode Switches ON Vae Vid Vee Vda Veb
1 S1, 82, 8’3, 84, Ss Ve Ve — Ve — Ve 0
2 S1, 85, 83, 84, §'s Ve Ve 0 — Ve — Ve
3 S1. 82,83, 84, Ss 0 Vae Ve — Vae — Vac
4 S§'1, 82, 83, 84, 8's — Vae Ve Vae 0 — Ve
5 S,ls S2, Sg, S4, S/S - Vdc 0 Vdc Vdc - Vdc
6 S,l’ Slz, SB, S4, S,S - Vdc - Vdc Vdc vdc 0
7 S,l, S,27 S3, S4, SS - Vdc - Vdc 0 Vdc Vdc
8 S'y, 85, 8’3, 84, Ss 0 — Ve — Ve Vie Vie
9 S], S,2a S,3’ S4, SS Vdc - Vdc - Vdc 0 Vdc
10 S], S/Z, S/B’ S/4, SS Vdc 0 - Vdc - Vdc Vdc
where the coefficients of the Fourier series are given by
T 2
V, = [vioyde = = [ w(o)do
= — 1y =— v
T 2
0 0
T 2w
2 1
Ap = ?J v(t)cos kwtdt = — Jv(@)cos kodo (7.25)
T
0 0
T 2w
2 . 1 .
Bi = —J v(#)sin kotdt = — | v(6)sin kOd6
T T
0 0
A
Vpc
V(lb ﬁ (Dt
0 /5 2m/5 3n/5 4n/5 T 61/5 /5 8m/S5 on/5 o
Ve
»
Ved
Vtie
>
Veu
>

Figure 7.20 Adjacent line-to-line voltages of the five-phase VSI
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Figure 7.21 Non-adjacent line-to-line voltages of the five-phase VSI

and observing that the waveforms possess quarter-wave symmetry and can be conveniently
taken as odd functions, we can represent phase-to-neutral voltages and line-to-line voltages
with the following expressions:

V(1) =) Byrsin(2k + Dwt) = V2) Varysin(2k + 1wt
k=0 k=0
/2 (7.26)

1
Boi1 = V2Vapi1 = ;4 J v(0)sin(2k + 1)0d6
0

In the case of the phase-to-neutral voltage v;, shown in Figure 7.18, the coefficients of the
Fourier series are

14 1 T 2
sz+1 — ;g VDCTH |:2 + COS(Zk + l) g - COS(2k + 1)5:| (727)

The expression in brackets in the second equation (7.27) equals zero for all harmonics whose
order is divisible by five. For all the other harmonics, it equals 2.5. Hence, we can write the
Fourier series of the phase-to-neutral voltage as

2 1 1 1 1 1
v(t) = ;VDC sin wt —i—gsin 3wt+7sin7wl+§sin 9wt+ﬁsin llwt—&-ﬁsin Bt + .. ]

(7.28)
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From equation (7.28) it follows that the fundamental component of the output phase-to-
neutral voltage has an rms value of

)
V= Y2y — 045V (7.29)
ar

It is observed that the fundamental output of a five-phase voltage source inverter is the same
as that of a three-phase voltage source inverter.

Fourier analysis of the non-adjacent line-to-line voltages is performed in the same manner.
Fourier series remains to be given by equation (7.25). Taking the second voltage in Figure 7.20
and shifting the zero time instant by 77/10 degrees to the left, we have the following Fourier
series coefficients:

/2
1 1 1 ™
Byr1 =—4 Vpesin(2k 4+ 1)0d6 = —4V, 2k+1)— 7.30
2ot = J pcsin(2k + 1) - Dc2k+1cos( + )10 (7.30)
7/10
Hence the Fourier series of the non-adjacent line-to-line voltage is
4 0.59 0.59 0.95 0.95
v(t) =—Vpc |0.95sinwt + ——sin 3wt — ——sin Twt ———sin 9wt ———sin 1 lwt — . ..
T 3 7 9 11
(7.31)
and the fundamental harmonic rms value of the non-adjacent line-to-line voltage is
22
Vie Z%VDCCOS%: 0.856Vpe = 1.902V, (7.32)

7.3.2.3 MATLAB/Simulink Modeling for Ten-Step Mode

The MATLAB/Simulink model is shown in Figure 7.22. The model consists of a gate drive
generator and the power circuit part of the five-phase inverter. The gate drive signal generator
model, shown in Figure 7.22a, is developed using a ‘repeating’ block of Simulink, illustrated in
Figure 7.22b. The inverter power circuit, shown in Figure 7.22c, is obtained using equa-
tion (7.5). The power circuit can also be modeled using an actual IGBT switch model from
‘simpowersystem’ block-sets of Simulink. The repeating block is generating a square wave
gate drive signal of 50 Hz fundamental. This can be changed by changing the time axis values.
The inverter equations are realized using the ‘function block’ of Simulink. The inverter power
circuit, shown in Figure 7.22c, needs the value of the DC link voltage, which can be given from
the main MATLAB command window or from the model initialisation. The R-L load is
modeled using a first-order low pass filter, as shown in Figure 7.22d. The complete MATLAB/
Simulink model is available in the CD-ROM provided with this book.



Five-Phase Induction Motor Drive System 317

The simulation results for 50 Hz fundamental frequency and unit DC link voltage are given
in Figure 7.23. The phase voltage, adjacent voltage, and non-adjacent voltage and resulting
current obtained using simulation are shown. The output phase voltages exhibit ten steps and
the remainder of the curves correspond to the theoretical waveforms. This is further verified by

implementing this control in a prototype five-phase inverter experimentally and is shown in the
next section.
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Figure 7.22 (a) MATLAB/Simulink model of a five-phase voltage source inverter for ten-step operation

(File Name: Ten_step_mode.mdl); (b) Gate drive signal generation for ten-step operation; (c) Simulink
model of a five-phase VSI; and (d) R-L Load model
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Figure 7.22 (Continued)

7.3.2.4 Prototype of a Five-Phase VSI for Ten-Step Operation

The inverters control logic can be implemented using an analog circuit and its complete block
diagram is shown in Figure 7.24. The other method is by using advanced microprocessors,
microcontrollers, and digital signal processor to implement the control schemes.

In Figure 7.24, the supply is taken from a single-phase power supply and converted to
9-0-9 Vusing a small transformer. This is fed to the phase shifting circuit, shown in Figure 7.25,
to provide an appropriate phase shift for operation at various conduction angles. The phase
shifted signal is then fed to the inverting/non-inverting Schmitt trigger circuit and wave-
shaping circuit (Figures 7.26 and 7.27). The processed signal is then fed to the isolation and
driver circuit shown in Figure 7.28, which is then finally given to the gate of IGBTs. There are
two separate circuits for upper and lower legs of the inverter.

The power circuit can be made up of IGBT, with a snubber circuit consisting of a series
combination of a resistance and a capacitor with a diode in parallel with the resistance.

7.3.2.5 Experimental Results for Ten-Step Mode

This section gives the experimental results obtained from the five-phase voltage source inverter
for stepped operation of an inverter, with a 180-degree conduction modes leading to a ten-step
output with a star connected load. A single-phase supply is given to the control circuit through
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Figure. 7.23 (a) Output phase-to-neutral voltage of a five-phase VSI in ten-step mode; (b) Output line
voltages of a five-phase VSI in ten-step mode; and (c) Output phase ‘a’ voltage and phase ‘a’ current of a
five-phase VSI in ten-step mode for R-L Load
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Figure 7.26 Non-inverting Schmitt trigger and wave shaping circuit
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Figure 7.27 Inverting Schmitt trigger and wave-shaping circuit

the phase shifting network. The output of the phase shifting circuit provides the required five-
phase output voltage by appropriately tuning it. These five-phase signals are then further
processed to generate the gate drive circuit.

The gate drive signal is given to the IGBTs and the corresponding phase-to-neutral voltages
thus generated, as shown in Figure 7.29, keeping the DC link voltage at 60 V. It is seen that the
phase-to-neutral voltages has ten steps with output voltage levels of +0.2 V4. and £0.4 V..
Another experimental waveform is illustrated in Figure 7.30, for non-adjacent voltage and
stator line current of a five-phase induction motor. The current shows a typical response of an
induction machine.

+Vee-1

1k

1k 1 1
—AW— B
From ‘P’ Waveshaping circuit }é 4AN35|B¥N35 J To

To gate
of ‘N’
Mosfet

]_J\i/\r

1k

1
From ‘N’ Waveshaping circun KNSS
To

|AN3; ]
| 2 n source

= ? of ‘N’
Mosfet

NI

Figure 7.28 Gate driver circuit



322 High Performance Control of AC Drives with MATLAB/Simulink Models

Figure 7.29 Output phase ‘a-d’ voltages for 180-degree conduction mode

Figure 7.30 Non-adjacent line voltage and stator current

Problem 7.1
Assume a balanced five-phase system with 120 V rms as the phase voltages. Determine the
adjacent and non-adjacent line voltages and derive their relationship.

Solution:
The five-phase voltage is given as

Vo = 1204/2sin(wt)
vy = 1201/2sin <wt - 2?)
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ve = 120+/2sin <wt - 4?)

vg = 120v/2sin <wt +4757> (7.33)
. ’7T
Ve = 120\/§sm (wt + 25>

The adjacent line voltage is given as
Vab = Va — vy = 120/ 2sin(wt) — 120v/2sin (wt - 2%) (7.34)
The adjacent line voltage can be written in polar form as

vap = 1202 < 0 — 120v/2 < =72 = 120v/2 + 0.0 — 120v/2{cos(—72) + jsin(—72)}
var = 120v/2 + j0.0 — 1201/2{0.309 — j0.9511}
Vap = 82.92/2 + j114.132+/2 = 199.5086 < 54

Similarly we can determine other adjacent line voltages as

Vhe = Vp — Ve = 199.5086 < —18
Ved = Ve — Vg = 199.5086 < —90
Vae = Vg — Ve = 199.5086 < —162
Vea = Ve — Vg = 199.5086 < 126

This calculation can also be shown using the graphical technique, as in Figures 7.31 and 7.32.
The relationship between the phase voltage and adjacent line voltage can be written as
(assuming balanced voltages)

T
[Vap| = \/|Va|2 + |wl* + |va|*|vbcos(35>

VadjfL = 1.1756 Vphase

(7.35)
|Vab| = Vadj—L; |Va| = |Vb| = Vphase

The relationship between the phase voltage and non-adjacent line voltage can be written as
(assuming balanced voltages)

T
[Vab| = \/|Va|2 + |l + |va|*|vb|cos<§)

Vm)nfadjfL = 1.9025 Vphase

(7.36)

|Vab| = Vnon—ad/’—L; |va| = |Vb| = Vp/mse
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Figure 7.31 Phase and adjacent line voltage concept
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Figure 7.32 Phase and adjacent line voltage concept
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Problem 7.2

Determine the relationship between the line voltages of a three-phase system and a five-phase
system, given the phase voltage as V), for both three- and five-phase systems. Assume star-
connected systems.

Solution:
The line-to-line voltage in a three-phase system is given as

Viine = \/gvpllaxe = l~7321Vplmse (737)
Vadji-L = V1.382Vppase = 1.1756Vppgse (7.38)
Vn()nfadjfL = l~9025Vpha‘ve (739)

Adjacent Line Voltage Five-phase V41 1.1756Vphase

= = =0.6787
Line Voltage Three-phase Viine 1.7321Vphase

Non-Adjacent Line Voltage Five-phase  Vipn—agi—r  1.9025V 44,

= = 1.0984
Line Voltage Three-phase Viine L7321V pase

Problem 7.3

Determine the phase voltage of a five-phase star-connected load for obtaining same highest
line-to-line voltage as that of a standard three-phase system. (Hint: A standard three-phase
system has 400V line-to-line voltage.) Also determine the ratio of phase voltage of the three-
phase and the five-phase system

Solution:
Given the highest line-to-line voltage of a five-phase system as 400V, i.e. V,o5-qq5. =400 V

Vnonfad/'—L = 1'9025Vpha‘ve =400
400

Vohasos = ———— = 210.25V
rhase=3 = 179025

Thus the phase voltage of the five-phase load will be 210.25V
The phase voltage of three-phase system is

400
Vphase—S = %

Vphase 3 _ 230.94
Vohase—s 21025

=230.94V

= 1.0984
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Problem 7.4
Draw the waveform of common-mode voltage generated in ten-step model of operation of a
five-phase voltage source inverter. Assume Vyg.=1V.

Solution: Common mode voltage is given as

VnN<l) = (1/5>(VA<1) + VB<I) + Vc(l) + VD(Z) + VE<I)) (740)
The leg voltage waveforms for the ten-step mode of operation are given in Figure 7.33.

The magnitude of the voltage is V.. To determine the common mode voltage, the instantaneous

values are added for all the five legs and the resulting waveform is given in Figure 7.33.

7.3.2.6 PWM Mode of Operation of Five-Phase VSI

If a five-phase VSl is operated in PWM mode, apart from the already described ten states, there
will be an additional 22 switching states. This is because there are five inverter legs and each of
them can be in two states, since the discussion is limited to two-level inverters. The number of
states increases in the case of multi-level inverters. The number of possible switching states is
in general equal to 2", where n is the number of inverter legs (i.e. output phases). This
correlation is valid for any two-level VSI. For a multi-level inverter, with m level and n output
phases, the number of possible switching states is m".

The 22 possible switching states encompass three possible situations: all the states when four
switches from the upper (or lower) half and one from the lower (or upper) half of the inverter are
‘ON’ (states 11-20); two states when either all the five upper (or lower) switches are ‘ON’
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Figure 7.33 Common mode voltage of Problem 7.4



Five-Phase Induction Motor Drive System 327

(states 31 and 32); and the remaining states with three switches from the upper (lower) half and
two switches from the lower (upper) half are in conduction mode (states 21-30). When all the
upper or lower switches are ‘ON,’ they lead to zero output voltage and are termed as ‘zero
states,” similar to a three-phase VSI (Chapter 3). The remaining combination of switching
states is termed ‘active states,” as they lead to positive or negative output voltages. Phase-to-
neutral voltages in these 22 switching states are listed in Table 7.6.

In order to introduce space vector representation of the five-phase inverter output voltages,
an ideal sinusoidal five-phase supply source is considered. Let the phase voltages of a five-
phase pure balanced sinusoidal supply be given with

va = V2Vcos(wt)

vy = V2Vcos(wt — 21/5)

ve = V2Vcos(wt — 41 /5) (7.41)
va = V/2Vcos(wt + 41 /5)

ve = V2Vcos(wt + 27/5)

Since a five-phase system is under consideration, the vector needs to be analyzed in a five-
dimensional space. Decoupling transformation leads to two orthogonal planes, namely dg, xy,

Table 7.6 Phase-to-neutral voltage for PWM operation of five-phase VSI

State  Switches ON Vg Vp Ve Vg Ve

11 S1,S4, Sy, S5 4/5 Vpc —1/5 Vpe —1/5 Vpc —1/5 Vpc —1/5 Vpc
12 S1,S4, S5, S5, Ss 1/5 Vpc 1/5 Vpce 1/5 Vpc —4/5 Vpc 1/5 Vpc
13 SJ/S,, S5/, SY/, S5 —1/5 Vpe 4/5 Vpc —1/5 Vpe —1/5 Vpe —1/5 Vpe
14 Si, S5, S5/, S3, Sy 1/5 Vpc 1/5 Vpc 1/5 Vpc 1/5 Vpc —4/5 Vpc
15 S/, S5, S3, S/, Sy —1/5 Vpc —1/5 Vpc 4/5 Vpc —1/5 Vpc —1/5 Vpc
16 S5, S3, S/, S4, Ss —4/5 Vpe 1/5 Vpc 1/5 Vpc 1/5 Vpc 1/5 Vpc
17 S5, St S4, Sy, S5’ —1/5 Vpe —1/5 Vpe —1/5 Vpe 4/5 Vpc —1/5 Vpe
18 Si, S3, 84, S5/, Ss 1/5 Vpce —4/5 Vpe 1/5 Vpc 1/5 Vpc 1/5 Vpc
19 S/, S/, S, Ss, S5 —1/5 Vpc —1/5 Vpc —1/5 Vpc —1/5 Vpc 4/5 Vpc
20 S1, S5, S4, Ss, S5’ 1/5 Vpc 1/5 Vpc —4/5 Vpc 1/5 Vpc 1/5 Vpc
21 S/, S2, S¢, Ss, S5’ —2/5 Vpc 3/5 Vpce —2/5 Vpc —2/5 Vpc 3/5 Vpc
22 1,3,4,7,10 2/5 Vpc 2/5 Vpce —3/5 Vpe 2/5 Vpe —3/5 Vpe
23 1,2,4,5,8 3/5 Vpe —2/5 Vpe 3/5 Vpe —2/5 Vpe —2/5 Vpe
24 2,3,5,6,9 —3/5 Vpc 2/5 Vpc 2/5 Vpc —3/5 Vpc 2/5 Vpc
25 3,4,6,7,10 —2/5 Vpc 3/5 Vpc —2/5 Vpc 3/5 Vpc —2/5 Vpc
26 1,4,5,7,8 3/5 Vpe —2/5 Vpc 3/5 Vpc 3/5 Vpc —2/5 Vpc
27 2,5,6,8,9 —2/5 Vpe —2/5 Vpe 3/5 Vpce —2/5 Vpc 3/5 Vpc
28 3,6,7,9,10 —3/5 Vpc 2/5 Vpc —3/5 Vpc 2/5 Vpc 2/5 Vpe
29 1,2,4,7,8 3/5 Vpc —2/5 Vpc —2/5 Vpc 3/5 Vpe —2/5 Vpe

30 1,2,5,8,9 2/5Vpc  —3/5 Vpc 2/5 Vpc —3/5Vpc 2/5 Vpc
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and a zero sequence component. The space vectors in the two orthogonal planes are
defined as

2
Vop =75 (Va+av +av +a'vg +a’)

(7.42)

v, ==+ a* v +a‘vy +abvg +a'?v,)

Zxy

Wl

where a = exp(j27/5), a* = exp(j4m/5), d" = exp(jnm/5).

The space vector is acomplex quantity, which represents the five-phase balanced supply with
a single complex variable. Substituting equation (7.42) into equation (7.41) yields an ideal
sinusoidal source, the space vector:

v = Vexp(jwt) (7.43)

The space vector model of a five-phase voltage source inverter can be obtained by
substituting the phase voltages in equation (7.42) and determining the corresponding space
vectors in the a-8 and x-y planes, as given in Table 7.7.

Thus, it can be seen that the total of 32 space vectors, available in the PWM operation, fall into
four distinct categories (three active lenghts and one zero length) regarding the magnitude
of the available output phase voltage. The phase voltage space vectors are summarised in
Table 7.7. The ratio of phase voltage space vector magnitudes is 1:1.618:(1.618)%, from the
smallest to the largest, respectively. All these vectors form ten sectors of 36 degrees each and one
decagon. The mapping of the - plane vectors in the x-y plane are such that the largest length
vectors of a-3 become the smallest length vectors of the x-y plane and vice-versa. The medium
vectors remain the same in both planes. Moreover, the x-y plane vectors are the 3rd harmonic of
the fundamental, as shown in Figures 7.34 and 7.35. These x-y vectors produce losses in the
system if remaining unattenuated. Thus, while developing PWM techniques, it is necessary
to reduce or eliminate completely the x-y comments to yield sinusoidal output voltages.

7.3.3 PWM Schemes of a Five-Phase VSI

This section describes PWM schemes for a five-phase voltage source inverter. PWM techniques
are the most basic method of energy processing in a power converter. The purpose is to obtain
variable voltage and variable frequency voltages/currents at the output of the inverter. The basic
idea is to modulate the pulse widths in order to alter the mean value of the voltages/currents.
Several PWM schemes are developed in the literature for a five-phase VSI [6—16]; however, this
chapter focuses only on the simple approaches that are extension of three-phase PWM. The
popular and simple PWM schemes are elaborated on in the next sub-section, along with the
MATLAB/Simulink model.

7.3.3.1 Carrier-Based Sinusoidal PWM Scheme

Carrier-based sinusoidal PWM is the most popular and widely used PWM technique, because
of its simple implementation in both analog and digital realization [54,55]. The principle of
carrier-based PWM true for a three-phase VSI is also applicable to a multi-phase VSI.
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Table 7.7 Space vector table of phase voltages for a five-phase VSI

S. No. Switching States Space vectors in a-f3 plane Space vector in x-y plane

0 00000 0 0

1 00001 2/5Vpc2exp(j8/5) 2/5Vpc2exp(jorr/5)

2 00010 2/5Vpc2exp(jom/5) 2/5Vpc2exp(j2m/5)

3 00011 2/5Vpc2cos(m/5)exp(j7m/5) 2/5Vpcécos(2ar/5)exp(j4r/5)
4 00100 2/5Vpc2exp(jam/5) 2/5Vpc2exp(j8/5)

5 00101 2/5Vpcacos(2m/5)exp(jom/5) 2/5Vpc2cos(mw/5)exp(j7m/5)
6 00110 2/5Vpc2cos(/5)exp(jr) 2/5Vpcdcos(2/5)exp(0)

7 00111 2/5Vpc2cos(m/5)exp(jorr/S) 2/5Vpcécos(2ar/5)exp(jTm/5)
8 01000 2/5Vpc2exp(j2m/5) 2/5Vpc2exp(jam/5)

9 01001 2/5Vpcécos(2/5)exp(0) 2/5Vpc2cos(m/5)exp(jmr)

10 01010 2/5Vpcdcos(2m/5)exp(j4m/5) 2/5Vpc2cos(mw/5)exp(j3m/5)
11 01011 2/5Vpcacos(2m/5)exp(j7m/5) 2/5Vpc2cos(m/5)exp(j4m/5)
12 01100 2/5Vpc2cos(mw/5)exp(j3m/5) 2/5Vpcacos(2m/5)exp(jor/5)
13 01101 2/5Vpcédcos(2m/5)exp(j3m/5) 2/5Vpc2cos(m/5)exp(jorr/5)
14 01110 2/5Vpc2cos(m/5)exp(jdm/5) 2/5Vpcdcos(2m/5)exp(j3m/5)
15 01111 2/5Vpc2exp(j) 2/5Vpc2exp(jm)

16 10000 2/5Vpc2exp(jO) 2/5Vpc2exp(jO)

17 10001 2/5Vpc2cos(m/5)exp(j9/5) 2/5Vpcacos(2m/5)exp(j87/5)
18 10010 2/5Vpcédcos(2/5)exp(j8/5) 2/5Vpc2cos(m/5)exp(jr/5)
19 10011 2/5Vpc2cos(m/5)exp(j7m/5) 2/5Vpcéacos(2m/5)exp(jr/5)
20 10100 2/5Vpcécos(2/5)exp(j2/5) 2/5Vpc2cos(m/5)exp(j9/5)
21 10101 2/5Vpcdcos(2m/5)exp(j9m/5) 2/5Vpc2cos(mw/5)exp(j7m/5)
22 10110 2/5Vpcacos(2m/5)exp(j) 2/5Vpc2cos(m/5)exp(jO)

23 10111 2/5Vpc2exp(jim/5) 2/5Vpc2exp(j9/5)

24 11000 2/5Vpc2cos(m/5)exp(jr/5) 2/5Vpcécos(2ar/5)exp(j2/5)
25 11001 2/5Vpc2cos(m/5)exp(jO) 2/5Vpcécos(2ar/5)exp(jr)

26 11010 2/5Vpcacos(2m/5)exp(jm/5) 2/5Vpc2cos(mw/5)exp(j2m/5)
27 11011 2/5Vpc2exp(j97/5) 2/5Vpc2exp(j3m/5)

28 11100 2/5Vpc2cos(mw/5)exp(j2m/5) 2/5Vpcacos(2m/5)exp(j9/5)
29 11101 2/5Vpc2exp(jm/S) 2/5Vpc2exp(jTm/5)

30 11110 2/5Vpc2exp(j3m/5) 2/5Vpc2exp(jar/5s)

31 11111 0 0

The PWM signal is generated by comparing a sinusoidal modulating signal with a triangular
(double edge) or a saw-tooth (single edge) carrier signal. The frequency of the carrier is
normally kept much higher compared to the modulating signal (10 to 12 times). The operation
of a carrier-based PWM modulator is shown in Figure 7.36 and generation of a PWM waveform
is illustrated in Figure 7.37. The reference voltage signals or modulating signals are compared
with the high frequency carrier and the pulses are formed at the intersection of the modulation
signals, which are five-phase fundamental sinusoidal signals (displaced in time by « = 27/5).
These modulation signals are compared with a high frequency carrier signal (saw-tooth or
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B — axis
A

Figure 7.34 Phase voltage space vector a-f plane

triangular shape) and all five switching functions for inverter legs are obtained directly.
In general, modulation signal can be expressed as

vi(1) = v; (1) + van (1) (7.44)

y-axis

Figure 7.35 Phase voltage space vectors in x-y plane
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Figure 7.36 Principle of carrier-based PWM technique for a five-phase VSI

where i = a,b,c¢,d,e and v,y represents zero-sequence signal and vf are fundamental
sinusoidal signals. Zero-sequence signal represents a degree of freedom that exists in the
structure of a carrier-based modulator and is used to modify modulation signal waveforms and
thus to obtain different modulation schemes. Continuous PWM schemes result, as long as the
peak value of the modulation signal does not exceed the carrier magnitude. If the modulating
signals peak exceeds the height of the carrier signals, it is termed a carrier dropping mode and
leads to over-modulation.
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Figure 7.37 PWM waveform generation in carrier-based sinusoidal method
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The following relationship holds true in Figure 7.37:
=t =t (7.45a)

where

1
= (2 + v,,) f (7.45b)

1
t, = (2 - vn)ts (7.45¢)

where ¢ and f, are the positive and negative pulse widths in the nth sampling interval,
respectively, and v, is the normalized amplitude of modulation signal. The normalization is
done with respect toV,.. Equation (7.37) is referred as the Equal volt-second principle, as
applied to a three-phase inverter [54,55]. The normalized peak value of the triangular carrier
wave is £0.5 in linear region of operation. Modulator gain has the unity value while operating
in the linear region and the peak value of inverter output fundamental voltage is equal to the
peak value of the fundamental sinusoidal signal. Thus the maximum output phase voltages
from a five-phase VSI are limited to 0.5 p.u. Thus the output phase voltage from a three-phase
and a five-phase VSI are the same when using carrier-based PWM [56].

7.3.3.2 MATLAB/Simulink Simulation of Carrier-Based Sinusoidal PWM

Developing the Simulink model, assuming an ideal DC bus and ideal inverter model, is very
simple. It follows exactly Figures 7.36 and 7.37. The inverter can either be modeled using the
actual IGBT switches from the ‘sim-power system’ block-sets or by using equation (7.23).
The complete simulink model is shown in Figure 7.38, where equation (7.23) is used to model
the inverter.

The five-phase sinusoidal source is generated from the ‘sin wave’ block from the ‘source’
sub-library, and the phase shifts are created by substituting appropriate phase differences in the
‘phase (rad)’ dialog box. The triangular carrier signal is generated using the ‘repetitive’ block
from the ‘source’ sub-library. The switching frequency is kept at 5 kHz, the DC link voltage is
assumed as 1, and the fundamental output frequency is assumed as 50 Hz. The resulting
waveforms are presented in Figures 7.36 and 7.40. The output voltage magnitude is limited to
0.5 p.u. (typically it the same value as that of three-phase VSI), as evident from Figure 7.40
(spectrum). The filtered output voltages are also depicted to show their sinusoidal nature.

7.3.3.3 5th Harmonic Injection Based Pulse Width Modulation Scheme

The effect of addition of a harmonic with reverse polarity in any signal is to reduce the peak of
the signal. The aim here is to bring the amplitude of the reference or modulating signal as low
as possible, so that the reference can then be pushed to make it equal to the carrier, resulting
in the higher output voltage and better DC bus utilization. Using this principle, 3rd-harmonic
injection PWM scheme is used in a three-phase VSI, which results in an increase in the
fundamental output voltage to 0.575 V,, as discussed in Chapter 3. Third-harmonic voltages
do not appear in the output phase voltages and are restricted to the leg voltages. Following the
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Figure 7.38 Simulink for implementing carrier-based PWM (File Name: Carrier_PWM_5_phase_VSI.
mdl)

same principle, Sth-harmonic injection PWM scheme is used to increase the modulation
index of a five-phase VSI [57].
The reference leg voltages or modulating signals are given as

V= 0.5M;Vy.cos(wt) + 0.5MsV.cos(5wt)

V,, = 0.5M;Vyecos(wt — 21/5) 4+ 0.5MsV 4.cos(5wi)
Ve =0.5M,Vcos(wt — 4m/5) + 0.5MsV.cos(5wt)
V:,a = 0.5M,V .cos(wt + 4/5) + 0.5M5V 4.cos(Swt)
V., = 0.5MV.cos(wt + 21/5) + 0.5M5Vy.cos(5wt)

(7.46)

Here, M, and M; are the peaks of the fundamental and 5th harmonic, respectively. It is to be
noted that the Sth harmonic has no effect on the value of the reference waveform when
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Figure 7.39 Output phase voltages from carrier-based PWM scheme

wt = (2k + 1)7/10, since cos(5(2k + 1)7/10) = 0 for all odd k. Thus M5 is chosen to make
the peak magnitude of the reference of equation (7.46) occur where the 5th harmonic is zero.
This ensures the maximum possible value of the fundamental component. The reference
voltage reaches a maximum when

av’
d;‘” = —0.5M,V .sin wt — 0.5 -5M5V .sin Swt = 0 (7.47)
This yields:
sin(7r/10
Ms — —Ml%; for wi = /10 (7.48)
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Figure 7.40 Simulation results of the carrier based PWM scheme
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Thus the maximum modulation index can be determined from

sin(7/10)

‘V:o’ = |0.5M,V4cos(wt) — 0.5 s

MV .cos(3wt)| = 0.5V, (7.49)

The above equation gives

1

M, = cos(m/10) ; forwt=m/10 (7.50)

Thus the output fundamental voltage is increased to 5.15% higher than the value obtained
using simple carrier-based PWM by injecting 6.18% 5th harmonic into the fundamental
voltage. The output now reaches 0.5257 V.. The 5th harmonic is in opposite phase to that of the
fundamental voltage. The effect of adding 5th harmonic in the sinusoidal reference is
illustrated with the help of Figure 7.41. When 5th harmonic = 0.0618" fundamental voltage
is injected into the sinusoidal reference, the modified signal’s peak reduces, and its shape
changes (Figure 7.41), providing more room for enhancing the reference and subsequently
increasing the output of the inverter.

7.3.3.4 MATLAB/Simulink Simulation of Sth Harmonic Injection PWM

The Simulink model for this PWM scheme is similar to the carrier-based PWM, except the
generation of the modulating signal. In the five-phase reference signals, a 5th harmonic of
0.0618 p.u. is subtracted forming the resultant modulating or reference signal. The modified
modulating signals are then compared with the high frequency carrier signal to generate the
gating pulses, which are then given to the inverter model. The complete Simulink model is
given in Figure 7.42. For the same simulation conditions as that of carrier-based PWM, the

Modulating and fifth harmonic signals (p.u.)

|

|

1
0 0.005 0.01 0.015 0.02
Time (sec)

Figure 7.41 5th-harmonic injection PWM
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Figure 7.42 Simulink model for 5th-harmonic injection PWM scheme (File Name: Carrier_PWM_
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output PWM voltage waveforms look similar to those in Figure 7.39 and so are not shown here.
The filtered inverter output voltages and the spectrum of phase ‘a’ are presented in Figure 7.43
for the reference of 1.0515 p.u. The output voltage now increases to 0.5257 V4. without going
into pulse dropping mode.

7.3.3.5 Offset Addition Based Pulse Width Modulation Scheme

Another way of increasing the modulation indices is to add an offset voltage to the references.
The offset voltage addition is effectively adding 3n (n =1, 2, ...) harmonic in a three-phase
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Figure 7.43 Simulation results of the Sth'harmonic injection based PWM scheme
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caseand 5Sn (n=1, 2, ...)in a five-phase case. This will effectively perform the same function
as above. The offset voltage is given as

Vmax + Vmin

. (7.51)

Vaﬁ‘e‘\'t = -

where Vinax = max (v, Vp, Ve, Va, Ve) and vigin = min(vg, vp, Ve, V4, ve ). Note that this is the same
as for a three-phase inverter. In a five-phase VSI, the offset is found as the Sth-harmonic
triangular wave of magnitude 9.55% of the fundamental input reference. This peak value has
been established by simulations approach. Offset addition requires only addition operation and
hence is suitable for practical implementation.

A generalized formula of offset voltage, which is to be injected along with the fundamental
voltage in the case of five-phase VSI, is [58]

Vo = —0.5528(Vinax — Vimin) + 3/5(1 — 21)Ve /2 — 3/5(1 — 2) (Vimax — Vinin)  (7.52)

where Vi« is the maximum of the five-phase references; Vi, is the minimum of the five-phase
references; and w is the factor that decides the placement of the two zero vector states. If it is
0.5, then the two zero states are placed equally and this corresponds to symmetrical zero vector
placement and conventional SVPWM. The modulating signal with and without offset addition
and offset signals are shown in Figure 7.44. The reduction in the modified modulating signal is
evident. The modulating signal can now be increased further to a yield higher output voltage by
the inverter.

The Simulink model is shown in Figure 7.45. The simulation results are not shown for the
offset addition method, as the nature remains the same as that of the Sth-harmonic injection
method, except for improved switching harmonics.
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Figure 7.44 Offset addition-based PWM
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7.3.3.6 Space Vector Pulse Width Modulation Scheme

SVPWM has become one of the most popular PWM techniques, because of its easier digital
implementation and better DC bus utilization, when compared to the carrier-based sinusoidal
PWM method. The principle of SVPWM lies in the switching of the inverter in a special way, so
as to apply a set of space vectors for a specific time. As seen in the previous section, a five-phase
VSlyields 32 space vectors spanning over 360 degrees, forming a decagon with 10 sectors of 36
degrees each. The reference voltage is synthesized by switching between the neighboring
vectors, such that the volt-second balance is maintained. As seen in Chapter 3, two neighboring
active vectors are employed to implement SVPWM, thus as an extension in a five-phase VSI,
also two neighboring active space vector can be used. However, the next section shows that
simple extension of SVPWM leads to distortion in the output voltage. Hence, it is realized that
instead of two, four neighboring vectors when used to implement SVPWM will lead to
sinusoidal output voltages. As arule of thumb, n — 1 (n phase number) numbers of active space
vectors are needed to generate sinusoidal output in multi-phase voltage source inverters.

Thus there exists more than one method of implementing SVPWM in a multi-phase voltage
source inverter. Nevertheless, an ideal SVPWM of a five-phase inverter should satisfy a number
of requirements. First, in order to keep the switching frequency constant, each switch can
change state only twice in the switching-period (once ‘ON’ to ‘OFF’ and once ‘OFF’ to ‘ON’,
or vice-versa). Second, the rms value of the fundamental phase voltage of the output must equal
the rms of the reference space vector. Third, the scheme must provide full utilization of the
available DC bus voltage. Finally, since the inverter is aimed at supplying the load with
sinusoidal voltages, the low-order harmonic content needs to be minimized (this especially
applies to the 3rd and 7th harmonics). These criteria are used in assessing the merits and
demerits of various SVPWMs. Two methods are elaborated here, one with two active space
vectors and one with four active vectors.
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In one case, two neighboring active space vectors and two zero space vectors are used in one
switching period to synthesise the input reference voltage. There are five legs in a five-phase
inverter, each with two power switches whose operations are complimentary. In one switching
period, each power switch will change its state twice (from ‘OFF’ to ‘ON’ and then from ‘ON’ to
‘OFF’), hence in total, ten switchings take place in one switching period. The switching patterns
are pre-formulated and stored in a look-up table. The switching is done in such a way that in the
first switching half-period, the first zero vector is applied, followed by two active state vectors
and then by the second zero state vector. The second switching half-period is the mirror image of
the first. The symmetrical SVPWM is achieved in this way. This method is the simplest extension
of space vector modulation of three-phase VSIs. The time of application of each active and zero
space vector are obtained using the simple trigonometric relation considered in Figure 7.46.

Assuming the time of application of the right-hand side vector as 7, and the time of
application of the left-hand side vector as #;, and the time of application of zero space vectoris?,
where the total switching period is t;. From Figure 7.46, the following relation holds good:

Yoty =V la+ vyt (7.53)

In Cartesian form, this equation can be written as

|y:|(cos(a) +jsin(a))t; = |yu|(cos(0) +/sin(0))z, + |yb| (cos (g) + jsin (z))lb

5
(7.54)
Now equating the real and imaginary parts, the following relations are obtained:
v |sin(kw/5 — a
_lifintess ), 550
|y,‘s1n(77/5)
iy — |v§ [sin(a — (k — 1)77/5)t (7.55b)
’ ‘y,‘sin(ﬂ'/S) *
t,=1"ts—t,— 1} (7.55¢)
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Figure 7.46 Principle of SVPWM for a five-phase VSI
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Here k is the sector number (k=1 — 10), and large vector length is | ya,| = { yh,| =
|v;| = 2Vpc 2cos(m/5). The corresponding medium vector length, which will be needed in
the subsequent expression, is ’yam{ = ‘ybm| =V, = (2/5)Vpc. Symbol v denotes the
reference space vector, while |x| is the modulus of a complex number x. The largest possible
fundamental peak voltage magnitude that may be achieved using this scheme corresponds to
the radius of the largest circle that can be inscribed within the decagon. The circle is tangential
to the mid-point of the lines connecting the ends of the active space vectors, as shown in
Figure 7.47. The trajectory of the output will follow the outermost circle if operating in the
over-modulation region (not discussed here), and the trajectory will follow the inner circle
when operating in maximum linear modulation. The trajectory will be along the decagon for
the ten-step operation of the inverter. Thus the maximum fundamental peak output voltage Viyax
is Vimax = |v;[cos(7/10), and Vipax = (2/5)2cos(m/5)cos(m/10)Vpe = 0.61554Vpc. The
maximum peak fundamental output in the ten-step mode is, from equation (7.29), given with
Vinax, 10step = % Vbc. Thus the ratio of the maximum possible fundamental output voltage with
SVPWM and in the ten-step mode is Vinax/ Vinax,10step = 0.96689

The sequence of vectors applied in sectors I and I and corresponding switching patterns are
shown in Figure 7.48, where states of five inverter legs take values of — 1/2 and 1/2 (referencing
to the mid-point of the DC supply is applied) and the five traces illustrate, from top to bottom,
legs A, B, C, D, and E, respectively. In odd sector numbers, the left-hand side (with respect to
the reference) vector is applied first, followed by the right-hand side vector; while in even
sectors, the right-hand side vector is applied first, followed by the left-hand side vector. For
implementation of this scheme, these switching patterns are stored in a look-up table.

The above method leads to unwanted low-order harmonics in the output phase voltages of the
inverter, as shown in the next section. The reason is the free flow of x-y components.
Application of two adjacent medium active space vectors, together with two large active
space vectors in each switching period, makes it possible to maintain zero average values in the
second plane (x-y) and consequently providing sinusoidal output. When using two large length

Locus of maximum output in

Linear modualtion oo ®tan, Locus of maximum output in
(3

Figure 7.47 Maximum possible output in SVPWM for a five-phase VSI
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Figure 7.48 Switching pattern for SVPWM using only two active vectors

and two medium length active vectors, their mapping in the x-y plane is such that they cancel
each other, as illustrated in Figure 7.49 for sector [ and it follows for the rest of the sectors. Since
vector numbers 16 and 25 are opposite to each other, and so are 24 and 29, their lengths are
different (ratio of lengths of larger to smaller is 1.618). Thus if the time of application of the
smaller vector is increased in the same proportion, they will have equal volt-second and will
cancel each other, eliminating the x-y components and generating sinusoidal output.

Use of four active space vectors per switching period requires the calculation of four
application times, labeled here as ¢,;, 1/, tam, tm- The expressions used for calculation of dwell
times of various space vectors are [11]

Vits = Vota + Vpytor + Yamtam + Ypmloms (7.56)
where
vl = vl = |v] = %VD02COS(7T/5) (7.57a)
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Figure 7.49 Principle of SVPWM with four active vectors
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2
!am‘ = ’Xbm| = |£m‘ = Vm = gVDC (757b)

and

ﬂzﬂzmzle.ms (7.57¢)
tam thm Xm|

Separating the real and imaginary parts of equation (7.56) and substituting equation (7.57a),
the following equations result:

B

ta = v Si:lS(W/S) <1 _:7_2) t, sin (gk — a) (7.58a)
= Shfiw o (1 4:72> tysin(a — (k= 1) 757) (7.58b)
tun = v 31’:1§(|77/5) (1 _& 72> t, sin (gk — a) (7.58¢)
o = - Si:;iﬂ 5 ( 1 i 72) tysin(a = (k- 1) g) (7.58d)
to =1ty — ta — thr — tum — tom (7.58e)

where t, =ty + tam; ty = tp + tpm. This allocates 61.8% more dwell time to a large space
vector compared to a medium space vector, thus satisfying the constraints of producing zero
average voltage in the x-y plane. The constraint imposed on the time of application of each
vector is that they cannot be less than zero, and also the sum of time of application of active and
zero vectors cannot exceed the switching time. With these constraints, the maximum possible
output with this approach is 0.5257 V¢, which is almost 16% less than with the previous
method. The switching patterns for the two sectors are shown in Figure 7.50. The switching
pattern is a symmetrical PWM with two commutations per each inverter leg. The space vectors
are applied in odd sectors using the sequence [V5, Y/, Vs Yams Yois Y325 Vors Yams Yo Yais Va1 | »
while the sequence is [V31, ¥y, Vs Vi Yas Y325 Vais Yoo Yams Yo V31| i0 €ven sectors.

7.3.3.7 MATLAB/Simulink Model of SVPWM

The SVPWM can be developed in MATLAB/Simulink by using different approaches. The
model presented here uses the Simulink and MATLAB function block. The MATLAB/
Simulink model is presented in Figure 7.51. The five-phase voltage reference is generated
using the ‘sine wave’ generator and then transformed into «-3 and x-y components. The
reference space vector magnitude and angle is thus generated from the ‘reference voltage
generator’ block. The magnitude is constant, while the angle changes from 0 to pi and then —pi
to 0 as a sawtooth waveform. The angle is held for one sample time, so as to keep its value
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Figure 7.50 Switching pattern for SVPWM using four active vectors

constant during the calculation of times of application of vectors. Another repetitive signal
(time [0 Ts], amplitude [0 Ts]) is used to compare with the angle to determine the location of the
reference signal. The MATLAB function block contains the switching table and sector
determination algorithm (given in the soft copy). The MATLAB function block outputs the
switching functions and is given to the five-phase inverter model. The algorithm inside the
MATLAB function block can be changed to implement two-vector or four-vector SVPWM.
The inverter produces a space vector modulated voltage waveform that can be given to the five-
phase load.

Simulation results are shown for two SVPWM techniques, using two active vectors
(Figure 7.52) and using four active vectors (Figure 7.53). The fundamental frequency is kept
at 50 Hz, the switching frequency is chosen as 5 kHz, the output is set at maximum value
(0.6115 V4 for two vectors case and 0.5257 V. for four vectors case), and the DC link voltage

Double click here to
Set the value of
Carrier Freq (Fc)&modulation index (0<mi<1)
Vdc & output fund freq. (freq)
iside this box

mag —————Pp|
reference
voltage >
generator MATLAB LOV\( pass
Mux y Filter t—————— |
angle J_LL Function Bank
IATLAB Fcn
Zero-Order >
Hold
-—r
Repeating

Sequence

Figure 7.51 MATLAB/Simulink model for implementing SVPWM (File Name: Space5.mdl and
Large5.m and SVM_5_sine.m)
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Figure 7.52 SVPWM simulation results for two active vectors: (a) phase voltages; (b) a-8 and x-y axes
voltages; (c) phase ‘a’ voltage and its spectrum

Vg is set to 1 p.u. The output phase voltages are distorted if only two active vectors are
employed for SVPWM. The distortion appears due to the presence of the x-y plane vectors, as
evident from Figure 7.52b. The phase voltages are completely sinusoidal when using four
active vectors for the implementation of SVPWM. This is due to the fact that the x-y
components are completely eliminated.

7.4 Indirect Rotor Field Oriented Control of Five-Phase
Induction Motor

Field oriented control refers to the control technique in which an induction machine emulates
as a DC machine. The torque and flux producing currents are decoupled and controlled
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Figure 7.53 SVPWM simulation results for four active vectors: (a) phase voltages; (b) a-3 and x-y axes
voltages; and (c) phase ‘a’ voltage and its spectrum

independently, giving rise to fast dynamics of machine. This control technique is also called
vector control, since the stator current space vector is controlled in this method. The detail
description of field orientation and the vector control principle is discussed in Chapter 4. The
purpose here is to distinguish between the control of a three-phase and a five-phase machine.
Essentially, only two current components are required to produce torque in an induction
machine, regardless of the phase number. In general, the d-axis current control of the flux in the
machine is maintained constant for speed control in the base speed region and is reduced in
appropriate proportion in the field weakening region (speed above the nominal or rated value).
The g-axis current component controls the torque in the machine, since the d-axis current is
kept constant (see equation (7.17)).
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Figure 7.54 Vector controller of a five-phase machine

Since only two current components are needed for vector control, its principle remains the
same for a multi-phase (more than three) machine as that of a three-phase machine. The only
difference lies in the transformation of the current from two («-f8) to three (i, i, i) in the case of
a three-phase machine and two («a-f3) to five (i, iy, i, iy, i) in a five-phase machine, as illustrated
in Figure 7.54 for speed control in the base speed region. The commanded speed and the actual
speed (obtained from the speed sensor or speed observer in sensorless mode) are compared to
determine the speed error, which is processed in a PI controller to determine the commanded
torque. The output of the PI controller (commanded torque) is limited to rated torque or some-
times twice the rated torque (for fast acceleration). The commanded torque, when multiplied
by constant K, gives the g-axis current component. This current component is multiplied by
constant K, to obtain slip speed. The expression for constants K; and K, are given as

1L, 1 1L 1 Ly, 1
=— _—__ 0431 K,= = - =— =4.527
: PLm d’r PL; lzl\ 2 wSI/qu Tllll; T"ldx (759)

m

Slip speed is integrated to obtain the position and then added to the rotor position, this gives
the rotor flux position ¢,. The letter ‘P’ in Figure 7.54 represents the number of pole pairs of the
motor and 0 gives the mechanical rotor position. This is multiplied by the number of pole pairs
of machine to obtain electrical rotor position. The vector rotator block j¢r transforms the
d-g-axis current to the stationary a-$-axis current, which is finally transformed into five-phase
currents. Thus generated are the reference five-phase currents, and are reconstructed by a
current controlled five-phase PWM voltage source inverter. The current control can be
performed using a simple hysteresis current controller or by using a ramp comparison current
controller. A block schematic of indirect rotor FOC of a five-phase induction motor is given
in Figure 7.55. In the block diagram, the torque reference is applied if the machine is in
torque controlled mode. In case of speed control mode the reference torque is generated from
the PI controller where the input is the speed error signal.
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Figure 7.55 Block schematic of indirect rotor field oriented control of a five-phase induction machine

7.4.1 MATLAB/Simulink Model of Field-Oriented Control of Five-Phase
Induction Machine

MATLAB/Simulink model of a five-phase induction machine in indirect field oriented
controlled mode for speed control in base speed region is shown in Figures 7.56 and 7.57.
The vector controller block takes speed reference, the rotor flux reference, and actual speed as
input; the rotor flux is kept constant in base speed region and is reduced in the field weakening
region. The block shows only the actual speed as input, but inside the block, reference speed and
reference rotor flux are provided. The vector controller generates the stator current references,
which are compared with the actual stator current in the comparator block. The current errors
thus generated are given to the hysteresis block that produces the gating signals for five-phase
voltage source inverter. The phase voltages produced by the inverter is transformed using
equation (7.10) (with ; = 0, since the motor model is in the stationary reference frame) into a-3
and x-y components and is given as the input to the five-phase induction motor model.

The resulting waveforms for the five-phase vector controlled drive system are shown in
Figure 7.58. Per-phase equivalent circuit parameters of the 50 Hz, five-phase induction machine
are R, =10Q, R, =63Q, Ly =L, =0.04H, L,, = 0.42 H. Inertia and the number of pole
pairs are equal to 0.03 kgm? and 2, respectively. Rated phase current, phase-to-neutral voltage,
and per-phase torque are 2.1 A, 220V, and 1.67 Nm, respectively. Rated (rms) rotor flux is
0.5683 Wb. Parameters of the speed PI controller are obtained using standard tuning procedure.
The hysteresis band is set to +2.5% of the rated peak phase current (i.e. 0.07425 A). The torque
limit is at all times equal to twice the rated motor torque (i.e. 16.67 Nm). DC link voltage equals
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Figure 7.56 Simulink model for indirect field oriented control of a five-phase induction motor (File
Name: Vector_control_5_phase_IM.mdl)

587V (= V2 x415V) and provides approximately 10% voltage reserve at rated frequency.
The constants K; and K, of the vector controller are 0.431 and 4.527, respectively. Rotor flux
reference (i.e. stator d-axis current reference) is ramped from ¢ = 0 to r = 0.01 s to twice the rated
value. In order to obtain a forced excitation, it is kept at twice the rated value from ¢ =0.01 to
t=0.05 seconds. Next, it is reduced from twice the rated value to the rated value in a linear
fashion from 7= 0.05 to t = 0.06 s and it is kept constant for the rest of the simulation period.
Speed command of 1200 rpm is applied at 1=0.3 s in a ramp-wise manner from #=0.3 to
t=0.35 s and is further kept unchanged. Operation takes place under no-load conditions
initially, followed by loading and then reversing. Reference and actual rotor flux, reference and
actual torque, speed and stator phase ‘a’ reference, and actual current are shown in Figure 7.57.
After the initial transient rotor flux settles to the reference value, it does not change any more,
showing decoupled torque and flux control (vector control). Acceleration takes place with the
maximum allowed value of the motor torque. The motor phase current tracks the reference well
and consequently, torque response closely follows torque reference. Application of the load
torque at t =1 s causes an inevitable dip in speed, of the order of 30 rpm in this case. Motor
torque quickly follows the torque reference and enables rapid compensation of the speed dip
(<100 ms). The motor torque settles at the value equal to the load torque after around 100 ms and
the motor current becomes rated at the end of the transient. Reverse speed command is given at
t=1.3s and actual torque closely follows the reference, leading to the speed reversal, with
torque in the limit, in the shortest possible time interval (~350 ms). Thus decoupled torque and
flux control is achieved in a five-phase induction motor drive system.

7.5 Field Oriented Control of Five-Phase Induction Motor with
Current Control in the Synchronous Reference Frame

The current control can be exercised either for phase current control (Section 7.4) or current
control in the synchronous reference frame. Current references are generated by the vector
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Figure 7.58 Indirect rotor field oriented control of five-phase induction motor: (a) rotor flux; (b) speed
and torque; (c) stator phase ‘a’ current

controller for phase current control, while voltage references are generated when current
control in the synchronous reference frame is employed. The mathematical model of five-phase
induction machine, obtained in the Section 7.2, is modified to incorporate the vector control
using current control in the synchronous reference frame as follows.

Under the condition of rotor flux orientation, the stator flux is given by (the x-y component is
not considered as it is supposed to be zero for the sinusoidal supply condition)

L, .
g = f¢r + o Lyigs
.

L | (7.60)
lpqs = f lpr + O-LSZ(]S

2
where o =1 — LLZ_ is the total leakage coefficient. Substituting equation (7.60) into the stator

voltage equation (7.14) yields
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Vas = Rylgs + oL dls + fm dl, - wro-LSlq.\‘
. 7.61)
— R I dlqs Ly, dlﬁr I (
Vgs = Rslgs + 0Ly dt + E dt — WO Lglgs
o oL, diy 1 Ly, df, 0L .
igs +———— == Vas — i
TR dt R, ® LR dt | R, ®
. 7.62
. oLydiys 1 L, df, 0L . ( )
lds + =5V Lds

R, dt

+
R, ¥ " L.R, dt R,

As seen from equation (7.62), the two stator current components are not decoupled. Hence
decoupling circuit needs to be introduced for true decoupled d- and g-axis currents. If the output

variables of current controllers are defined as

. oL dig,
v[llS = Rs | s +R7.\‘ dr
(7.63)
| . oL diy
vi.o=R| i+
as \? Ry dt
then the required reference values of axis voltages vzY and vzs are
* 1
Vis = Vis +ed
Vol 4 (7.64)
qs qs q
where auxiliary variables are defined as
L, di, oLy .
eq=Ri| ——— —w,——1i
CTONLR A TR
(7.63)
ey = R, Lo, 7L,
¢~ \LR dr TR,

Equation (7.65) describes the decoupling circuit which is used in conjunction with the

voltage fed rotor flux oriented controlled five-phase induction motor drive. Usually the
derivative of the rotor flux term is neglected for simplicity without compromising the dynamics
of the machine. The structure of the vector controller is shown in Figure 7.59.

The constant in Figure 7.59a is given as wy = Kii, =K, = wsl/lqs = T,af =T

s

speed control in the base speed region is considered, the d-axis current is held constant equal to
the rated value. The reference g-axis current is generated using the PI controller, which

Since the
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Figure 7.59 Vector control of five-phase induction machine: (a) reference current generation;
(b) reference voltage generation

processes the speed error. The d-axis current error and g-axis current error are further processed
in the PI controller and the auxiliary variables are subtracted from the outputs to generate the
required reference voltages in the rotational reference frame. These voltages are then
transformed to the stationary reference frame and then transformed into five-phase voltage
references. These five-phase voltage references are given to the PWM block. This block then
generates the appropriate switching signals for the PWM voltage source inverter. The inverter
finally produces the required voltages that are impressed at the stator of the five-phase induction
machine. The PWM that can be used for generating the voltages can be carrier-based sinusoidal
method or space vector method.

The simulation result for the indirect rotor FOC with current control in the synchronously
rotating reference frame is given in [59]. It is evident from the results shown in [59] that the x-y
components of the stator current are still present, despite the use of the PWM method, which
claims to completely eliminate the x-y component. The presence of x-y components of current
is the consequence of the dead time in the switching signals of the IGBTs of the inverter. To
eliminate completely the x-y components of the current and consequently the distortion in the
stator current, two additional current controllers need to be added in the vector controller of
Figure 7.59, resulting in the modified vector control scheme, as shown in Figure 7.60. In the
modified current control scheme, two extra pairs of current controllers are introduced that
operate in the same reference frame as for the d-g components and have the same gains.
The reference currents for x-y are set to zero. The d-g current parameters are the same as in the
previous case (Figure 7.59) and the rotor flux position calculation also remains the same. The
simulation result of the modified current control scheme is also depicted in [59]. The current
waveform now shows complete elimination of the x-y components of current and the distortion
in the stator current is minimized.

7.6 Model Predictive Control (MPC)

In the last 20 years, model predictive control (MPC) has achieved a significant level of
acceptability and success in practical process control applications, and has been mainly applied
in power plants and petroleum refineries. With the development of the modern micro-controller,
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Figure 7.60 Vector control scheme of a five-phase induction machine with four current controller in
synchronous reference frame [59]

digital signal processors, and field programmable gate Arrays, MPC applications have been
found in a variety of areas including chemicals, food processing, automotive and aerospace
applications, and power electronics and drives [60-65].

MPC algorithms use an explicit process model to predict the future response of a process or
plant. A cost function represents the desired behavior of the system. An optimization problem is
formulated, where a sequence of future actuations is obtained by minimizing the cost function.
The first element of the sequence is applied and all calculations are repeated for every sample
period. The process model therefore plays a decisive role in the controller. The chosen model
must be able to capture the process dynamics to precisely predict future outputs and be simple
to implement and understand. Linear models have been widely used, as they can be easily
obtained by system identification technique, or by linearization of first-principles non-linear
models. The cost function, in consequence, is quadratic and the constraints are in the form of
linear inequalities. For such quadratic programming (QP) problem, active set methods (AS),
and interior point methods (IP) can provide the best performance. This formulation of linear
MPC (LMPC) has been implemented successfully in several commercial predictive control
products, such as Aspentech’s DMC Plus, Honeywell’s RMPCT, Adersa’s PFC and HIECON,
and ABB’s 3DMPC. However, if the plant exhibits severe non-linearities, the usefulness of
predictive control based on a linear model is limited, particularly if it is used to transfer the plant
from one operating point to another [66]. Adopting a non-linear model in an MPC scheme is an
obvious solution to improve the control performance. In fact, predictive control with non-linear
internal models (NLMPC) has been one of the most relevant and challenging problems.
Because the optimization problem to find control action has become non-linear, the convexity
of the optimization problem in LMPC has been lost, which makes the online application
extremely difficult. However, in order to obtain accurate predictions of process behavior, the
application of NLMPC has been increasing by using powerful micro-controller and efficient
optimization algorithms [67-69].
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MPC is an attractive control methodology to modern industry, because it has the ability to
handle both input and output constraints explicitly, which allows plant operation closer to
constraints. If the controlled processes operate at output constraints, the most profitable
operation can be obtained. In addition, input constraints in MPC take account of actuator
limitations, which means safe operations on plant have been considered at the same time as its
most profitable condition [66]. In addition, MPC handles multi-variable control problems
naturally, which makes it easily meet the requirement of integrated control of complex plants in
profit maximization. By monitoring the future behavior of many output variables, MPC can
keep a process operating both economically and safely [70].

However, a widely recognized shortcoming of MPC is that it can usually only be used in
applications with slow dynamics, where the sample time is measured in seconds or minutes.
Hence, the development of a fast MPC to broaden its application in industry has been an active
research field. One well-known technique for implementing a fast MPC is to compute the entire
control law offline, in which case the online controller can be implemented as a look-up
table [71,72]. This method works well for systems with small state and input dimensions (i.e. no
more than five), few constraints, and short time horizons. On the other hand, optimization
algorithms, such QP re-formulations, warm-starting, and early termination in IP, have been
investigated to speed up the computation of control action in MPC, and high-quality controls
using these improved algorithms have been obtained [66,72].

7.6.1 MPC Applied to a Five-Phase Two-Level VSI

Since the power electronic converters have finite switching states, MPC can be effectively used
in such converter systems for their current and power control, called ‘finite state MPC.” This
section elaborates on finite state MPC for a five-phase voltage source inverter for their current
control [76,77].

The basic block schematic of the proposed strategy is illustrated in Figure 7.61. The discrete
load model, called the ‘Predictive Model,” is used to pre-calculate the behavior of the current in
the next sampling interval. The pre-calculated current sample is then fed to the optimizer along
with the reference current (obtained from the external loop). The optimizer calculates the cost
function for all the possible switching combinations of the inverter. Thus, it generates the
optimal switching state corresponding to the global minimum cost function in each sampling
interval and passes it on to the gate drive of the inverter. This is how the optimal solution is
obtained. This concept is entirely different from the conventional PWM techniques, where the
symmetrical switching patterns are generated and ensures that each leg changes the state at

ii(k) 3_Phase VSI 5-Phase Motor
Cost Function R
i_g(k+1) L )
Predictive ! ;. Optimization
Model €/> 7

| 0

Figure 7.61 Model predictive current controller for five-phase drive
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least twice in the same switching interval, keeping constant the switching frequency spectrum.
In contrast to the MPC, the two switchings of each leg are not guaranteed and hence the
switching frequency is variable. However, this method is powerful owing to the fact that the
concept is simple and intuitive. The controller can incorporate many desired features by simply
modifying the cost function.

Owing to the fact that a five-phase inverter generates a large number of space vectors (30
active and 2 zero), many possible solutions can exist to implement MPC, as discussed in the
latter section. Nevertheless in this section, few solutions are elaborated on and there still
remains many more to explore.

The choice of the cost function is the most important aspect of the MPC. A judicious choice
leads to the optimal solution of the control objective. Thus the cost function should include all
the parameters to be optimized within the imposed constraints. In the current control, the most
important variable is the current tracking error. Thus the most simple and straightforward
choice is the absolute value of the current error. The other choices could be the square of the
current error, integral of the current error, or the rate of change of error, etc. Specifically, in a
five-phase drive system, there exist two orthogonal sub-spaces, namely «-8 and x-y. Thus, in
the case of a five-phase drive system, the current errors in both planes have to be considered for
devising a cost function. In general, for the square of current error, the cost function is given as

8ap = 1 00) = Talk + )] + |ip(k) = il + 1)
gy = [i(k) — il + )] + ’i;(k)—?y(k—kl)‘ (7.66)
The final cost function can be expressed as

Jaﬁxy = HgaBHz + ‘Y||§Y}||2 (767)

where ||.|| denote modulus and vy is a tuning parameter that offer degrees of freedom to put
emphasis on a-f3 or x-y sub-spaces. Comparative studies are made to emphasize the effect of
the choice of the tuning parameter on the performance of the controller.

The load is assumed as a five-phase RLE (resistance, inductance, and back emf). The discrete
time model of the load suitable for current prediction is obtained from [63]

i+ 1) = 2000 - 20 + 10 (1 - 5 (7.68)

where R and L are the resistance and inductance of the load; 7 is the sampling interval; i is the
load current space vector; v is the inverter voltage space vector used as a decision variable; and e
is the estimated back emf obtained from [63]

i=[iy iy ic ig i)y v=[va v ve va v.| (7.69)

ik — 1) — (k) <R+L> (7.70)
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where é(k) is the estimated value of e(k). However, for simulation purposes, the amplitude and
frequency of back emf are assumed as constant.

7.6.2 MATLAB/Simulink of MPC for Five-Phase VSI

The MATLAB/Simulink model for current control of a five-phase VSI fed five-phase R-L load
using finite set MPC is shown in Figure 7.62. The five-phase reference current is given as the
commanded value and the actual five-phase current through the five-phase R-L load is recorded
and compared.

Simulation results are presented first using the outer large vector set from Figure 7.34 and a
zero vector, thus in total 11 vectors are used, and the cost function is such that it minimizes
current tracking errors only in the a-8 plane. This is followed by using cost function, which
takes into account the current tracking error minimization in both the a-f3 and x-y planes. The
sampling time T is kept equal to 50 usec. The fundamental frequency of the sinusoidal
reference current is chosen as 50 Hz. The other parameters are R =10 Q, L=10mH, and
V4 =200 V. The five-phase reference current amplitude is at first kept at 4 A, then stepped up to
8 A in the first quarter of the second fundamental cycle. The optimization algorithm is
implemented using the ‘s’ function of MATLAB.

7.6.3 Using Eleven Vectors with y = 0

The resulting waveforms for using only ten outer large space vectors and one zero vector are
shown in Figure 7.63. The current tracking error is forced to become zero only in the a-f
plane. It is evident from Figure 7.63 that the -8 components of the current are sinusoidal,
while there are extra x-y components produced because of the vector of the x-y plane, which
are firmly tied to the vectors of the a-8 plane. Moreover, the optimizer does not take into
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Figure 7.63 MPC performance with y = 0: (a) Actual and reference five-phase currents; (b) trans-
formed current; (c) trajectory of a-axis current; (d) trajectory of x-axis current; (e) spectrum of current;
and (f) spectrum of voltage

account the tracking error in the second plane. The loci of the current in the two different
planes are illustrated in Figure 7.63. The a-B plane shows circular trajectory, while the x-y
plane is irregular but close to the circle. To further explore the performance of the controller
current and inverter voltage spectrum, they are depicted in Figure 7.63f. The THD is
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calculated up to 500 harmonics for both voltage and current waveforms. The current
waveform shows a THD of 19.67% and the highest lower-order harmonic is third equal
to 19.55% of the fundamental (7.9 A). The voltage spectrum offers a THD of 42.36% and
the highest lower-order harmonic is one-third with their magnitude equal to 25.82% of the

fundamental (82.7 V). The switching harmonics are distributed and the average could be
estimated around 7-8 kHz.
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voltage
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7.6.4 Using Eleven Vectors with y = 1

The simulation results are further shown to eliminate the x-y components of the currents, as they
are undesirblae for distributed winding AC machine drives (causing extra losses). The cost
function thus includes the x-y current tracking error, and the resulting waforms are shown in
Figure 7.64. The results obtained shows effective elimination of the x-y components, leading to
sinuosoidal output voltages and currents. Hence, by using only 11 large outer space vector sets,
sinusoidal output voltages and currents are obtained that were not possible with the SVPWM
technique.

7.7 Summary

This chapter discussed the structure of a five-phase drive system and its control properties and
elaborated the advantages and limitations of a five-phase induction motor drive system and
identified its potential application areas. Modeling of a five-phase voltage source inverter was
illustrated for step mode of operation and PWM mode of operation. FFT analysis was given for
the step mode of operation of five-phase VSI. Experimental results were also given for step-
mode of operation of the five-phase voltage source inverter. This was followed by the phase
variable model of a five-phase induction machine. The model was then transformed into two
orthogonal planes, namely d-g and x-y and the torque equation was obtained. The vector control
principle was then presented for the five-phase induction motor drive system. The difference
between the vector control principle applied to a three-phase system and a five-phase system
was highlighted. The theoretical background was supported by the simulation model using
MATLAB/Simulink software. The modern control technique such as Model predictive control
is discussed with reference to the application for current control of a five-phase voltage
source inverter.

Problems

D 7.1: Calculate the rms voltage of the output phase voltage and adjacent line and non-
adjacent line voltage for ten-step mode of operation of a five-phase voltage source
inverter operating at 100 Hz fundamental frequency in terms of dc link voltage V.

D 7.2: A Five-phase voltage source inverter is supplying a five-phase load and operating in
ten-step mode of operation. The fundamental output frequency is assumed to be 25 Hz.
Calculate the conduction period of each power switch of the inverter.

D 7.3: A five-phase induction machine is supplied from a five-phase voltage source
inverter. The five-phase VSI is controlled using space vector PWM technique and
sinusoidal supply is to be supplied to the motor. The inverter switching frequency is
5kHz and the DC bus voltage at the inverter input is 300 V. The inverter output
frequency is 50 Hz. The reference phase voltage rms is 100 V. Identify the space
vectors that will be applied and their time of application for the time instants: 1 ms,
5ms, and 10.5 ms.

D 7.4: A five-phase induction machine is supplied from a five-phase voltage source inverter
and controlled in square wave mode with conduction angle as 144°. The dc link voltage
is assumed as 1 p.u.,
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(a) Write down the switching state and corresponding leg voltage values and leg voltage
space vectors in the stationary reference frame.

(b) Calculate the phase-to-neutral voltages and determine the corresponding space vectors
in both d-q and x-y planes.

(c) Determine the possible line-to-line voltages and corresponding space vectors in d-q and
x-y planes.

D 7.5: Determine the effect of dead time on the output phase-to-neutral voltage of a five-phase
voltage source inverter operating in ten-step mode. Consider the dead time of 20 us and
50 ws. (Hint: Develop the simulink model to solve this problem)

Solution: (file name: vsi_ten_step_20_micro_delay.mdl)

D 7.6: A Five-phase induction machine rated at 200 V (adjacent line voltage) is supplied from
a Five-phase PWM voltage source inverter operating at 5 kHz switching frequency and
employing simple carrier-based sinusoidal PWM scheme. The motor is assumed to be
operating with v/f = constant control law and the rated voltage is applied at 50 Hz. To
enhance the output of the inverter, 5™ harmonic injection PWM scheme is adopted.
Determine the amplitude and frequency of the 5™ harmonic components to be injected
for motor operation at 50 Hz, 25 Hz, and 10 Hz.

D 7.7: A Five-phase induction machine is supplied from a Five-phase voltage source inverter
and the inverter is modulated using space vector PWM with sinusoidal output. The
operation of the five-phase motor is assumed in v/f= constant mode. The inverter
switching frequency is 2kHz and the DC bus voltage at the inverter input is 600 V.

(a) Determine the maximum value of the inverter output phase to neutral fundamental rms
voltage for this PWM mode. This is treated as the rated motor’s voltage and the rated
frequency of the motor is assumed as 60 Hz.

(b) Find the set of the space vectors that will be applied and the time of their applications for
the output frequency of 25 Hz, for the time instants of: 1.5 ms, 4 ms and 8 ms

(c) The five-phase induction motor is now supplied from 120 Hz. Calculate the new
reference space vector and determine which of the space vectors will be applied and
for how long, for the time instants of 2ms, 10 ms, 15 ms.

D 7.8: Develop a complete MATLAB/Simulink model of a 4-pole, 220 V rms, phase, Five-
phase induction motor drive system for open-loop v/f = constant control mode. The
Five-phase voltage source inverter may be simulated using IGBT model from
‘simpower system’ block sets. The inverter dead time may be given as 50 usec
and the switching frequency of the inverter is assumed as 5 kHz. The same model
should be implemented in real time with TMS320F2812 DSP and the voltage signal
to the DSP, corresponding to rated speed is 3.3 V. The speed reference should be
given as voltage signal to the control block. Per-phase equivalent circuit parameters
of the 50Hz, Five-phase induction machine, are R, =10Q, R, =63Q,
Liy=L,=004H, L, =0.42H. Inertia and the number of pole pairs are equal
to 0.03 kgm? and 2, respectively. Rated phase current, phase-to-neutral voltage and
per-phase torque are 2.1 A, 220V and 1.67 Nm, respectively.

D 7.9: Determine the voltages in the a- and x-y plane for the following phase voltages in
the stationary reference frame. Use the transformation matrix (assume star connected
load and a =72°). You can use MATLAB/Simulink simulation and plot the voltages in
the two orthogonal planes. (Assume V;=0.5V; and V5s=0.25V;)
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3

Sensorless Speed Control
of AC Machines

8.1 Preliminary Remarks

Sensorless speed control of induction machine (IM) drives has, in the past decade, become a
mature technology for a wide speed range [1-3].

The elimination of the rotor speed sensor, without affecting performance, is a major trend in
advanced drives control systems [1]. The advantages of speed sensorless AC drives are reduced
hardware complexity, lower costs, elimination of the sensor cable, better noise immunity,
increased reliability, access to both sides of the shaft, less maintenance requirements, and
higher robustness. An encoder is expensive and a problematic factor. The special motor shaft
extension increases the drive’s price. The use of encoders affects the reliability, particularly in
hostile environments. In general, the operation in explosive, corrosive, or chemically aggres-
sive environments requires a motor without a speed sensor.

A variety of different solutions for sensorless AC drives have been proposed, mostly in the
past two decades. Their advantages and limits are reviewed in many survey papers [1-60].

Many methods are generally accepted as better solutions for high sensorless performance,
for example, model reference adaptive system (MRAS), Kalman Filters, adaptive non-linear
flux observer, sliding mode observers, and other improvements [7—14].

8.2 Sensorless Control of Induction Motor

Two basic approaches are used for sensorless control. The first includes methods that model the
induction motor by its state equations [1]. A sinusoidal magnetic field in the air gap is assumed.

High Performance Control of AC Drives with MATLAB/Simulink Models, First Edition.
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The models are either implemented as open-loop structures, like the stator model [1,11], or as
closed-loop models, like adaptive observers [5,17]. The adaptive flux observers are now
receiving considerable attention and many achieving new solutions because of their high
precision and relative robustness against machine parameter deviation [1,10].

Open loop models and even adaptive observers have stability limits at very low stator
frequencies. The rotor induced voltage at such operating points is then zero or close to zero,
which renders the induction motor an unobservable system.

The basic limitation for sensorless operation is the DC offset components in the stator current
and voltage acquisition channels at very low speeds [1]. At lower speeds, voltage distortions
caused by the PWM inverter become significant.

The second approach used for low speed sensorless operation is the signal injection
technique [1]. Carrier injection methods for sensorless control are sophisticated and the
design must match the properties of the motor [1,4,18,41]. This makes the method unfeasible
for practical application, so will not be discussed in this book.

Eliminating the speed sensor from the drive system requires estimation of the state variables,
for example, motor speed and machine flux using stator variables. In this chapter we will
discuss a few simple solutions for sensorless AC motor drives.

8.2.1 Speed Estimation using Open Loop Model and Slip Computation

The rotor speed in the vector control scheme can be computed from a difference between the
synchronous speed and the slip speed, using the following known equation:

o= ‘psawsﬁ(kl)pz lpsﬁlpm — &y (8.1)

where

Rr sa .X - WYy .sa
= s lﬁdlz Vip! ) (8.2)

Wi

The stator flux components (or rotor flux in the rotor flux oriented system) can be computed
using open loop models, as explained in earlier chapters, or by using closed loop observer
systems. These observers can be used for speed computation in addition to the flux components,
as will be discussed in the following sections.

8.2.2 Closed Loop Observers

The accuracy of the open loop models decreases as the mechanical speed decreases [1]. The
performance depends on how the machine parameters can be identified. Those parameters have
the largest influence on system operation at lower speeds. The robustness against parameter
deviation can be significantly improved by using closed loop observers.



Sensorless Speed Control of AC Machines 367

8.2.2.1 Observer 1

The Observer 1 is based on the voltage s, §, model of the induction motor, with combination of
the rotor and stator fluxes and stator current relationships [62]:

ds
T’Sd—: + g = kP, + ug (8.3)

To prevent problems of voltage drift and to offset errors, instead of pure integrators, low pass
filters are used. The limitation of the estimated stator flux is tuned to the stator flux nominal
value. In addition, the extra compensation part is added, as presented in [61].

Based on equations (8.9)—(8.11), the rotor Observer 1 equations are [62]

dADl _Aa+kr/\ra+ﬁ.a . <

:j,,; = '-"s ’T,zl, = kab (ll - 1]) (84)

. 1,. .
l'lr = ? ('.IJY — (TLSIX) (85)

where k is observer gain.
The estimated value of the is current appearing in equation (8.5) is
s J’s — kl’li’r

=1 7 8.6
=¥t (86)

The rotor flux Observer I structure is presented in Figure 8.1.

The rotor flux calculator receives the observed stator flux components and the measured
stator current components, both in the stationary oo — 3 axis frame. These input signals require
high precision, which is achieved by using the correcting error signal in equation (2.4) derived
from the difference between the estimated and the measured stator current vectors. The stator
current calculator in equation (2.6) receives the estimated stator flux and rotor flux. Any
existing error may be further eliminated by providing the current error as a negative feedback
signal in the stator flux observer system. The stator current error signal ( iy — iy ) in the negative
feedback of the flux observer is multiplied by a gain & to increase its robustness and its stability
behavior, as well as to help eliminate additional disturbances related to the DC drift and
computational and measurement errors.

Generally, the observer matrix gain k can be tuned experimentally and set at a constant real
value. The tuning should be done for a wide range of operating speeds and varying load
conditions. Finally, a behaviorally chosen optimum constant value of k should be selected. As
was shown in the results sections, in spite of that simple tuning process, the described observer
works properly, even for the low motor small voltage frequency supply.

The next calculation is of a rotor flux vector angle needed for transforming from the
stationary to the rotating frame, and vice versa for a vector controller. The flux position
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Figure 8.1 Structure of the proposed flux Observer I system

calculator receives stator flux components in the a-axis and B-axis stationary frame. The
derivative of this angle gives the rotor flux speed wy,.
Based on the estimated rotor flux components, the flux magnitude and angle position are

|‘|A’r| =YV Jflza + J’fﬁ (8.7)

Py arc tg@ (8.8)

ra

If the main goal of the drive controller is to control the torque, then the drive system does not
require a rotor speed signal. However, rotor velocity is required to perform closed-loop speed
control. In the proposed estimation method, the motor mechanical speed signal is obtained by
subtracting the slip from the rotor flux speed:

Br = Gy — @ (8.9)

where the rotor flux pulsation is

Wyyr = ‘ (810)
and rotor slip pulsation is obtained from

@, :M (8.11)

o

The rotor flux magnitude, position, and mechanical speed estimation structure is presented in
Figure 8.2.
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Figure 8.2 Speed estimation calculation structure

The Observer I system in equations (8.4)—(8.6) does not contain information on rotor speed,
therefore does not require computation or knowledge of its shaft position. Speed computation is
performed in a separate block, as shown in equations (8.9)—(8.11), which does not affect the
precision of the proposed observer. This eliminates any additional error associated with computing
or even measuring such signals, particularly at extremely low frequencies. It is robust in that it
does not require additional techniques for parameters tuning or DC drift elimination.

Simulink Model of Observer 1
The observer 1 for the estimation of stator and rotor fluxes is depicted by

L) — Kl — w12
dj;y — TL (= + Kty + 1)) — k(i — i) (8.13)
- ‘1’—];”“» (8.14)
By = ‘”»‘k‘fLU (8.15)

The above equations are modeled in Figure 8.3.

Stator Currents
The stator current components can be computed from

2 lwll.vx B ki’d]rx (816)

Iy =
ol
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Figure 8.3 The stator and rotor flux observer system (Observer 1)

2 lrzfsy - kl‘lzfry

1 =
i oLy
The above equations are modeled in Figure 8.4.

8.2.2.2 Observer 2

E
Integrator Goto
1
> s
Integratori Goto1
Gota2
Gotod
(8.17)

The second flux observer system (Figure 8.5) was recently described in [20]; however, it was
combined with an additional observer for speed computation. It is important to note that such a
solution, as in [20], did not give satisfactory performance at low speed ranges. The approach in
this paper is to compute the rotor speed, not from an additional speed observer, as in [20], but
using slip computation (equations 8.1 and 8.2). This approach of speed computation extended
the operating point of this observer significantly, more than that presented in [20]. In [20], it was
possible to operate the motor down to 3% of rated speed, while in this procedure all observers
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Figure 8.4 The observed stator currents

operated correctly, even around zero speed. The mathematical description of the third observer
is given as [20]

75 2, + iy = ke, + (8.18)
dt
L R T (8.19)

+
) T' Low Pass| +
P Filter

Figure 8.5 Version 2 of observer system



372 High Performance Control of AC Drives with MATLAB/Simulink Models

~n

dj; = uy — Ryly — kAug (8.20)
~ 1 ~n .
U = (s = Loiy) (8.21)
Yo = Leis (8.22)
Bo =l — kap, (8.23)
A, =g — i, (8.24)
1.
Aug = — Ay, (8.25)
Ts
which is
Auy = RyAi, (8.26)

Rotor speed and flux position are computed using the same procedure as earlier described
systems (equations 8.1-8.8):

The observers’ gains were selected experimentally and are shown in the following sections.
Although a constant gain was used in our verifications, it was possible to run the controller
around zero frequency with sufficient robustness against parameter variation. The influence of
the selected gain on the accuracy and dynamics of the observer will be presented in the
experimental section of this paper.

8.2.2.3 Observer 3

This kind of observer [68,69] is a speed observer and based on the Luenberger observer system
(Figure 8.6). The observer may be used for rotor flux and speed estimation. It has been
developed and discussed for almost 20 years. The differential equations of the speed observer
are [68,69]

di ; A . .
d;x = ayig + azlﬂrx + a3wr¢ry + aqugy + ki(i‘\'x - i‘\'x) (827)
di ; A . .
d;y = alisy + aZdlry - a3wrdjl‘x + A4Usy + ki(isy - isy) (828)
d Ar,c ~ ~ ~ 7
w = = dslgy + a6¢rx - gy - kZ(wr'vl/ry - g\) (829)

dr
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Figure 8.6 Control of induction motor model with the speed observer system [Observer_three]

dl&ry _ i 7 )

dr aslgy + a6‘7[fry +4+ kZ(wrl)l’rx - g‘c) (830)

dgr . :
d7; = ki (isy — i) (8.31)

¢, S
; — _kl (lxx - l‘\'x) (832)

e
& =S % + ka(V — V) (8.33)
d/rx + ljjry

where ~ denotes estimated variables; k1, k», k3 are the observer gains; and S is the sign of speed
(Figures 8.7 and 8.8). The values {,,, are the components of disturbance vector; V is the
control signal obtained through experiments; and V/is the filtered signal V. The observer
coefficients k; to k, have small values and are selected experimentally. The coefficients depend
on the operating point, for example, torque, speed, etc. The coefficient k, depends on the rotor
speed:

ky=a+b |yl (8.34)

where a and b are constants and @,y is the absolute value of the estimated and filtered
rotor speed.
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Figure 8.7 Observer 3 details

The control signals are defined as

V= lergy - ‘&rygx (835)
de . 1
E_Tl(vl -V (8.36)

This observer is appropriate for very low speed operations.

Figure 8.8 Variables estimation
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The observer is simulated in Simulink in [70]. The Simulink software file of control of the
induction motor model with the speed observer system is [Observer_three]. The motor
parameters are located in [PAR_AC], which should be first executed.

8.2.3 MRAS (Closed-loop) Speed Estimator

Although several schemes are available for sensorless operation of a vector controlled drive,
the MRAS is popular because of its simplicity [1,2,25-36]. The model reference approach
takes advantage of using two independent machine models for estimating the same state
variable [36-45,47,49]. The estimator that does not contain the speed to be computed is
considered a reference model. The other block, which contains the estimated variable, is
regarded as an adjustable model (Figure 8.9). The estimation error between the outputs of the
two computational blocks is used to generate a proper mechanism for adapting the speed.
The block diagram of the MRAS-based speed estimation is shown in Figure 8.9.

In this scheme, the outputs of the reference model and the adjustable model denoted in
Figure 8.9 by P! and P are two estimates of the rotor flux vectors.

The difference between the two estimated vectors is used to feed a PI controller (could be the
only gain). The output of the controller is used to tune the adjustable model. The tuning signal
actuates the rotor speed, which makes the error signal zero. The adaptation mechanism of
MRAS is a simple gain, or in this example, a PI controller algorithm:

0® =K, +K; Jsdt (8.37)

where the input of the PI controller is

1 2
e =y v — gy (8.38)
and K, and K; are the parameters of the PI controller.

8.2.3.1 Simulink MRAS Model

The MRAS consists of two models, the reference one and the tuned one. Both models may be
formed using the following equations.

—® Reference vi(1)

s Model |

Error £ | PI [
/— calculation "| controller o
2
Adjustable ¥(2) 4
Model -t

Figure 8.9 Block diagram of MRAS
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By letting the reference frame speed w, = 0, the motor basic equations are

R,i dﬂ 8.39

Yy = S£S+ dt ( )
dip

0=Ri, + ; —jorp, (8.40)

The extraction of the stator flux vector and rotor current vector enables the computation of
the rotor flux vector using the following known equation:

dip L, . i

CZ = a Ve — Rsls - Usz;
. (8.41)
v 1 Ly .

a — T e st

The first equation (8.41) can be used to calculate the rotor flux vector on the basis of the
measured stator current and commanded voltage (or computed using PWM vectors). This first
equation is independent of rotor speed, therefore it may represent the reference model of
Figure 8.9. On the other hand, the second equation (8.41) requires stator currents only and is
dependent on the rotor speed. Therefore, this equation may represent the adjustable (adaptive)
model of Figure 8.9.

In matrix form those equations (models) appear as

1/ L, Vas (RS + O'Lsp) 0 las
19 [ e [
‘/lar - 1 / Tr —y dlar Lm ias
(R A b

d
where o = 1 — (L2,/LsL,) and p = 7

Figure 8.10 describes the Simulink diagram of MRAS with both references (upper) and
adaptive (lower) models used for motor speed estimation. The currents (i, and ig) and voltages
(Vy and Vp) are taken from motor terminals for the speed estimation.

Indeed, it is possible to use different models either as a reference or adaptive system. Below
is an additional example of the reference system in which Observer one is used as reference
model. This is robust and not sensitive to motor parameters, which gives better results, even for
very low frequencies.

(8.42)

8.2.3.2 MRAS with Observer 1

In this section, a complete and detail description of an induction motor model with MRAS
and Observer one is explained. The induction motor model, induction motor controller,
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Figure 8.10 Simulink diagram of the MRAS estimator (both reference and adaptive models)

MRAS estimator, and the observer are illustrated in Figure 8.11. The Simulink software file
of vector control of IM model is [IM_VC_sensor_less_observer]. The motor parameters are
located in the file model properties within the initial function. Parameters should run
automatically.

Description of induction motor with vector controller is given in an earlier chapter; therefore,
will not be repeated.

The Simulink block of the observer is shown in Figure 8.12. The sensorless flux observer is
used for the estimation of stator and rotor fluxes. The observer can also be used for other
variable estimations.

As shown in Figure 8.12, the adaptive system is connected with inputs (fluxes) obtained
from the sensorless observer, which is used as the reference model. The reference model is
used for adjusting the speed in an adaptive model. By this method a robust scheme is possible
to be designed, because the sensorless flux observer is insensitive to motor parameter
deviation.
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Figure 8.11 Simulink blocks of induction motor, vector controller, reference observer, and MRAS
observer

8.2.3.3 Simulation Results

The motor parameter for simulation are stator and rotor resistances Rs = Rr = 0.045 p.u., stator
and rotor inductances Ls =L r = 1.927 p.u., motor mutual inductance Lm = 1.85 p.u., motor-
load moment of inertia J = 5.9 p.u., motor load torque, and mo = 0.7 p.u. The simulation result
for a square pulse demand in speed is shown in Figure 8.13. The simulation time is setat 10s. A
step speed command of 0.9 p.u. magnitude is given at 0 s and then becomes zero at 5s. A step
load torque command is applied at 2 s and then makes t zero at 6 s The rotor flux command is set
at 1 p.u. The corresponding simulation results of the motor speed w,, currents /;and I, rotor flux,
load torque, and applied voltage in the p.u. system are shown in Figure 8.13. Proper limiting of
the control variables is not provided. This should be taken into account for right control.

8.2.4 The Use of Power Measurements

The use of instantaneous reactive power and instantaneous active power provides a simpli-
fication of the speed estimation process [21,22].
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Figure 8.13 Simulation results of motor speed w,, currents I; and I, rotor flux, load torque, and applied

voltage in the p.u.

system
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Reference [62] provides new definitions of instantaneous powers in three-phase (p and q)
circuits, based on the instantaneous voltages and currents. The power definitions are

D = Usxlsy + Usylyy (843)
q= usyisx - usxisy (844)

The used power P and Q for speed estimation are obtained after filtration (using a first-order
filter) of p and ¢q calculated from the above equations.

Rotor angular speed may be determined by using combinations between power equations,
multiscalar variables, and the machine model (differential equations of stator current and rotor
flux vector components) [21,22].

For simplification, the left-hand side of the machine model is equal to zero in steady state.
Accordingly, the rotor speed can be computed in different ways [21,22]:

. allf + arzz + a4 P

; s (8.45)
or
_ — wal?
o = ”22213 j’a;f @O (8.46)
where
2 = Pplyy — ‘#l‘yi&‘i (8.47)
23 = Pyl + Pyl (8.48)

8.3 Sensorless Control of PMSM

The rotor speed and produced torque can be computed using the Luenbergera back emf
observer. Assuming that the dynamics of the mechanical system are much slower than the
dynamics of the electric variables, we may assume that the motor back emf does not change
during an observer sampling period, so that

de,

20 8.4
7 (8.49)
de,g

— =0 (8.50)

The used Luenberger observer for the PMSM back emf in the stationary o frame is
described as [63,64,67]
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aj:‘_Llsua—Izjfa+liéa+K,-a(ia—fa) (8.51)

‘gfziuﬁ —%z}; +%Xég + Kig (ig — ig) (8.52)

% = Kea (ia — ia) (8.53)

% = Kep (ip — ip) (8.54)

where # is the estimated value; L is the stator inductance, assuming that Ly = Lg; and K|, Kjg,
Kea, Keg, are observer gains (when using symetrical motor K, = Kig =K, Keo =K =Ko).

The state variables in the observer are stator currents i,, ig; however, the back emf signals e,
eg are disturbances that should be identified in the observer. The block showing such an

operation is illustrated in Figure 8.14.
The rotor angle can be computed from the following:

0 = —arc tgei—a
ep
where

sinf = —e—f‘

le]

. e
cosf =—
le]

) > Observer
lo, ) system

Figure 8.14 emf observer

(8.55)

(8.56)

(8.57)

(8.58)
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Rotor speed is identified by differentiating the rotor angle:

dé
o =2 (8.59)
R é
@ =14 (8.60)

In this example, the sign of the speed needs to be additionally identified, for example, by

verifying the sign of angle 6 derivative.
Motor electromagnetic torque can be computed by

i _ laba +iglp

e 8.61
= (8.61)
The schematic of the back emf observer system is shown in Figure 8.15 [67].
8.3.1 Control system of PMSM
The schematic of the sensorless drive system with PMSM is shown in Figure 8.16.
The machine torque is obtained by
fe = Wi+ (La — Lg)ialg (8.62)

] N S PU—
Observer System
A
and Computational > 0
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ug" >
B 0
A
AN
A [
K |«
K |«

Figure 8.15 Schematic of the back emf observer system
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Figure 8.16 Schematic of the sensorless drive system with PMSM

8.3.2 Adaptive Backstepping Observer

The machine model in the rotating d-g frame is [65,67]

. dy
uq = Ryiq + dlSd — gy,

. diy
ug = Ryi, + M4 Wy Py

dt
Yog = Laig + lﬂf
(r[fsq = Lyiy
It is possible to obtain [65,67]
dipsq . oa = R,

d; =Uq — Rsld + w(/;rl//Sq =Uq — RS <\Ldf + wl//rl//_yq = f;wsd + wl//rl//_yq +

dip, . Wy ‘

— = uq - RSlq - wl//l‘lrllxd = ut] - RSJ - wl/!rlr[/sd = _lebsq - wl/”"!fsa' + uq

dt L, L,

(8.63)

(8.64)

(8.65)

(8.66)

Ry
et

(8.67)

(8.68)
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. lwbsd d]f
=4 - 8.6
Iq L, +Ld (8.69)
iy :% (8.70)
q

Hence, the observer equations may appear as [65,67]

dg;d - itﬁsd + Byt + glﬂf + g + ka (8.71)
d:f:;“f - ILé;lijsq — Oyl + g + kg (8.72)

a = lij + % (8.73)

g = Z’ (8.74)

where kq and kg are control signals designed according to the ‘backstepping’ theory [65]. The
errors between the real and observed values can be written as

J,Sd = lllm' - lllm' (875)
Jqu = lpsq - lﬁsq (876)
- (8.77)
R, =R, — R (8.78)

Then the response of the error can be represented by [65,67]

di Ry~ . - R
g;d = - lj[‘psd + wl/!r‘ps‘q + fdwf +ud + ka (8.79)
dJIS RS 7 ~ 7
d[‘f = — [y — Durdhg g + kg (8.80)
q
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¢sd lpf
= — 8.81
' Ly * Ly ( )
ig = i’ (8.82)

8.3.3 Model Reference Adaptive System for PMSM

Recently, the sensorless control of the Permanent Magnet Synchronous Motor (PMSM) has
attracted wide attention due to their wide use in the industry. Several techniques have evolved in
order to estimate the motor speed. Again, open-loop speed estimators, closed loop estimators,
back emf based speed estimators, the high frequency signal injection method, and many others
are used. Although several schemes are available for sensorless operation of vector controlled
PMSM drives, one of the most popular schemes is the MRAS because of the ease of
implementation [37-49]. The model reference approach makes use of two independent
machine models of different structures to estimate the same state variable (back emf, rotor
flux, reactive power, etc.) on the basis of different sets of input variables. The error between the
outputs of the two estimators with the described earlier strategy is used to generate an adaptive
mechanism for identifying rotor speed in the adjustable model. The schematic block of a
MRAS for PMSM is illustrated in Figure 8.17.

The PMSM stator voltage equation in the stationary frame can be used as the reference
model:

. di,
Vag = Rolg + Ly =% + €as (8.83)
. dZBs
Vgy = Rigg + LSW + eps (8.84)
)

Machine Model-1

J

)

Machine Model-2

w, f

J3jjo13u0) Id

=

Figure 8.17 Block diagram of MRAS estimator for PMSM
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where R, and L, are stator winding resistance and inductance per phase, respectively and e; is
the motor back emf.

The adaptive system contains a motor speed that is supposed to be identified in adaptive way
according to Figure 8.12. In this scheme, the outputs of the motor model-1 and the motor
model-2 are two estimates of the back emf’s.

The speed tuning signal actuates the rotor speed, which makes the error signal converge to
zero. The adaptation mechanism of the MRAS-based speed estimation method is a PI
controller algorithm:

W, = Kp§+KiJ§dt (8.85)
where the input of the PI controller is
f = eozséﬁs - eﬁséas (886)

and K, and K; are controller gains and £ is the error signal.

The complete Simulink diagram of the MRAS block for the control of the PMSM is shown in
Figure 8.18. The MRAS block takes currents and voltages from the motor terminals. The
description of the MRAS block is explained in Figure 8.19. The Simulink software file of vector
control of the PMSM model is [PMSM_FOC_alfa_beta]. The motor parameters are located in
[PMSM_param], which should be first executed.

L
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IS » |18
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Speed Command Isd isx Plis
Goto3
usy »|usy

v

>
{isa usq }—p|usq i (@ =
isy »isy
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Figure 8.18 Complete simulation block diagram of MRAS-based control of PMSM
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Figure 8.20 Simulation results of currents (/,, I,), field fluxes (fi., f;,), and rotor angle and voltages
(usxv uxy’ Usq, qu)

8.3.4 Simulation Results

Selected simulation results for an MRAS sensorless drive are shown in Figures 8.20 and 8.21.

8.4 MRAS-based Sensorless Control of Five-phase Induction Motor
Drive

Sensorless operation of a vector controlled three-phase drive is widely discussed in the
literature; however, this is not true for multi-phase AC machines, where a limited number of
publications have appeared in the literature [25-27,59]. One of the most popular solutions is the
MRAS, which is similar to three-phase drives [29-36].

As was shown in Chapter 6, multi-phase machine models can be transformed into an
orthogonal frame of decoupled equations. The d-¢ reference frame contributes to torque and
flux production. Hence, in rotor field oriented control (FOC), the rotor flux linkage is kept in the
d-axis so that the g component of the rotor flux is zero. Thus, the produced torque and the rotor
flux can be controlled independently by the d and ¢ components of the stator current. The
decoupled control of the torque and flux using the rotor flux oriented control for a five-phase IM
is illustrated in Chapter 6.

This section focuses on the MR AS-based sensorless control of a five-phase IM, with current
control in the stationary reference frame. A PI controller is used to compensate the rotor speed in
the adaptive model. Phase currents are controlled using the hysteresis current control method.
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Figure 8.21 Simulation results of currents (I, and /), rotor speed, and load torque.

The difference between the five-phase machine model, given in Chapter 6, and the three-
phase machine model is the presence of x-y component. Motor x-y components are fully
decoupled from d-g components, in addition to the one decoupling from the other. Since the
rotor winding of a squirrel cage motor is short-circuited, the x-y components do not appear in the
rotor winding. Since the stator x-y components are fully decoupled from the d-g components
and one from the other, the equations for x-y components do not need to be further considered.
This means that the model of the five-phase IM in an arbitrary reference frame becomes
identical to the model of a three-phase IM. Hence the same principles of RFOC can be used.

The mathematical model of a five-phase induction motor makes it possible that the MRAS
used for a three-phase machine can be easily extended to a multi-phase machine. The MRAS for
the five-phase induction motor drive in the stationary reference frame is shown in Figure 8.22.

8.4.1 MRAS-based Speed Estimator

The schematic block of an MRAS based speed estimator is the same as that for IM or PMSM. In
such a scheme, the outputs of the reference (motor model) and the adjustable models denoted
by ¢, and (Z/,. are two estimates of the rotor flux space vector, which are obtained from the
machine model in the stationary reference frame. The rotor flux components in the stationary
reference frame are obtained as

dys L, . diy,
d[dr = a (Vds — Riys — oL 7;)

(8.87)
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dy, L, diys
—£=_ gs — Rylgs — oL e
d L, (v stas = Ths 7y )
di 1 .
d);s = E (sz - Rslxs)
diy, 1 .
d\l = E( vs — Rylys)
s

The adaptive model is based on the well-known rotor equations (current model):

d dr .
T, jl = Lilas — Yg — errdlqr
t
di,, .
T, dl‘q = Lmlqs - wqr + o, Ty,
di,, Ry,
— = 'lpxr

dt L

(8.88)

(8.89)

(8.90)

(8.91)

(8.92)

(8.93)
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d l»[’yr Ryr

R (8.94)

The MRAS model is using the reference model of equations (87-90) and the adaptive model
of equations (91-94) as two models for the rotor flux estimation. The angular difference
between the two rotor fluxes is used as the speed tuning signal (error signal). The adaptation
mechanism of MRAS is based on using a simple PI controller:

o, = K6+ K; Jgdt (8.95)
where the input of the PI controller is

f = ‘lldxlj/qs - lvlqulr[}dx (896

N

and K, and K; are arbitrary positive constants (parameters of the PI controller) and £ is the error
signal. The complete Simulink diagram of the MRAS block for the control of the five-phase
induction motor is shown in Figures 8.23 and 8.24. The MRAS block takes currents and

vds
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Figure 8.23 Simulink block diagram of vector control of five-phase induction motor with MRAS
estimator
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voltages from motor terminals. The simulation block diagram shows a five-phase motor, a
vector controller, and an MRAS block. The Simulink software file of vector control of the five-
phase IM model is [Five_phase_MRAS]. The motor parameters are located in the file model
properties within the initial function. Parameters should run automatically.

8.4.2 Simulation Results

The motor parameters of the simulated five-phase IM are
R,=10Q, R, =63Q, Ly,=L,=0.04H, L, =042H.

Inertia and the number of pole pairs are 0.03 kgm? and 2, respectively. The rated phase
current, phase voltage, and per-phase torque are 2.1 A, 220V, and 1.67 Nm, respectively. The
rated (rms) rotor flux is 0.5683 Wb. The drive is operating in a speed control mode with
feedback signal taken from the MRAS estimator.

Simulation results of different operating points are shown on Figures 8.25-8.28.
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9

Selected Problems of Induction
Motor Drives with Voltage Inverter
and Inverter Output Filters

9.1 Drives and Filters — Overview

Nowadays drives with induction motors and voltage type inverters are commonly used as
adjustable speed drives (ASD) in industrial systems [1].

The inverters are built with insulated gate bipolar transistors (IGBT), whose dynamic
parameters are very high, i.e. the on- and off-switch times are extremely short. Fast switching of
power devices causes high dv/dr at the rising and falling edges of the inverter output waveform.

High dv/dt in modern inverters is the source of numerous adverse effects in the drives
systems [2,3]. The main negative effects are faster motor bearings degradation, over-voltages
on motor terminals, failure or degradation of motor winding insulation due to partial
discharges, increase of motor losses, and higher electromagnetic interference levels. Other
negative effects are increased by the long cables used to connect the inverter and motor.

The prevention or limitation of the negative effects of dv/dt is possible if proper passive or
active filers are installed in the drive. In particular, passive filters are preferable for industrial
applications (Figure 9.1).

Passive filters used in induction motor drivers are called inerter output filters or motor filters.
Depending on filter structures and their parameters, the following filters are specified [4,5]:

o differential mode filters;
e common mode (CM) filter; and
o dv/dt filters.

With differential mode filters, the motor supply voltage is smoothed to almost a sinusoidal
shape contrary to the inverter output voltage (filter’s input), which is composed of a series of
short rectangular pulses (Figure 9.2). The differential mode filters are also known as sinusoidal
filters or LC filters.

High Performance Control of AC Drives with MATLAB/Simulink Models, First Edition.
Haitham Abu-Rub, Atif Igbal, and Jaroslaw Guzinski.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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Figure 9.1 Induction motor drives with the inverter output filter

The CM filters are used mainly to limit the motor leakage currents, which flow through motor
parasitic capacitances. The major part of leakage current flow is through the motor bearing to
the motor case and to the ground.

The role of dv/dt filters is to eliminate the wave reflection effect in long cables, in order to
avoid over-voltages on the motor terminal, as well as to prevent failure of the motor windings

Figure 9.2 The results of differential mode filter operation



Selected Problems of Induction Motor Drives with Voltage Inverter and Inverter Output Filters 403

insulation. The wave reflections are due to incompatibility between the cable and motor wave
impedances. In extreme conditions, the peak of the motor terminal over-voltages can reach
twice the value of the inverter supply voltage.

This chapter presents the basic problems associated with electric drives and inverter output
filters. The basic mathematical transformations, CM voltage descriptions, and filter structures
are first presented. Next, the filter models and design procedures are shown. An essential part of
this chapter is dedicated to modifications in the original estimation and control algorithms
required in the use of differential mode filters in the drive system. Also, the diagnostic solutions
for selected faults in the drive with filters are presented.

This chapter is supported by simulation and experimental validation. Simulation models are
discussed for better understanding and analysis.

9.2 Three-phase to Two-phase Transformations

For a deeper analysis of electric drives with filters, knowledge of filter models is required.

The natural frame of co-ordinates for a three-phase system is a three-axis co-ordinate with a
120-degree shift, but for a better analysis of the system, the use of the orthogonal co-ordinates is
more useful, as well as easier to understand. Therefore, for the next analysis, proper co-ordinate
transformations are presented. Two kinds of transformations are used, one for constant vectors
magnitudes and another for constant power of the three-phase and two-phase frames of
reference.

The transformation matrix for the conversion from a three-phase ABC co-ordinate to a two-
phase a30 co-ordinate for constant vector magnitude is described as

L1 1T
33 3
2 1 1
Ay = 3 3 3 9.1)
o - L
V3 V3

Ap = NG (9.2)
1

Using equations (9.1) or (9.2), each of the model variables x can be transformed from ABC to
two-phase a80 co-ordinates according to
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X0 XA
Xa | = AW XB (93)
XB Xc

where the variables retain the same magnitude in each co-ordinate.
The next relation is used when the constant power of both systems is fulfilled:

X0 XA
Xa | = Ap XB (94)
Xg Xc

The parameter transformations are required for system modeling, so the resistances matrix is
R 0 O

RXVBC = Rl/)ch =0 R O (9.5)
0 0 R

The three-phase choke with symmetrical coils on the toroidal core is

3M 0 O
MXVBC = Mch = 0 00 (9 6)
0O 0 0

and for a three-phase choke with an E-shape, the core is

0O O 0
0 §M 0

Mpe = Mype = 2 (9.7)
0O O %M

Inequation (9.6) it is evident that the toroidal three-phase symmetrical choke has parameters
only for the CM, whereas in equation (9.7) the E-core choke has parameters only for the
differential mode. Such a conclusion is essential for choosing the correct choke core selection
in the filters design process.

9.3 Voltage and Current Common Mode Component

As mentioned at the beginning of this chapter, unwanted bearing currents appear in the
drives with voltage inverters. This occurs because the voltage inverter with classical
pulse width modulation (PWM) is a source of CM voltage, which forces the bearing current
to flow.
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Figure 9.3 Structure of the voltage inverter with output voltages notations

To clarify the CM voltage effect, the voltage inverter structure presented in Figure 9.3 is
analyzed.

In voltage inverters, only one of eight transistor switching combinations is possible. Due to
the voltage notation presented in Figure 9.3, the inverter output voltages for each of the eight
states are presented in Table 9.1.

It is noted that the zero-component voltage changes according to changes in the transistors
switching combination. The peak value of the u, voltage is very high and equal to the inverter
DC link voltage Uy. The u, frequency is equal to the inverter PWM switching frequency. A
typical ug voltage waveform is presented in Figure 9.4.

9.3.1 MATLAB/Simulink Model of Induction Motor Drive with PWM
Inverter and Common Mode Voltage

The MATLAB/Simulink model of induction motor drive Symulatormdl is presented in
Figure 9.5.

The Symulator.mdl model consists of a three-phase inverter with a space vector PWM
algorithm (PWM_SFUN), and induction motor model (MOTOR_SFUN). Both blocks are
Simulink S-functions from C code. The C code files are as follows:

e declarations.h — list of predefined values;
e pwm.h — declaration of global variables for PWM inverter model;

Table 9.1 Voltage inverter output voltages for possible switching combination

Binary notation for transistor switching combination

100 110 010 011 001 101 000 111
Uy Ud Ud 0 0 0 Ud 0 Ud
Uy 0 Ug Uyq Uq 0 0 0 Uyq
Uw 0 0 Ud Ud Ud 0 Ud
Ud 2Ud Ud 2Ud Ud 2Ud
o % Wa  Us Ys s 0 ViU
° V3 V3 V3 V3 V3 V3 ‘
" V2Us  Ug Ug V2Uq Ug Us 0 0
: V3 V6 V6 V3 Q3 V6
Uq Uyq Uy Uy
u 0 -4 - 0 -4 - 0 0
P V2 V2 V2 V2
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Figure 9.4 The CM voltage waveform in a voltage inverter

e pwm.c — source file of PWM inverter model;
e motor.h — declaration of global variables for induction motor model;
e motor.c — source file of induction motor model.

The commanded values are:

e Timp — inverter switching period in milliseconds;

e Td — inverter dead time in milliseconds;

¢ US — module of the commanded inverter output voltage;
e omegaU — inverter output voltage pulsation;

¢ ud — inverter DC link supply voltage;

e m0 — motor load torque.

All variables and parameters are in per unit (p.u.) system, where the fundamental base values
are presented in Table 9.2.

The simulated drive is working according to the V/f = const principle. No ramp is added for
stator voltage pulsation, so when the simulation starts the motor direct start-up is performed.

Figure 9.5 MATLAB/Simulink model of induction motor drive with PWM inverter and common mode
voltage (Symulator.mdl)
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Table 9.2 Base values for p.u. system used in the MATLAB/Simulink model

Definition Description

Uy = V3U, base voltage

I, = V3l base current

Zy = Up/1, base impedance

my, = (Uplyp)/wo base torque

Yy, = Up/wo base flux

wp = wo/p base mechanical speed
L, = ¥/Tp base inductance

Jpb = myp/(wpwp) base inertia

T = wot relative time

where wy = 27rfy is nominal grid pulsation.

The model of 4 poles, Py = 1.5 kW, Uy = 380 Vinduction motor is used. The motor parameters
are given in the pwm.h file. Examples of simulation results for motor commanded frequency
w,=0.5 p.u. (i.e. 25Hz) and at DC link voltage uy=1.4 p.u. (i.e. 540V) are given in
Figures 9.6 and 9.7. In Figure 9.6 the process of the motor start-up is presented for the complete
simulation time. In Figure 9.7, the inverter output voltage of & and 8 components, as well as the

Figure 9.6 Simulation results for motor start-up
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Figure 9.7 Common mode voltage in PWM inverter

CM voltage, are presented in wider zoom. The CM voltage is related to the negative terminal of
the inverter DC link supply.

The complete MATLAB/Simulink model is available in the CD-ROM provided with this
book.

9.4 Induction Motor Common Mode Circuit

The motor has some parasitic capacitances with small values, in the order of picofarads. The
CM voltage on the stator windings creates a shaft voltage by capacitive coupling through the
motor air gap. Therefore electrostatic discharges are generated through the bearing lubricating
film. Such parasitic currents cause a reduction in the lifetime of the bearings. The motor’s main
parasitic capacitances are presented in Figure 9.8.

5 ANNNNN
3 - .7,
G
% NN "
| i A TP S T

Figure 9.8 Parasitic capacitances in the induction motor
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In Figure 9.8, the following motor parasitic capacitances are labeled as:

o C,r— parasitic capacitance between stator windings and stator frame;
o C,,, — parasitic capacitance between stator winding and rotor winding;
e C,; — parasitic capacitance between the rotor and frame;

e C, — equivalent capacitance of motor bearings;

» Cp, — parasitic capacitance between stator windings.

All the parasitic capacitances, except Cpp, are significant for the CM. So in the next explanation,
the phase-to-phase capacitance Cp, is omitted.

The Cy¢ capacitance is dependent on the motor’s mechanical size, according to empirical
relation [6]:

Cywr = 0.00024 - H> —0.039 - H+2.2 (9.8)

where C,¢ is in [nF] and motor mechanical size H is in [mm)].

The bearing capacitance is dependent on the bearing dimensions and mechanical properties.
The value of C,, is of the order of picofarads and close to the C,,, value. In practice, it is assumed
that C, =~ C,,,. The motor parasitic capacitance between the stator windings and the rotor Cy, is
dependent on motor size, winding type, and motor magnetic circuit. The C,,, calculation is
complicated and requires a lot of data, which can be obtained only from the motor manu-
factures. The same goes for the C;; calculations. More in-depth explanations can be found
in [6].

In spite of the small values of the capacitances, the parasitic current can reach large values,
because the switching frequency in modern inverters is high. Part of the parasitic current
circulates inside the motor, while some flows to the motor case and to the ground. The current
flow path to the ground is presented in Figure 9.9.

An equivalent circuit of the motor and feeder cable for CM current is presented in
Figure 9.10.

In Figure 9.10, the motor CM circuit elements are:

o Feeder cable parameters:
— Rc — cable resistance;
— Lc — cable inductance;
— Cc — cable capacitance.

Inverter Motor

o V'l
sli<lc
|
g

</

Figure 9.9 Common mode current path flow in electric drives with voltage inverter
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Figure 9.10 An equivalent circuit of the motor and feeder cable for CM current [7].

e Motor parameters:
— R — stator winding cupper resistance;
— L — stator winding inductance;
— Ry, — equivalent resistance of motor bearings;
— Sw — switch, when closed indicates the breakdown of the bearing lubricating film.

9.5 Bearing Current Types and Reduction Methods

The motor bearing currents are of several types. In Figure 9.11, four classes of bearing current
are presented.

The capacitance bearing current has a small value close to 510 mA at temperature 7}, ~ 25 °C
and motor speed n ~ 100 rpm. For higher temperatures and motor speeds, the current increases
but will not exceed 200 mA. Contrary to other bearing current values, the current is negligible
for bearing degradation analysis.

The machine discharging current appears when the bearing oil film breaks down. According
to the literature, the value of that current peak is up to 3 A [6].

High dv/dt
on motor terminals

Y N

Common mode High frequency
voltage grounding current
Capacitance Machine High frequency Rotor grounding
bearing current discharging shaft voltage current
current @

© !

Circulating
bearing current

®

Figure 9.11 Bearing current classes [6]
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The bearing circulating current iy is induced by a motor shaft voltage ug,. The ug,
appears due to parasitic motor flux Y. In [6], the practical condition for iy, calculation is
given by

ibcir(max) <04- ig(max) (99)

where ig(max) is the maximum value of the measured grounding current.

An in-depth explanation on the particular bearing currents calculation and measurements
can also be found in [6].

The rotor grounding current can appear when a galvanic connection between the rotor and
ground appears, i.e. caused by a load machine coupled with a motor shaft.

In [6], the types of bearing currents are correlated with motor mechanical size H, as
follows:

e if H < 100 mm, then machine discharging current, i,gpp, 1S dominant;
e if 100mm < H <280mm, then both i,gpy and circulating bearing currents iy, are
dominant;

e if H> 280 mm, then circulating bearing currents are dominant.

To prevent bearing current flow, the methods presented in Table 9.3 can be used.

Table 9.3 Bearing current prevention methods [6]

Reduction of electric discharge current iygpn:
e ceramic bearings;

o CM passive filters;

¢ active compensation systems of CM voltage;
o decreasing of inverter switching frequency;
» motor shaft grounding by brushes use;

¢ conductive grease in the bearings.
Reduction of circulating bearing current ip,;.:
e CM choke;

e active compensation systems of CM voltage;
¢ decreasing of inverter switching frequency;
¢ one or two insulated bearings use;

e one or two ceramic bearings use;

o dv/dt filter.

Reduction of rotor grounding current i,,:

o CM choke;

e active compensation systems of CM voltage;
e decreasing of inverter switching frequency;
¢ one or two insulated bearings use;

e one or two ceramic bearings use;

o screened cable for motor supply.
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Figure 9.12 System with active CM filter for voltage source inverter [40]

In addition to the use of passive filters for CM, current active methods are also used, such as
series active filter (Figure 9.12), or by changing the PWM algorithm.

Active filters are unpopular in MV drives, because they operate at a high switching
frequency, which is not recommended from a loss point of view. In this book, the CM active
filters are not discussed and only the PWM algorithms modifications reducing the CM current
will be described in this chapter.

9.5.1 Common Mode Choke

Among the numerous methods for bearing current reduction, the most popular is known from
small electronics circuits is a three-phase CM choke (Figure 9.13).

Figure 9.13 Structure of the common mode choke for three-phase system
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Figure 9.14 Waveform of the current measured in the motor grounding wire in 1.5 kW industrial drive
without CM choke use

A CM choke is built in the form of three symmetric coils wound on a toroidal shaped core.
The choke has a negligible inductance in a differential mode for the orthogonal components
af3; however, it has a significant inductance, L for the path of the CM current:

Lyo = 3M, (9.10)

where M, is the inductance of each CM mode choke.

Figures 9.14 and 9.15 present the results of using CM choke in the 1.5 kW induction motor
industrial drive.

In both Figures 9.14 and 9.15, the current in the motor grounding wire is measured.
Previously, the CM choke used had current peaks up to 1 A (Figure 9.14). When the CM
choke of inductance M| = 14 mH was installed, the current peaks were strongly limited
(Figure 9.15).

To achieve maximum limiting of CM current, a maximum choke inductance is needed. A
realization of the CM choke is based on using a maximum number of windings on the selected
toroidal shaped core. It is important for a CM choke that all windings are identical, to ensure

Figure 9.15 Waveform of the current measured in the motor grounding wire in 1.5 kW industrial drive
with CM choke use
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Figure 9.16 Common mode transformer

low leakage inductances. For differential mode circuits only, the CM choke leakage inductance
can appear.

For high power motors, large-sized toroids for CM chokes cannot be accessible, so CM
current reduction can be achieved by a few CM chokes connected in series.

9.5.2 Common Mode Transformers

The value of the CM voltage may be reduced by using a CM transformer. The difference
between the CM choke and the CM transformer is the additional winding shortened by the
resistor (Figure 9.16).

In the CM transformer, an additional fourth winding is wound with the same number of turns
as the choke phase windings. A CM transformer makes it possible to reduce the CM current in
the motor by up to 25%, while using less core volume than when using a CM choke [8].

If a CM transformer is used, then the CM circuit consists of an additional inductance L, and
resistance R,. The equivalent circuit of the CM transformer is shown in Figure 9.17.

An equivalent circuit of the CM transformer, inverter, feeder cable, and motor is given in
Figure 9.18.

In Figures 9.17 and 9.18, R, is operating as a dumping resistance for a resonant circuit. If the
CM transformer leakage inductance is neglected, the CM current circuit is [9]

Lt
Y Y\
Ict |ct R‘
—1 N ~~ 14

Figure 9.17 Equivalent circuit of CM transformer (1, — leakage inductance of the transformer)
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Figure 9.18 Equivalent circuit of CM transformer, inverter, feeder cable, and motor

N SLtCs() + RtUd
SSLth()CsO + 2 (Lt + LSO)CSORt +sLi +R¢

Io(s) (9.11)

The analysis of equation (9.11) calculates the R, value that limits both maximal and rms CM
current values. According to [9], the proper condition for R, selection is

1
2Zo0 <R < 5 Z0x (9.12)

where Z, and Z, are wave impedances of the circuit presented in Figure 9.18, if R, =0 and
R,=o0.

9.5.3 Common Mode Voltage Reduction by PWM Modifications

Typical methods for limiting the CM current, such as different configurations of CM chokes or
active compensation of CM voltages, are mostly expensive solutions and require additional
hardware.

However, limiting the CM current in the drive system is possible in a way that does not
require inverter reconstruction. The CM current can be limited by only changing the PWM
algorithm. Changing the PWM should be done in such a way that it eliminates or decreases the
CM voltage generated by the inverter. Different methods based on PWM algorithm modifica-
tions are suggested in the literature [10].

The following are the PWM modifications required for CM reduction:

e eclimination of zero voltage vectors;
¢ use of active vectors, which have the same value of zero sequence voltage u.

Such approaches come under the analysis shown in Table 9.4.
In Table 9.4, the active vectors are named as parity or non-parity vectors. Each of the parity
and non-parity vectors has the same value of zero component u.
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Table 9.4 Zero sequence vectors of inverter output voltage

Arrangement of switches states of three-phase voltage inverter

Vectors type

Active Zero
Vectors notation Uwa Uws Uwo Uws Ui Uys Uwo Uwy
Vector binary notation 100 110 010 011 001 101 000 111
Vector decimal notation 4 6 2 3 1 5 0 7
Vectors number 1 2 3 4 5 6 0 7
1 2 1 2 1 2
uno 5 Ud 5 Ud 5 Ud 5 Ud 5 Ud 5 Ud 0 Ud

0 V3Uq

Notation” NP P NP P NP P Z Z

uy (Co-ordinate system af8) —

@ Vector: NP —non-parity, P -parity, Z -zero.

For classical PWM methods, an example of a voltage uyg waveform is presented in
Figure 9.19.

The uyg is the voltage between the mid-point of the star connected load and the negative
potential of the inverter supply.

It is evident from Figure 9.19 that the highest changes of the voltage ung happen during zero
vector changes. It is also obvious that an elimination of such vectors can significantly limit the
CM current. If only active vectors that are equivalent to u, are used, then the CM current will
decrease. For example, in [11] a PWM algorithm without using zero vectors is presented. with
the algorithm only, the output voltage is built with parity and non-parity active vectors.

The disadvantage of the PWM based only on parity or odd active vectors is that without over-
modulation, the inverter output voltage is decreased. This is explained in Figure 9.20 for a three
non-parity active vectors (3NPAV) algorithm.

[Vl Z - zero vectors A - active vectors
ZAZ AVZAZ AZAZ AZAZAZAZAZAZA
54011~ - — —
g 1] e § S R N S B e
Uno
180__... .......................
0 i i | : X
0 400 800 1200 1600 lus]

2Ty, | 2Ty,

<
o i P

Figure 9.19 Example of uyo waveform with classical space vector PWM algorithm (the inverter DC
input voltage is Uy =540V)
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Figure 9.20 The output voltage vector for 3SNPVM modulation strategy

In Figure 9.21, the inverter output voltage vector ug," is generated using three non-parity
vectors Uya, Uy, Uyr:

uge Timp = Unats + Unatz + Usaty (9.13)

The vectors switching times t4, t; i t; are [12]

1 2UCOm
ty :3<1+[J"dm(cos(g-i-pu)—ksin(g—i—pu))) (9.14)
1/, 2ucon
=3 (1 - [;d[ cos —|—pu ) (9.15)
1 2UCOm
t=3 <1 — U"d“t sm +pu ) (9.16)
Timp =t4+t+1 (917)

where U and p,, are the length and position angle of the inverter output voltage vector ucy",
respectively.

By using non-parity active vectors, the CM voltage is

up = —2 (9.18)
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Figure 9.21 Output voltage vector for 3AVM modulation strategy

It is obvious that the constant value of uy does not allow for zero sequence current flow, iy,
through the internal machine’s capacitances. The disadvantage of the 3NPAV is that the
maximum inverter output voltage is limited to Ugy/3.

A higher use of the inverter output voltage with simultaneous CM current reduction is made
possible by using the modulation method with only active vectors. The method is close to the
classical PWM and was proposed in [12] where a 3AVM is presented. In the 3AVM method,
the position of the voltage vector is divided into six sectors and displaced by 30 degrees from the
original sectors in the classical space vector modulation SVPWM (Figure 9.21).

When the 3AVM algorithm is used, both the value and frequency of u, are decreased,
therefore the CM current is significantly limited. Simultaneously, the inverter output voltage
amplitude equals 2v/3 /9-Ug. It is 15.5% more in comparison with the 3NPAV and 3PAV.

Another modulation method that reduces the CM current is the active zero vector control
method (AZVC) presented in [12,13]. In the AZVC algorithm, the zero voltage vectors
are replaced by two opposite active vectors (AZVC-2) (Figure 9.22), or one active vector
(AZVC-1) (Figure 9.23).

The algebraic relations for AZVC-1 and AZVC-2, for the situation presented in Figures 9.22
and 9.23, are

utom . Timp = Uwats + Uyete + Ugats + Uysts for AZVC-2 (919)

out

uom. Timp = Ugats + Uyete + Uysts + Uw4'[: for AZVC-1 (920)

out
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Figure 9.22 AZVC-2 modulation: (a) vectors; and (b) timings

. UStia * Uwes — Uguis - Uwea

outa

=T, 21
4 mp Us-w, (9.21)
_Ucom 'UW4B +Ucom 'Uw4a
o — Tim . outa outf 9.22
6 P Uy~ w, ( )
1
b=t=3 (Timp —ta—ts)  for AZVC-2 (9.23)
o1
b=t=3 (Timp —ta—ts)  for AZVC-1 (9.24)

where

Wi = UsdaUwep — UwapgUwea (9.25)
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Figure 9.23 AZVC-1 modulation: (a) vectors; and (b) timings

In both AZVC methods, the same maximum inverter output voltage is obtained, and is the
same as in the classical SWPWM algorithm.

The disadvantage of the modified PWM method is with the proper inverter output currents
measurement. In classical SVPWM, current measurements are synchronized with the
SVPWM operation and performed under zero voltage vector generation. Current values
sampled in the middle of the zero vector’s duration are identical with the values of the inverter
output current’s first harmonic component. When using PWM modulations without zero
vectors, it is essential to use additional filtering elements for inverter output currents.

9.6 Inverter Output Filters
9.6.1 Selected Structures of Inverter Output Filters

The improvement of the AC motor operation in inverter fed drives is possible, if the shape of the
stator voltage becomes as close as possible to the sinusoidal.

A motor fed by such waveforms shows higher efficiency as a result of decreasing
miscellaneous losses in the machine. Motors fed by non-sinusoidal waveforms have higher
eddy current losses. For high switching frequency, those losses are the dominating losses in the
machine, compared to copper and hysteresis losses [14—16].

In inverter fed drives, the use of the voltage inverter output filters reduces the disturbance
levels in the current and voltage waveforms.
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Figure 9.24 Inverter output filter — Structure 1
Motor side filters may be categorized into three basic types:

1. sine filter — LC filter;
2. CM filter;
3. du/dt filter.

The three types of filters can be used separately or combined together in different combinations,
for example, connecting a sine filter with a CM filter. In this chapter, different filters
configurations are analyzed, as shown in Figures 9.24-9.30.

The filter shown in Figure 9.24 is a combination of a sinusoidal filter and a CM filter.
Connection of such filters makes it possible to obtain sinusoidal voltage and current at the filter
output, and also limits the CM current. In such situations, it is possible to use a long cable

Figure 9.25 Inverter output filter — Structure 2



422 High Performance Control of AC Drives with MATLAB/Simulink Models

Figure 9.26 Inverter output filter — Structure 3

Figure 9.27 Inverter output filter — Structure 4

between the filter and the motor. The length of the cable will be limited only by the allowed
voltage drop in the cable.

Elements L, C;, and R, represent the sinusoidal filter, while M, M», Ry, and C,, represent
the CM filter. These filters create a closed circuit during inverter operation through the
capacitor in the DC bus. The coupled choke, M, limits the CM current in the circuit external to
the filter and inverter. Chokes L, are single phase, while chokes M; and M, are three-phase
coupled chokes made on the toroidal cores (Figure 9.31).

Figure 9.28 Inverter output filter — Structure 5



Selected Problems of Induction Motor Drives with Voltage Inverter and Inverter Output Filters 423

Figure 9.29 Inverter output filter — Structure 6

Figure 9.30 Inverter output filter — Structure 7

Resistances Ry and R are the damping elements protecting the system from oscillations. The
chokes L3 are used to protect the system from an uncontrolled voltage increase on the filter
capacitor. Such dangerous increases in the voltage may occur in the case of asymmetry in
individual inverter output phases. Present in this case is the DC voltage component, which may

Figure 9.31 Three-phase common mode choke
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Figure 9.32 Voltage and current waveforms in inverter fed drives, with filter from Figure 9.24

provide an increment in the DC link voltage on the capacitors, which will operate as integrating
elements.

The input and output terminals of the filter are labeled XYZ and UVW, respectively.
Terminal Cp, should remain connected to the DC link voltage. In most cases, it is accessible for
the user to use the positive polarity of the DC bus battery, which corrects the external braking
resistor. The star point of the chokes L; is connected with a neutral conductor N.

Examples of the voltage and current waveforms in the inverter fed drive, with the filter from
Figure 9.24, are shown in Figure 9.32.

In Figure 9.32, the smoothed motor current and voltage waveforms are clearly noted. The
level of smoothing of the voltage and current depends on the filter parameters and motor load.
For the proper selection of filter parameters, it is important to assume rated motor loading to
ensure minimum THD in the voltage and current, and also to ensure minimum voltage drop in
the filter.

In the filter from Figure 9.25, the branch containing the parameters Ry and C, were dropped,
which aided in increasing CM current in the motor compared with the solution from
Figure 9.24. However, such a solution excludes the necessity of using a resistor Ry with
relatively high power and therefore also large dimensions. With high transistor switching
frequency, a large current flows through R and C,. This forces the use of a high power resistor,
Ry and the necessity of using a special capacitor, C,,.

In filter Structure 3, the choke L; does not exist. The use of such chokes is limited to systems
with high asymmetry and inaccuracies in generating an inverter output voltage, which may be
caused by the large asymmetry in transistor control. The use of choke Lj is also essential for
specialized systems [17]. By not using L3 a dangerous rise of the DC link voltage is avoided
when using vector or sinusoidal PWM methods. The use of choke L3 is beneficial for limiting
CM current in the motor when connecting a star point of choke L3 with a protective conductor
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PE. Unfortunately, such solutions exclude the possibility of using residual current devices for
electric shock protection in frequency converters, because the connection used forces CM
current to flow in the protective conductor PE [18].

The filter shown in Figure 9.27 is presented in [4,5]. This is a limited version of the filter from
Figure 9.24, from which the chokes L3 and M, were excluded. Eliminating the elements Ry and
Cy provides the structure shown in Figure 9.28.

Figure 9.29 presents a filter from which the CM choke, M, was removed as, according to
experimental verifications, in the external circuit for the filter and inverter there is negligible
CM current. Such a structure is only a sinusoidal filter containing damping resistor R;.
A sinusoidal filter is practically the only filter that causes complications in the control of
electric drives. The use of sinusoidal filter with the damping resistor R; is essential only with
the inaccurate generation of voltages and incomplete compensation of dead time or in systems
without such compensation. In this case there exist small voltages with frequencies close to the
filter resonance frequency, while the resistor R; protects the system against damage. If the
higher harmonics are very small, then it is possible to exclude the resistor R; from the circuit
and obtain a simpler and less expensive version of the sinusoidal filter, as shown in Figure 9.30.

9.6.2 Inverter Output Filters Design

Selection of inverter output filters is a complex task. This chapter presents a method for
selecting parameters of the filter shown in Figure 9.24. This selection procedure is presented
in [5,8,17].

The selection methods discussed in this chapter also fits the structures shown in
Figures 9.25-9.30.

The combined filter structure from Figure 9.24 may complicate the selection of its
parameters. Nevertheless, assuming that M| >>L| and Cy< <Cy, this allows separate selection
of filter elements components «f3 and for CM.

When selecting filter parameters, it is convenient to use a transformation from a three-phase
system to a rectangular one, while maintaining the power of the system during transformation.
For simplification, the leakage inductance of the coupled chokes M1 and M2, as well as the
circuit branch that contains the choke L3, is neglected. Note that L3 is chosen based on the
motor power.

The structure of the filter shown in Figure 9.24, for the orthogonal co-ordinate system «30, is
presented in Figure 9.33.

Resistances Ry, Ry, and Ry are copper resistances of the chokes L, M;, and M,,
respectively. Considerations on the selection of individual elements of the filter are presented in
the following sections.

9.6.2.1 Selection of Differential Mode (Normal Mode) Filter Elements

The first selections are the elements of sinusoidal filter. The selection of the sinusoidal filter
decides:

¢ assumed acceptable level of output voltage distortion;
¢ maximum allowed voltage drop in the filter;
¢ switching frequency of the power switches.
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Figure 9.33 Equivalent circuits of the filter for components: (a) «; (b) B; and (c) 0

Selection of filter elements requires specific compromise between total harmonic distortion
(THD) in the voltage waveform, weight, dimension, cost of the filter, and current parameters of
the inverter. For the selection of sinusoidal filters from the filter for uninterruptable power
supply (UPS), the THD is not a determining value for the parameters of the filter. In UPS
systems, the THD does not exceed 5% under full load. In drive systems, a higher level of THD is
allowed, even above 20%. This is because minimizing THD is the only reason of using a filter.
The level of THD in the stator voltage has an effect mainly on the motor efficiency. Since one
additional reason for using a filter in drive systems is to avoid voltage wave reflection on the
motor terminals, a filter with a THD higher than 5% may probably fit the set tasks while being
economically acceptable. It is important to note that the transistors’ switching frequency has a
significant effect on the value of filter inductances and capacitances. This switching frequency
is much lower in drive systems than in UPS systems.

For further analysis on the selection of filter parameters, it is assumed that the pulse
frequency is the inverse of the time per duration of two adjacent passive vectors (z) and four
active vectors (n) in a cycle z1-n1-n2-z2-n2-n1. This corresponds to a notation of a sampling
period for a sinusoidal PWM.

As a first element of the filter, it is selected as choke L;. One of the methods for selecting a
choke for the sinusoidal filter is identifying L; on the basis of choke reactance X, which is
obtained according to the assumed AC current component Al for inverter switching frequency
fimp [5]. A three-phase voltage inverter with sinusoidal filter and squirrel cage induction motor
can be represented as fiy,,, as in an equivalent circuit shown in Figure 9.34.

The equivalent circuit, shown in Figure 9.34, results from the situation that during a
sinusoidal PWM and space vector PWM, one of the DC link polarities is connected to one
output phase, while the other polarity is connected to two parallel output phases. This is a
correct assumption, assuming that the selection of the filter elements is done for the whole
control range; this is a maximum inverter output voltage without over-modulation. Therefore,
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Figure 9.34 Equivalent circuit of the inverter and sinusoidal filter

in such inverter controls, it is possible to neglect zero vectors. In this schematic, the stator
copper resistance and the motor leakage inductance is neglected, because their values are too
small compared with filter parameters with high pulse frequency. The schematic in Figure 9.34
is reduced, as shown in Figure 9.35.

In Figures 9.34 and 9.36, an inverter is replaced by a sinusoidal voltage source Ug;,,. The rms
value of this voltage U, under full control, maximum voltage without over-modulation, is

Uqa
V2
where Uy is the average value of the DC bus voltage.

The voltage Uy, in the case of feeding an inverter from a three-phase grid through a diode
rectifier, is

Ugn = (9.26)

6
Uq = V2U, 2 sinZ (9.27)
T 6

where U, is the rms value of the line voltage on the rectifier terminals. Therefore:

6
Usin = U, —sin— ~ 0,95 U, (9.28)
T 6
37214 2/3C, 3/2R,4

I —

Figure 9.35 Reduced equivalent circuit of the inverter and sinusoidal filter



428 High Performance Control of AC Drives with MATLAB/Simulink Models

In Figure 9.35, the element smoothing the current is mainly the choke L. The reactance of this
choke is much greater than the reactance of the capacitor for a given switching frequency,
therefore can be written as

3L U
277 fimp - 71 Al :7‘% (9.29)
where Al means switching ripple inductor current. Ripple frequency is the equal transistor’s
switching frequency.

It is assumed that Al should be lower than 20% of the rated current.

After conversion of equation (9.29) the relationship for an inductance of choke L is

Ug

L =2
L2 2 T fp 3 A

(9.30)

An inductance L;, computed according to equation (9.5), is much higher than the leakage
inductance of the motor [5].

Because of the dimension, weight, and cost, the filter inductance L; should be as small as
possible. Small L; means small voltage drop on the filter and less losses in the drive.

Another method of identifying inductance L; is by computing its value on the basis of
assumed voltage drop in the filter AU; and on the known maximum value of the first voltage
component Uy, 1. In drives systems, it is assumed that the voltage drop in the filter for the first
component f,; 1, should be less than 5% of the motor rated voltage under full current loading
I, [8]. With such assumptions, an inductance is calculated as

AU,

Ly =——7——
! 27Tf0ut lhIn

(9.31)

After identifying L, the next parameter to be selected is C;, which is described from the
relationship of the resonance frequency of the system:

1
fros = ——— 9.32
27T\/L1C1 ( )
hence:
C = # (9.33)
"4 L '

where f. is the resonance frequency of the filter.
To assure good filtering capabilities of the filter, the resonance frequency should be lower
than the switching frequency of the transistors fi,,,. At the same time, to avoid the resonance
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phenomenon, the capacitance C; should be higher than the maximum frequency of the first
harmonic of the inverter output voltage fyy 1. The safety range is [8]

1
10- fout h < fres < 5 'fimp (934)

The upper range of C, is described by the maximum value of the current flowing through this
capacitor during rated operating conditions of the drive. The value of this current for the first
harmonic cannot exceed 10% of the rated motor current.

The risk of resonance existence in the sinusoidal filter occurs during drive operation in the
over-modulation region. In such a situation, the current flowing through the branch with C1
contains multiples of the fundamental harmonic, in addition to the fundamental harmonic.

A filter damping resistor should be selected in such a way that during the existence of the
resonance, the current flowing in a capacitor should not exceed 20% of the rated inverter
current. Hence, for computing C;, it is necessary to know the voltage component with a
frequency close to the filter resonance frequency. Relationships are given in [19]. In practice,
because of the complicated analytical analysis, the harmonic component of resonance
frequency is identified in simulation.

Another method of damping resistor selection is by choosing a value of R, so that the total
stray losses on the filter damping resistors are kept at the acceptable level of 0.1% of the
converter power rating [5]. With a resistance R selected in such way, a filter quality factor is
identified as

Zy
=— 9.35
o= 935)
where Z is the natural frequency of the filter:
L;
Zy == 9.36
o=/ (936)

To ensure sufficient attenuation, filters should have the same time minimum power losses
and quality factor in the range 5-8 [5].

Knowing the parameters of the transverse branch of the sinusoidal filter C;, R, and assuming
the sinusoidal shape of the filter output voltage, the power of the element R, for the first
harmonic of filter output current and voltage should be computed:

2

US
PRri thar = 7Rph (9.37)
1

where Uy , is phase filter output voltage.

With power selection of resistors Ry, it is important to take into consideration that the filter
output voltage contains a component with a frequency equal to the transistors switching
frequency. With proper design of the filter, this component is small. However, because of its
high frequency, the impedance of the transverse branch of C; and R, for this frequency is small.
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Figure 9.36 Equivalent circuit of the filter for & component

This can cause a flow of essential current with high frequency in this branch. The power of R,
for the voltage component with a modulation frequency is

U imp 9.38
R, (9.38)

Pri imp —

where Uy i, is the filter output voltage component for PWM frequency.

The value of Uy i, corresponds to the values that result from the assumed THD of the voltage
in the design process.

For the chosen elements of the sinusoidal filter, it is possible to find its frequency
characteristic based on the known filter transfer function presented as a two-port network
in Figure 9.36.

Elements L¢, C¢, and R¢correspond to the values 3/2L., 2/3C4, and 3/2R |, respectively, for the
reduced filter scheme shown in Figure 9.24. Figure 9.37 presents a sinusoidal filter that has a
two-port network consisting of two impedances, Z; and Z,.

Impedances Z; and Z, are described as

Zl(jw) :ijf (939)
Z;(jw) = Ry + ! (9.40)
w) = — .
2\ f joCr
o)
o  S— o
Uy o) Zaljo) U, (ja)
o % o

Figure 9.37 Equivalent circuit of the two-port network — sinusoidal filter for component «
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or in the form of a transfer function:
Z,(s) = sL¢ (9.41)

1

The transfer function of the filter for voltages is described as

Uw Zu z Ri+ &
Gu(s) = = (8 _ o) Rt 1 (9.43)
Ui Zwe(s) Zi(s)+Za(s) sLi+Re+ <
which is
Use sR¢Cr +1
G =—= 9.44
S TR oy oy (5.44)
The cut-off frequency of the filter is described according to
oy = ——— (9.45)
S PN Ve '
while the damping coefficient is
R 1
f=— L - (9.46)
2\/M /e, 2

and Q is the filter quality factor of the filter:

Q= m (9.47)

Rt

Examples of phase and magnitude characteristics of the sinusoidal filter are shown in
Figure 9.38.

Knowledge of filter parameters and characteristic of parameters is essential for the correct
consideration of such filters in drive systems.

An operation of a filter, presented in Figure 9.24, is shown in Figures 9.39 and 9.40 for a rated
load of a 5.5 kW squirrel cage induction motor.

With a fully loaded motor, voltage and current waveforms are significantly filtered with
minimum voltage drop on the filter and minimum phase shifts of voltages and currents before
and after the filter.
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Figure 9.38 Phase and magnitude plots of a sinusoidal filter (filter chosen for a 1.5kW motor;
Li=4mH, C;=3uF, Ry=1Q)

Figure 9.39 Voltage waveforms on input and output of the sinusoidal filter for 40 Hz inverter output
voltage frequency
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Figure 9.40 Current waveforms before (Ch 1) and after (Ch 2) of the sinusoidal filter for 40 Hz inverter
output voltage frequency

9.6.2.2 Selection of Elements for Zero Sequence (Common Mode)

Selection of the filter elements for CM starts from choosing CM chokes M and M,. In the
integrated filter structure shown in Figure 9.24, it is assumed that both chokes are identical. The
inductances of CM chokes should be the same. During the selection of filter elements, it is
assumed that M| > L;. While selecting M| and M,, it is important to pay special attention to the
possibility of their practical realization. Such possibilities result from the parameters of the
used toroidal cores. In practical solutions, the measurement of CM voltage u.,, is used, which
enables description of the flux in the choke core [5]:

Pem =

emdt 48
Nem J ! (5.48)

where N, is the number of turns in one phase of the CM choke.
The magnetic field density in the choke is

d’cm 1 J
Bem = 2 = emdt 9.49
SCm ScmNcm " ( )

where S, is the cross-sectional area of the CM choke.

The computed magnetic field density B, should be lower than By, which is the saturated
value of the magnetic field density in the core used for the design of the CM choke.
Manufacturers of magnetic materials currently offer dedicated cores for CM chokes with
Bgu=1... 1.2T.
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The CM choke inductance with known dimensions is described as

— /‘LSCmNgm

Lem (9.50)

lcm

where 1., is an average path length of the magnetic field in the CM choke core.

Neglecting the small leakage inductance of the CM choke, it is possible to assume that
M, =M, =Ly,

For a constant product S.,,N., the peak value of the CM current I, max 1S proportional to the
ratio l.,,/N.n,. Decreasing the dimensions of chokes by reducing the flux path length to 1., and
increasing the number of turns N, has the advantage of limiting the current peak value I, max-
Atthe same time, it should be noted that the planned number of turns can fit in the window of the
selected core.

Searching for an optimal CM choke according to the described method is a complicated,
iterative process requiring special measuring tools that allow for the identification of u., and
Iem max- Therefore, to simplify the process of the filter design, manufacturers of magnetic
materials frequently suggest specialized solutions of cores and complete CM chokes
depending on motor power.

The capacitance Cy is determined using the known values of inductances M; and M,, and the
resonance frequency fi.,:

1

. 9.51
47262 Lem (9:51)

Co=

while the resistance Ry:
/Lcm/
Ccm
Ry="—+— (9.52)
Qo

where Q) is the assumed quality factor of the CM filter in the range 5-8.
The power of the resistor Ry

U2
Pro = =2 9.53
RO R, ( )
where U, is rms value of the CM voltage, which is
U
Ue < — (9.54)

V2

In the case of filters, where it is essential to use chokes L, it is assumed that the current flowing
through the choke L, is close to the 10% rated motor current:

(9.55)

where U,, I, and f, are voltage, current, and rated frequency of the inverter, respectively.
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Figure 9.41 Current waveform in a shielded conductor PE of a 5.5 kW motor fed by an inverter without
output filter

Operation of the CM filter, shown in Figure 9.24, is presented in Figures 9.41 and 9.42.

In comparison with a drive without a filter, the CM current in a shielded conductor
PE for a 5.5kW motor (Figure 5.20) is limited after using a CM filter, as shown in
Figure 5.21.

9.6.3 Motor Choke

Motor chokes are used in many inverter fed drives. They represent the simplest form of inverter
output filters. In three-phase systems, motor chokes are three-phase or three single-phase bulks
connected between motor and inverter terminals, as shown in Figure 9.43

The main task of the motor choke in AC drives is to limit the voltage rise (dv/df) on the motor
terminals, which decreases the danger of damaging the insulation of the motor.

Motor chokes are also used for limiting short circuit currents before running the internal
short circuit protection of the inverter.

While neglecting the copper resistance, a motor choke could be represented as a linear
inductance, as shown in Figure 9.44.

According to Figure 5.23, a motor choke may be represented as

di, 1
e L—l(ul —uy) (9.56)

where L; is motor choke inductance.
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Figure 9.42 Current waveform in a shielded conductor PE of a 5.5kW motor fed by an inverter with
output filter

3xL,
©
= —
U‘J FI-I (T
£ y
o | =
MOTOR CHOKE

Figure 9.43 Electric drive with induction motor, voltage inverter, and motor choke

The selection of motor choke L is performed by assuming that the voltage drop on the motor
choke of the first component f,,,; 1, is lower than 5% of the rated motor voltage under loading the
filter with rated current I:

AU,
Li=——— 9.57
! 27 fou 1nln ( )
CHOKE MOTOR
L i (R L. j
e T e, R L i

Figure 9.44 Equivalent circuit of the motor choke and induction motor
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Figure 9.45 Waveforms registered from experimental setup with induction motor and motor choke:
(a) inverter output voltage; (b) voltage on motor terminals; (c) motor current (a, b — 200 V/div, 5 ms/div;
¢ — 5 A/div, 2ms/div, motor 1.5kW 300V, choke L; =11 mH, motor loaded with rated condition —
registered waveforms are not synchronized)

Figure 9.45 shows examples of currents and voltages waveforms from an experimental set-
up with a squirrel cage induction motor and motor choke.

In the system with motor choke, the voltage feeding the motor has a pulse shape super-
imposed with an additional small component of the sinusoidal voltage.

The motor choke effect on du/dt is shown in Figure 9.46.

In the waveforms shown in Figure 9.46, it is possible to note the clear limit of motor voltage
dv/dr after connecting a motor choke.

9.6.4 MATLAB/Simulink Model of Induction Motor Drive with PWM
Inverter and Differential Mode (Normal Mode) LC Filter

The MATLAB/Simulink model of induction motor drive with inverter and LC filter sys_LC_
filter.mdl is presented in Figure 9.47.
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Figure 9.46 Waveforms: (a) inverter output voltage; (b) motor current for the drive with motor choke
(scale 10 ps/div, 200 V/div — waveforms are not synchronized)

Soope2

Figure 9.47 MATLAB/Simulink model of induction motor drive with PWM inverter and LC filter -
sys_LC_filter.mdl: (a) whole structure; (b) inverter and PWM sub-system; and (c) LC filter sub-system
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Figure 9.47 (Continued)

The simulated system is prepared as the single file sys_LC_filter.mdl. The model consists of
the following blocks (sub-systems):

¢ Three-phase inverter with space vector PWM algorithm (PWM &Inverter);
¢ LC filter model (Filter model);

¢ induction motor model (Motor model);

o frame of references transformation (dg2xy, xy2abc);

 flux and speed observer (Observer);

¢ PI controllers, commanded signals and scopes.

The commanded values are speed and flux. The motor control algorithm is the classical FOC.
Both control systems and the observer are the classical solutions, without any changes due to
LC filter use. To assure the system works correctly, the dynamics of the drive is limited, because
the aim of the simulation is to present the LC filter properties only.

The induction motor model is 4 poles, Py = 1.5 kW, Uy =300 V. All the system parameters,
including filter and motor parameters, are given in the preload function (File — Model
properties — Callbacks).

In the simulation test, the constant motor flux is retained, whereas the commanded motor
speed is changed. Due to the speed variations, the motor voltage supply frequency changes. The
LC filter assures that motor voltages and currents are sinusoidal in shape. In Figures 9.48
and 9.49, the example of the motor voltages and currents are presented.

The complete MATLAB/Simulink model is available in the CD-ROM provided with
this book.
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Figure 9.48 Motor supply voltage

9.7 Estimation Problems in the Drive with Filters
9.7.1 Introduction

For motor closed loop control purposes, the actual controlled state variables have to be known.
In most control systems, the controlled variables are mechanical speed, magnetic flux, and
motor torque. The speed is easy to measure; however, measuring other variables is not so
simple. In spite of the easy speed measurement in modern drives, the requirements for speed
sensor elimination exists. To solve these problems, numerous estimation methods are used and

Figure 9.49 Simulation of the drive start-up and speed variations
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Figure 9.50 General structure of the sensorless AC drive

the variables are calculated on-line. Then the sensors are limited to only the current and voltage
sensors installed inside the converter. To prevent noise, all sensors should be installed inside the
converter box. A drive with such limited sensors is known as a sensorless drive. The general
structure of the sensorless AC drive is presented in Figure 9.50.

In the literature, numerous sensorless solutions are proposed. A comprehensive review can
be found in [20]. But most of the solutions presented are applicable for the drives without motor
filter use.

In the case of motor filter use, the estimation process is more complicated. Some of the
solutions propose the installation of voltage and current sensors outside the converter for direct
motor current and voltage measurement [21,22]. Unfortunately, as was mentioned earlier, this
is not an applicable solution. The more useful solution is to implement the filter model in the
estimation algorithm, where the sensor structure will be the same as in drives without filter use.
Then the general structure of the sensorless drive with the LC filter is as presented in
Figure 9.51.

Only the differential model filter has influence on motor control and estimation
algorithms.

Only a limited amount of literature presents estimation solutions for driver with
filters, some of which are proposed in [23-25]. The most common estimation method is
to add the filter model dependencies into some known observer structure and to change

Figure 9.51 General structure of the sensorless AC drive with motor LC filter use



442

High Performance Control of AC Drives with MATLAB/Simulink Models

the observer correction parts. Some of the possible solutions are presented in the following

sections.

9.7.2 Speed Observer with Disturbances Model

The operation of modern complex asynchronous motor electric drives requires application of
the calculating system, which computes on-line all the state variables used in control systems.
Nowadays, frequent solutions in state variable calculations are to use a state observer. In this
chapter, the state observer presented in [26] has been converted into a system with a sine filter.
The base observer structures for the drive, without the sine filter in a3 references, are

disa
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Sb = éalzlrﬁ - éﬁl]/ra (969)
L Araé + Ar i a
i = o+ Ry [ Vreksp Vgl (9.70)
r lvbmr + lrDrB
oy = gawra +§alpra (9.71)

~2 A2
d’ra + d]rﬁ
where £, &g are components of the motor electromotive forces; w,, is the angular speed of the
motor flux vector; ki, ko, ks, k4, ks are the observer gains; S, S, Sp, Spr are additional
variables used to stabilize the observer work; Tsy,, TkT, and Tgy are the time constants of the
filters; and S is the sign of the rotor flux speed.

The state observer equations (9.58) to (9.71) need to be modified to assure the proper
function of the electric drive, as presented in [27].

For the system with the sine filter, the observer equations (9.58) to (9.71) are extended with

LC filter model equations.
The circuit of the LC filter, presented in Figure 9.52, can be described as

duca ica
== 9.72
dt C1 ( )
di]a Uja *Rlila *Rcica — Ucar
= 9.73
dr (L1 +LJM1) ( )
icaf = iloz - isoz (974)
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dilB ulB _RliIB_RcicB _ucB
—F — 9.77
dr (L] +L0-M]) ( )
icp = 11g —is (9.78)
uSB = RC (113 - ISB) + llcﬁ (979)
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Figure 9.52 Equivalent circuit of the differential inverter output LC filter
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The correction parts in equations (9.58) and (9.59) are changed to the difference between
measured and calculated inverter output current. Instead of the commanded motor voltages in
equations (9.58) and (9.59), the commanded inverter output voltages are used in equa-
tions (9.51) and (9.52). In equations (9.2) and (9.6) of the LC filter model, the new correction
terms are added.

Equations of the modified state observer for electric drives with inverter output filter are

dis,
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dog 1,
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1 it @ >0
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where kn and kg are the additional observer gains.

The small resistance R; and leakage inductance L,y could be omitted in the modified
observer procedure.

9.7.3 Simple Observer based on Motor Stator Models

Some estimations of algorithms are based on the motor stator circuit model. These methods are
simple in implementation, but have an inseparable problem with voltage drift [28]. In the
literature, some suggestions for motor stator based estimation improvements are pro-
posed [29,30]. For example, in [30], the observer is based on the voltage model of the
induction motor with combination of rotor and stator fluxes and stator current relationships:

di,
dt

/
Ts

+ ¥ = kel 4 ug (9.100)
where i, = [, Qfsﬁ]T is stator flux vector;, ¥, = [t @IB}T, U = [ug, usﬁ]T; © = oLy/R
is time constant, and k; = Ly, /L, is the rotor coupling factor.

To prevent problems of voltage drift and offset errors, instead of pure integrators, low pass
filters (LPFs) are used. The limitation of the estimated stator flux is tuned to the stator flux
nominal value. In addition, the extra compensation part is added, as presented in [30].

This section presents the observer system from [30], which is changed adequately to fit the
drive with the LC filter requirements — the structure of the observer is extended, taking into
account the model of the filter [30]. For the drive with the LC filter, the extra filter simulator
relations are used. In the filter dynamics simulator block, the estimated values of the motor

current and voltage are calculated as is and ug. These estimated variables are calculated on
the basis of the inverter commanded voltage u{®™ and the measured inverter output current i;.
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The simulator calculations are performed in an open loop, according to equations (9.18)
to (9.23) filter model:
da, i —i,

= 9.101
dt C1 ( )

dil _ul—ﬁs
dt L,

(9.102)

. . . 1T 2 > 2 1T ¢ AT T . o ~ 1T
where i} = [11(17113] I = [llavllﬁ] s s = [lsaalsﬁ] , U = [ulmum] » Uy = [usouusﬁ]
The other rotor flux and stator flux observer equations are computed as

d"i’stx - ‘j,sa + kr"i’m + ﬁsa . A
T ; — K (11 ﬂl) (9.103)
° s - LG/;G
¥, = ¥, — oLt ka ok (9.104)

where kag = .[IEA _kkB(l is the observer gains matrix.
The rotor fl x]?nagm‘%u and angle position are

| = /0 + s (9.105)

pyx = arc tg Vip (9.106)
l!frB

The estimated current i, appearing in equation (9.103), is

B J’s B kr‘j"r
g = ————t 9.107
i oL, (9.107)
The rotor flux pulsation is
dﬁwr
=— 9.108
@i dr ( )
The rotor slip is obtained from
J i% —4 isa
oy — Vrals8 ~ Vrgha 2‘”‘3 : (9.109)

P,

The rotor mechanical speed is the difference between the rotor flux pulsation and slip
frequencies:

@ = oy — (9.110)

The observer structure is presented in Figure 9.53.
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Figure 9.53 Close-loop observer structure

The presented closed-loop flux observer has high robustness of the ASD, with the observer
based on the stator model, and the results can be found in [30]. The observer is not affected by
stator resistance and other motor parameters mismatch. This significantly extends the stable
operating region, even without precise parameter tuning.

9.8 Motor Control Problems in the Drive with Filters
9.8.1 Introduction

The differential mode motor filter has considerable influence on the control process. This is
because each filter adds a voltage drop and a phase shift between the current and voltages on the
filter input and output. For example, a typical LC filter for a 5.5 KW motor, under nominal load
and frequency, gives ca. 5% and 5 degrees of voltage drop and phase shift, respectively.
An example of real voltages on the filter input and output are presented in Figure 9.54.

As aresult, most of the sophisticated sensorless drives cannot work properly when the filter is
installed. It is also necessary to take into account the filter’s components in the control process.
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Figure 9.54 Drive with LC filter — waveforms of: (a) commanded inverter output voltage; and (b) real
motor supply voltage

Commanded JL'E
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—Sm ®| Controll _— o -
T f VTTHONGE | (controlled system) >
uﬁ

Uy

Figure 9.55 Structure of the LC filter control system

The general concept is to extend the corresponding steering algorithm with its subordinated
control system for some of the filter state variable controls.

A differential mode LC filter is a two-dimensional linear stationary controlled system. The
controlled state variables are motor supply voltage u, and inverter output current iy, whereas the
control quantity is an inverter output voltage u;. Current i; represents the filter’s internal
variables.

The basic structure of the LC filter control system is presented in Figure 9.55.

In the control structure shown in Figure 9.55, the commanded signal is a motor supply
voltage ug®™. The commanded signal is compared with a real motor supply voltage u, and the
proper controller evaluates the desired inverter output voltage u;, which should be directly set
to the controlled system, LC filter. For the control process, the motor current i is a disturbance.
The disturbance influence on the control process is possible, if it takes into account the control
algorithm. The disturbance has to be compensated for, as presented in Figure 9.56.

In the control systems presented in Figures 9.55 and 9.56, the inverter output current i; is not
controlled, which is unadvisable because of the lack of inverter current protection. To control
the inverter current and motor voltage, the multi-loop control system proposed in [22] can be
used (Figure 9.57).

The control system presented in Figure 9.57 requires information on the actual i; and ug
signals. Current i is easily measured, but u, requires sensors outside the inverter, which is not
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Figure 9.56 Structure of the LC filter control system
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Figure 9.57 Structure of the multi-loop LC filter control system
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Figure 9.58 Structure of the multi-loop LC filter control system with motor voltage estimation

recommended. So instead of the uy measurement, the estimation process for G can be used. The
corresponding system structure is presented in Figure 9.58.

The multi-loop control structure of the LC filter can be applied in numerous motor regulation
algorithms. Some of them are presented in the following sections.

9.8.2 Field Oriented Control

Among the induction motor closed loop drives, the most popular is the field oriented control
(FOC) system. The control principle is widely presented in the literature [31], as well as in
previous chapters of this book. Here the FOC is used in the drive with an LC filter and only the
necessary information is given.

The base FOC structure is presented in Figure 9.59 and the vectors relations in Figure 9.60.

In Figure 9.61, the operation of the classical FOC system for the driver without an LC filter is
presented. The same operations are presented in Figure 9.62, but with the LC filter installed.

In both cases, the controller setting and control structure are kept the same. The influence of
the observer is eliminated, because all control variables are assumed as measured on-line.
When Figures 9.61 and 9.62 are compared, they shows that when an LC filter is installed, the
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Figure 9.59 Classical field oriented control structure

Figure 9.60 Relations between vectors in FOC system

system’s performance degenerates. It is especially visible in the motor torque waveforms,
where high frequency oscillations appear as a result of the controlled object structure change.

This disadvantage can be compensated for if the FOC structure is modified with respect
to the multi-loop filter control conception. The additional control variables of capacitor
voltages U, Ucg and inverter currents i, i3 are controlled by additional blocks.

Figure 9.61 Operation of the classical FOC system in driver without LC filter — system without
observers
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Figure 9.62 Operation of the classical FOC system in driver with LC filter — system without observers

Assuming that ug, ~ U, and ugg ~ucg, the LC filter model is described in the dq frame of
references:

dugg  ica
= 9.111
dt C1 ( )
dijg  ujg —Uusg
—_— = 9.112
dt L1 ( )
dugg  igq
=4 9.113
dz C] ( )
dilq Ujq — Usq
-4 114
dt Ll (9 )
ied =114 — 1sq (9.115)
icq = ilq - isq (9116)

In the multi-loop, structured ugy, Uy, and iyq, i14 are controlled by correct PI elements.

In Figure 9.63, the modified FOC structure is presented.

The operation of the control system, presented in Figure 9.63, is show in Figure 9.64.

The modified FOC structure properties (Figure 9.61) are similar to those in classical FOC
(Figure 9.58). The only notable difference is the lower dynamics of the drive with an LC filter,
which is the result of the higher stator current time constant. However, the difference is
insignificant.

The examples of the modified FOC operations in the speed sensorless mode are presented in
Figures 9.65 to 9.67.
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Figure 9.63 Field oriented control structure modified due to LC filter use

Figure 9.64 Operation of the modified FOC system for driver with LC filter — system without observers
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Figure 9.65 Operation of the modified FOC system for a drive with LC filter in sensorless mode — system
with variables estimation

9.8.3 Non-Linear Field Oriented Control

The most popular industrial induction motor (IM) control is rotor field oriented control
(RFOC) [31]. In classical RFOC, the coupling between flux and torque exists. Therefore, to
improve the RFOC properties, a decoupling control is often used. The most popular decoupling
system relies on adding electromotive rotation compensation components appearing in motor
model equations (9.1) and (9.2): HEYONTM and —azw,if,, to the motor commanded voltages ug.™,
ugy™. Other solutions for decoupling of the motor also exist. One such method is proposed
in [32], in order to control a motor electromagnetic torque t. instead of the g current component

(in [32] the controlled t. variable is noted as x):

te = isq¥yq (9.117)

The motor torque t, is accepted as an additional state variable. With such an assumption, the
motor model equations (9.1) to (9.5) can be rewritten, using the rotating dq co-ordinates, as

disd ,

. (//r
= ajlg te— s 9.118
i ajigg +axif g + U + asugg ( )
dt, RL i d .
d_; - (as _ vsvar) t, + a6te(;—rd — Wyrtfra (isa + a3¢g) + A4ifqusq (9.119)
d .
% = a5 + A6lsa (9.120)

do, 1 /L
2 _ 121
& ] (Lr te tL) (9.121)
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where wy; = agisq /g + @ and g, isq, Usa, Usq, Wra are motor stator current, voltages, and rotor
flux in dg co-ordinates.

Equations (9.118) to (9.121) describe the model of the induction motor in dg co-
ordinates, which is a non-linear and coupled system. If the following, control variables
v; and v, are

i .
Vi = agte (;*d — @yt (isa + astg) + a4ifrqUisq (9.122)
rd

t
V) = @yr —— + @ty + sl (9.123)
rd

the motor model dg equations (9.7) to (9.10) are converted into two linear decoupled sub-
systems:

dig .
(;_Cd = ajlyg + V2 (9.124)
d .
Jﬁ:%%ﬁﬂmd (9.125)
dr
dt,
—_— = (a5 — Rsa4)te + v (9126)
dr
do; 1 /Ly
d‘L- = j <Lrte tL) (9'127)

The base structure of the non-linear filed oriented control method is presented in Figure 9.68.

In Figure 9.68, the angle p,,, represents the position of the rotor flux vector and ugq is the
voltage in the inverter DC link. A block marked as dg/a3 represents the Park transformation
from the rotating dq into the stationary a3 frame of references. The af3 co-ordinates are natural
for PWM space vector algorithm.

9.8.3.1 Extended Control System

In order to assure control of the system with the LC filter, the motor control structure presented
in previous section has been extended by using additional controllers.

The cascaded multi-loop PI controllers are used to control the motor supply voltages i, Ugq
and inverter output currents iyg, i1q [21,22]. In the filter control sub-system, the disturbance
compensation on the stator voltage controllers is used.

In order to eliminate a phase shift in the Pl units, the control of the filter state variables is done
by the synchronous dq co-ordinates synchronized with the rotor flux vector — the same co-
ordinates as used in the basic RFOC control system.

The disadvantage of multi-loop solutions is a necessity of the motor voltage and current
knowledge. Unfortunately the real sensors are not practical in this solution, as noted in the
introduction. The variables are calculated on-line in the complex observer structure.
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Figure 9.68 Base control system for decoupled rotor field oriented method

In this section, instead of the full multi-loop structure, only the PI controllers for motor stator
voltage are implemented. The whole structure of the extended control system of the drive with
induction motor, inverter, and LC filter is presented in Figure 9.69.

In the extended control system presented in Figure 9.66, two additional PI controllers appear.
The controllers directly control the motor stator voltage. The inverter output current is not
controlled explicitly. This happens because the capacitor current is small, contrary to the motor
current. The motor current controllers are present in the FOC structure, so that the inverter
output current is controlled indirectly.

The commanded inverter voltage components, ujg™ and uje™, are transformed to the

stationary a3 co-ordinates, uf,™ and uj", and are treated as the inputs of the PWM module.

9.8.4 Non-Linear Multiscalar Control

In this section, the non-linear multiscalar control system, designed to be operated with the LC
filter, is presented. For the control, only one sensor is used to measure the inverter DC supply
voltage and two sensors are used to measure the two inverter output currents. The control system
is divided into two sub-systems, the superior motor control and the subordinate LC filter control.
The control structure is part of the motor speed sensorless system presented in Figure 9.70.

9.8.4.1 Motor Control Sub-system

In the motor control sub-system, the non-linear control using non-linear feedback is used. That
control is based on the methods of the differential geometry and was first adapted to the electric
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Figure 9.69 Induction motor and LC filter non-linear field oriented control system structure

drive in [32] (MMB) and presented in other papers later, but only for the drive without LC filter.
In MMB, the non-linear and decoupled object is converted into a linear one with use of the new
state variables and the non-linear feedbacks. The four MMB state variables are

X[ = Wy (9.128)

X12 = Yraiss — Vipisa (9.129)
xa1 = 42, 0, (9.130)
X12 = Prasa + Yigiss (9.131)

where x is rotor angular speed; X5 is proportional to the motor torque; X, is square of rotor
flux; x5, is scalar product of the stator current and rotor flux vectors; and is and , are the
magnitudes of the stator current and rotor flux, respectively.
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Figure 9.70 Speed sensorless control system
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With the multiscalar variables x;,x15Xx12X12equations (9.128) to (9.131), the next model
of the motor is

% - XIQJLT“: —% (9.132)

%: —TLVX12—X11(X22+X21IV%)+U1 ‘i:; (9.133)

% = 2R, ( —XLZI + %22 LL':‘) (9.134)

% = _TLV X22 + X11X12 + X21 Ry LI:;(, + Rtm (X%2X;X%2) +u \%rr (9.135)

where T, = woL/(Rewg + R,LY + R,L}).
The compensation of non-linearities in equations (9.12) to (9.15) leads to the new driving
functions m; and mj:

W L
u; :f |:X11 <X22—|—X21> +m]:| (9136)
T a
Wo RLn RLnx},+x3,
=— (- — 9.137
u; L < X11X12 — X2 Lw, L o +my ( )

The components of the commanded motor stator voltage vector in the stationary frame are

com __ ll’rauz - wrﬁul
sa T

u (9.138)

X21

lpr,BuZ - lpraul
= 9.139
usB Xo1 ( )
With equations (9.8) to (9.11) and (9.16) to (9.19), the asynchronous motor model is decoupled
and converted into two separate linear sub-systems, mechanical equations (9.20) and (9.21),
and electromagnetic equations (9.22) and (9.23):

dxi; L, To
o Le T 9.140
a I (9.140)

dX12 1
B 141
d‘L’ TV X12 m; (9 )
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dle 1 Lm
2 _oR (—— -m 9.142
d‘E < X21 + X2 Lr) ( )
dX22 1
e 9.143
& T, et (9.143)

The fully decoupled sub-systems make it possible to use this method in the case of a
changing flux vector and to obtain simple system structure, which is not easily achieved in the
case of vector control methods. It is possible to use cascade structure of simple proportional-
integral PI controllers in the decoupled, linear control sub-systems.

The motor stator current does not exist in the control system distinctly. So to limit the motor
current to the maximum allowed I ., the output of the x;; controller is variably limited
according to the relation:

Xyt = 12 Xor — X3, (9.144)

12 S max

9.8.4.2 LC Filter Control Sub-system

In the case of a drive without the LC filter, the MMB output variables ug™ and uig™ are
commanded for the PWM block. The PWM controls the inverter transistors to obtain the
commanded voltage on the inverter output.

When the LC filter is used, the inverter output voltage changes the form of the motor supply
voltage. So the error in the MMB control loop will appear. To solve this problem, the multi-loop
controller loops, presented in previous section, is used.

The filter output sensors are not used because of the proper observer use. To omit the phase
shift of PI controllers, the filter variables are operated in the rotating frame of references. The
frame of reference is noted as the dg system, where the position of the d-axis is connected with
the commanded inverter output vector u.

9.9 Predictive Current Control in the Drive System with Output
Filter
In this section, the predictive current controller (PCC) is presented in the IM speed sensorless

system with a FOC method and load angle regulation, to show how the system is modified due
to motor choke installation.

9.9.1 Control System

Among different control algorithms, the control of the load angle FOC exists [33]. The
structure of the load angle control seems simpler than the FOC, because they do not need Park
transformations. The load angle & is noted as the angle between the ¥, and i; vectors. The
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Figure9.71 Base structure of the FOC algorithm with load angle control ("denotes variables evaluated in
estimation block)

control of the vector amplitudes and mutual position makes it possible to control the motor
electromagnetic torque T:

Te = k- Im({;i;) = k[, ||is|sin (9.145)

where k is the constant of proportionality.

The FOC load angle control system base structure, based on equation (9.145), is presented in
Figure 9.71.

In the control system shown in Figure 9.71, the measured variables are the inverter output
currents and inverter DC link voltage. The motor currents and motor voltages are not measured.
The load angle is controlled by commanding the motor slip frequency w,. The sum of w, and
the motor speed w, is noted as current commanded angular frequency w{°". The signal w{°",
along with the commanded stator current magnitude i;°", are simultaneously controlled by the
current controller algorithm. The current controller co-operates with the PWM procedure. The
commanded values of I and w; are set by speed and flux module controllers, with the output
signals IS°™ and 6°°™:

Izom — (i:(clvm>2 + (i;(l)m)z (9146)

i(':()m
5 — arc te (,;gm> (9.147)
I

The amplitudes of the ¥, and i vectors are kept constant, while the motor torque is controlled
by changing the angle 6. Unfortunately, in transients, some coupling and interactions
appear between the controlled variables, due to inherent non-linearities and couplings in the
induction motor.

To prevent these negative features from appearing in the drive, the non-linear control
principles [34] are implemented [32].
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The non-linear control principle is implemented for the FOC system presented in Figure 9.71.
The linearization and decoupling of the Figure 9.71 structure is based on the equations of the
current controlled induction motor model described by the next dependencies:

% _ Ti (i, — 1om) (9.148)
% _ _RfLer% b — (9.149)
(i;ir = 7% W, Ri:m i cos & (9.150)

where i; and ug are stator current and voltage modules, respectively; , is rotor flux module; I™ is
commanded stator current; and T; is the time constant of the LPF related to the inertia of elements
appearing in the current control loop.

Equation (9.148) exists only in the control system and is added to model the physical
limitations of the stator current pulsation changes.

Based on the analysis of equations (9.149) and (9.150), the linearization and decoupling of
the system are performed. To assure system stability, the relationship of cosé in equa-
tion (9.150) should be positive, otherwise positive feedback can appear in the control loop.
To insure cos & > 0, the angle § is limited to the ( — 7/2. .. w/2) range and then a new control
variable ¢ is introduced:

" = Lipiscosd (9.152)
From equation (9.152), the commanded stator current module is

. U,

com — L 9.153

s L, cosé ( )

The LPF equation (9.148) is replaced by the LPF dependency for the rotor flux magnitude:

dg; 1
dt - T‘V (l//ri - lrl"r) (9154)

where i is an output signal of the LPF and T\, is LPF inertia.
According to equation (9.154), equation (9.153) has the form:

*

i = s ‘ifés(s (9.155)

If the control signal equation (9.152) is substituted into equation (9.149), then the dynamic of
the load angle is transformed into the form:
& R
dt L;y,cosé

+ w; — o, (9.156)
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Figure 9.72 Structure of the non-linear FOC with load angle control

which is still non-linear. To transform equation (9.156) into a linear form, the commanded
motor current pulsation should be

R, ¢ 1
com __ oM r o
@i = et L; ¢, cosé + Ts

(6" -9) (9.157)

where 8" and T are desired load angle and time constant of the load angle dynamic system,
respectively.

Regarding equations (9.152) and (9.157), the next dynamic system for the load angle and
rotor flux control is

b 1

a_T—S(a“—a) (9.158)
dy _Re o
* L (s — ) (9.159)

It is noted that the dynamic system equations (9.158) and (9.159) are linear and decoupled.
The structure of the non-linear FOC with the load angle controller is presented in Figure 9.72.
In the system shown in Figure 9.72, the commanded value of the load angle is

iCOm
8™ = arc tg( = ) (9.160)
1sd

The commanded stator current amplitude is calculated in control block 1, based on
equation (9.155), and the commanded stator current pulsation is calculated in control block
2, based on equation (9.157). Both blocks are indicated in Figure 9.72.

9.9.2 Predictive Current Controller

The integral part of the FOC system is the IM stator current controller. Many different methods
for current control are presented in the literature. A comprehensive survey is presented in [35].
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Figure 9.73 Samples notation for switching period Timp

Good results of current control are reported in [36], where a variety of predictive control
methods (PCM) were used.

The filters significantly affect the structure of the system, so some of the predictive controllers
cannot work properly. The simplest version of the inverter output filter is a motor choke, which
reduces the reflected waves in long cables connected to the motor, prevents over-voltages on
motors and inverter transistors, and reduces the radio frequency interference level. However, in
drives with motor chokes, the predictive controller’s algorithm should also be modified.

In the control system presented in this section, the motor stator current is controlled. The
controller uses actual values of the induction motor electromagnetic forces e (emf) to obtain
proper current regulation. Values of the emf are calculated in the observer system described in
the next section.

The notation for the presented current controller is explained in Figure 9.73.

The basic assumption is that the PWM inverter is working in such a way that the inverter
output voltage uy is equal to its commanded value u®":

ug ~ u " (9.161)

The current controller principle is based on the dynamic equation that describes the model of
the system. An equivalent model of the presented system contains three parts, inductance,
resistance, and emf. Because a motor choke is installed in the ASD, it is acceptable to neglect an
equivalent resistance of the load. With such an assumption, the system dynamic is

di, 1 o
o S _ 162
dt L +L, (u —e) (9.162)

where u®" is the inverter commanded voltage vector and Tin, is the inverter switching
frequency period.
For small Tjp,p, equation (9.162) is approximated as

is(k) TTll:nik_ 1) _ » iL(r (u:om(k_ ]) _e(k_ 1)) (9163)

If (k—1)... (k) is the time period taken into account, the variables ij(k) and e(k — 1) are
unknown and should be predicted on the basis of previous known examples.
In the presented system, emf is calculated on-line in the estimation block:

é = o, (9.164)
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Motor emf equation (9.74) is calculated inside an observer structure presented in
section 9.9.3.

The samples of &(k — 2)and é(k — 3), calculated in the observer, are memorized and used to
predict the value of e(k — 1):

&k — 1) = Ceuré(k —2) (9.165)
where

cos(Ag,)  sin(Ag,) (9.166)

Cor = _Sin(AQDe) COS(AQDe)

and A, is e vector angular position change:

AP = A e e (k= 3) T ealk — Dea(k—3) (5.167)
For the calculated é™ value, the current sample at (k) is predicted as
i (k) =ig(k— 1) + % (uem(k— 1) — (k- 1)) (9.168)
The current regulation errors at the instant (k — 1) and (k) are calculated as
Aig(k — 1) =i (k— 1) —ig(k — 1) (9.169)
Aig(k) = i™ (k) —iP™d(k) (9.170)

In order to minimize the stator current regulation error at the (k + 1) instant, the proper voltage
vector us®" (k) should be applied [30]:

L +L,
ucom(k) _ 1 +

S T (ic™(k + 1) — iP®4(k) + Dy ) + &”* (k) (9.171)

where Dy is the current controller correction feedback:
Dy, = W, CemrAis (k) + W CopmpAig(k — 1) (9.172)

and
&™(k) = Copmpé(k —2) (9.173)

| cos(2A¢.)  sin(2A¢,)
Conmr = —sin(2Ag,) cos(2Ag,) (9-174)
and W, and W, are tuned parameters.
The PCC structure is presented in Figure 9.74.
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Figure 9.74 Predictive current controller structure for ASD with motor choke

An important parameter of the system is the inductance that appears in current controller
relationships. Therefore, it is important to add the motor choke inductance L; to the current
controller equations.

9.9.3 EMF Estimation Technique

In the case of the ASD with motor choke, the disturbance observer is modified in a similar way
to the solution presented in [37].

In this section, the disturbance observer [26] is presented, taking into account the presence
of the motor choke. In the observer, the motor emf is treated as a disturbance with components
in the a3 co-ordinates calculated using the exact disturbance model [38]:

d§ R, Lo . ..
E_E§+errwrlq +_]a)r§ (9175)
where
Ea = Yrar (9.176)
53 = ‘lfrﬁwr (9.177)
£= (& &) (9.178)

In the case of the ASD with motor choke, the disturbance observer is modified in a similar
way to the solution presented in [37]. In the case of the ASD with motor choke, the L,
inductance is added to the motor model (Figure 9.75).
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Figure 9.75 Induction motor drive with voltage inverter and motor choke

The equations of the observer for the ASD with motor choke are

di, RL2+RI2. RLy . .Ln, L .
s _ _jIm usm 4k ( — ) 9.179
de LrW(rl o Lrw(rl q"r ! Wo §+ Wol i b ( )
d, R, .
i ——lbr—kR L i+ jE+ey (9.180)
d€ R, Ly, .
dr L §+R L wrls +]wr§+]k4< ) (9181)
ds
T:F = Ko (Sp — Sbr) (9.182)

N R R . T
where e, = [—kng(l/m +Kaths(Sh — Sor)  — KaSeiiys — Kt (Sp — sbp)ltl - ki, ko, and ku
are observer gains; Sy, is the observer stabilizing component; Sy is the Sy, Tiltered value; and

Woi = Le(Lg +L;) —L2 (9.183)

The rotor mechanical speed is estimated as

A ga‘/’wz +2§Bl)brﬁ (9184)
lI"I‘

In equations (9.179) to (9.182), due to the assumption of the small step of the observer
calculation, the derivative of estimated speed is neglected. For the PCC, the value of the motor
emf e is equal to ¢, calculated in equation (9.181).

Figure 9.76 presents the operation of the drive only with PCC, without the FOC loop. The
controller operates correctly with a current regulation error of less than 5%. At the 100 ms
instant, the inductance of the motor choke L is set to zero. It is noticeable that if the choke
parameters are not taken into account, the drive is not operating correctly.

Figure 9.77 presents the operation of the full control system without non-linear feedback.
The structure of the system is based on the scheme presented in Figure 9.71. In steady state, the
system correctly controls the commanded speed and flux, but in transients, the interaction
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Figure 9.76 Current controller operation — at instant 100 ms the motor choke L, is eliminated from
current controller equations

between both the regulation systems appears. In the case of the speed reverse, a huge flux error
appears. In the real system, the drive operating without the decoupled control will not work in a
stable manner. The stable work of this system is possible only when the dynamics of the system
are limited. In the real system, the flux will be limited due to magnetic circuit saturation. This is
not observed in the simulation, because a linear model of the motor is assumed.

In Figures 9.78-9.81, the operation in the speed sensorless non-linear FOC system with load
angle controller is presented.

In Figure 9.78, the speed changes are commanded. In comparison with Figure 9.77, better
properties are observed. The decrease of the motor speed at 0.1 s has no influence on the motor
flux. The estimated load angle is the same as the commanded value. Only for speed reverse is
the calculated flux decreased, whereas the real flux is kept constant. It is the result of passing the
observer through an unstable point that typically appears in the low-speed regenerative mode.
Such a phenomenon is typical for induction motor observers and is reported in [39].
Fortunately, the phenomenon has negligible influence on how the system works.

Figure 9.77 The speed sensorless adjustable speed drive (ASD) in case of the speed variation in the
control system without linearization feedback — the control structure is as presented in Figure 9.71
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Figure 9.78 The speed sensorless induction motor control in case of the speed variation in the control
system with linearization feedback for speed variations — the control structure is as presented in
Figure 9.72

In Figure 9.79, the operation of the ASD under flux and load torque variations is presented.
The flux variations have no influence on the speed control loop, except at the moments where
controller saturation occurs. Under the step change of the load torque at 1s instant, a small
speed drop appears until it is compensated for by the speed controller at 1.3 s instant.

In Figure 9.80, the ASD operation under speed variations, including low speed ranges, is
presented. The system correctly keeps the commanded speed and flux. Interactions between
torque and flux regulations result from the controller’s saturation, when passing the regen-
erative mode during speed reverse.

Figure9.79 Speed variation for the sensorless control system with linearization feedback with flux and
load torque variations — control structure as in Figure 9.72
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Figure 9.80 Speed variation for the sensorless control system with linearization feedback and low
speed variations — control structure from Figure 9.72

Figure 9.81 Speed variation in the sensorless control system with linearization feedback for slow
speed reverse — the control structure is presented in Figure 9.72

A slow reverse of the proposed ASD with feedback linearization is presented in Figure 9.81.
In comparison with the previous fast speed reverse, the estimated flux, which appears during
passing through the regenerative mode, is smaller.

9.10 Problems

Problem 9.1

Design the differential filter (normal mode filter) with L, C, and R dampings for the drive with a
voltage inverter, and induction motor. The filter topology is presented in Figure 9.29. The three-
phase induction motor data is P,=3kW, U,=380V (Y connected), and I, =6.4 A. The



472 High Performance Control of AC Drives with MATLAB/Simulink Models

inverter DC supply voltage is 540V, transistor switching frequency is fj,, = 3.3 kHz, and
inverter output maximal frequency is f,, 1, = 100 Hz. The desired system property is switching
ripple current Aly =20%.

Solution: First the inductor is selected. The motor ripple current is
Al;=0.1-1,=02-64=128A (9.185)
The L, inductance is

Uq 5 540
V221 fimp-3-Al, V/2-2-7-3300-3-1.28

L >2 =9.5mH (9.186)

The voltage drop on L; for the motor nominal frequency f;, and nominal load is

AU, =127t L) = 6.4-27-50-0.0095 =19V (9.187)
The assumed L; =9.5 mH satisfies the limiting current ripple and permitted voltage drop.
The L, nominal current is equal to the motor nominal I ;, =1, =6.4 A.

Next the C; is selected. The C; is related to the assumed resonant frequency f,... The value of
the f,y 11 should satisfy:

1
10 fou1h < fres <3 'fimp

2
1
10-100 < frey < 53300 (9.188)
1000 < fres < 1650
so the resonant frequency is selected:
fre:s = ]333 (9189)
hence:
1 1
€ = L.5uF (9.190)

T 4m2 L, 4-72-13332.0.0095

res

For the capacitor, the nominal voltage should be at least as much as the inverter supply voltage:
Ci>Uyg =540V (9.191)

Because the C, current consists of a high frequency ripple fj,, = 3.3 kHz, the proper capacitor
type should be selected.

The values of L, and C; calculated in the above way satisfy that the filter output voltage THD
factor is not greater than 5%.
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For the selected L, and C;, the filter characteristic impedance is

L1 9.5¢—-3
Zo— /2t =/ —80Q 9.192
0 C, 15¢—6 ( )

if damping resistance R; = 10 Q, so the filter quality factor is

Zy 80
Q_R] = 10_8 (9.193)
The calculated quality factor is in the acceptable range of Q = 5-8, which gives a good filter
quality and satisfies the dumping properties.
The nominal voltage of R; is the same as for C;.
The total power of R, is the sum of two parts, related to fou par and finp. For both
frequencies, the impedances of C; and R, connected in series are

1 1
27 fout 1harC1 277 - 100 - 1.5¢ — 6

ZR1 1har = Xc1 1har = = 1062 Q (9.194)

1 1
27fimpCi 27r-3300-1.5¢e — 6

Zg1imp = Xclimp = =32Q (9.195)

It is noticeable that the most important R; power part is related to the ripple current. So finally
the power of R; should be

2 2 2 " 2
( U, ) N (UTHD ) 1o ( 380 ) N <0.05 540) _sw
V3ZR1 har ZR1 imp V31062 32

(9.196)

Pri > Ry

and Pr; = 10 W was selected.

Problem 9.2

Design the differential filter (normal mode filter) with L, C, and R dampings for the drive with
voltage inverter and induction motor. The filter topology is presented in Figure 9.29. The three-
phase induction motor data is P,=5.5kW, U,=400V (Y connected), and I, =11 A. The
inverter DC supply voltage is 540V, transistors switching frequency is fi,, =5 kHz, and
inverter output maximal frequency is f,y 1, =80Hz. The desired system properties are
switching ripple current Al{=20%. When the filter is calculated, prepare the simulation in
Simulink (Hint: use the sys_LC_filtermdl example).

Solution: Because the design process is the same as in Problem 9.1, so some comments are
omitted and mainly the calculations and results are presented.



474 High Performance Control of AC Drives with MATLAB/Simulink Models

The motor ripple current:

Al =02-1,=02-11=22A (9.197)
The L, inductance is
b= 2\/2.2~wg?mp-3.ms - 2ﬁ~2-7r:5:(0)00-3-2.2 = 1omi (-198)
The voltage drop on L, is
AU = 12#f,L; = 11-27-50-0.0018 = 6.2V (9.199)
The resonant frequency f,.s should fulfill condition:
800 < fres < 2500 (9.200)
so f, 1s selected:
fres = 1650 (9.201)
Capacitance C; is
G ! ! =52uF (9.202)

T 4L, 4-72-16502-0.0018

res

The filter characteristic impedance is

L, [18-3
Zo= /2= —18.6Q 20
*“ Ve, Vs2e—6 (5-203)

For the quality factor Q =35, the R; is

Zy 18.6
Ri=—=——=37Q 9.204
=3= (9204

The impedances Zg; 1par and Zgj jmp are

1 1
2'77-f0ul lharcl N 27m-80-52e—6

ZRy thar =~ Xc1 thar = =382Q (9.205)

1 1

= =6Q 9.206
27fimpCy 27-5000-5.2¢ — 6 ( )

ZRI imp ~2 XCI imp —
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The power of R; should be no less than

2 2 2 2
U, U 4 05%54
\/§ZR1 1har ZR] imp \/§ -382 6

(9.207)

Pri > Ry

Power Pr; =100 W is selected.

9.11 Questions

Q1. Why does the common mode voltage appears in PWM voltage inverters?

Al. The common mode voltage is inherent for PWM voltage inverters. It is the result of transistors
switching sequence. It should be explained by the analysis of zero voltage components for each
voltage vector, as presented in Table 9.2.

Q2. Explain the bearing current phenomena.
A2. The bearing current phenomena are explained in Section 9.4.

Q3. Why is the differential mode filter used?

A3. The main purpose of the differential mode filter use is to obtain the sinusoidal motor supply
voltage. As the result of the supply voltage shape improvement, the motor has greater
efficiency, is less noisy, and the disturbance level is decreased.

Q4. Which type of filter is correct for bearing current limitation?
A4. The common mode filter limits the common mode current and bearing currents.

Q5. Specify the method for motor protection in the drive with a voltage inverter.
A5. This is explained in Section 9.5 and Table 9.3.

Q6. Describe the design process of the differential mode filter.
A6. The design process is presented in Section 9.61.

Q7. Describe the design process of the common mode filter.
A7. The design process is presented in Section 9.61.

Q8. Sketch the structure of the common mode choke. Where should the CM choke be installed?
A8. The structure of the common mode choke is presented in Figure 9.13, with a description givenis
Section 9.5.1. The CM choke is installed on the output of the voltage inverter?

Q9. Ifthelong cable connection is used to connect the inverter and motor, where should the LC filter
be installed? Explain why.

A9. The LC filter should always be installed close to the motor. It is because the sinusoidal shaped
voltage is in the whole cable, which connects the inverter/filter with the motor. When the
voltage in cable is sinusoidal in shape, the risk of inducted noise is strongly limited in
comparison with the rectangular high dv/dr shape.
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AC machines models, 19

Active power, 153

Adjacent line-to-line voltage, 311, 317

Artificial neural network, 5

Arbitrary common reference frame see machine
model, 298

Back EMF, see Electromotive force
Base values, 406
Bearing
capacitance, 408-409
circulating current, 411
current, 404, 410
calculation, 410
classification, 410-20
reduction, 410-11
types, see Bearing current classification
discharging current, 410
BLDC, 234-5
Butterworth filter, 206-207, 223

Cable parameters, 409
Choke
3 phase, 404
E shape, 404
toroidal, 404, 412-13, 422, 433
Clarke transformation, see transformation Clarke
Common mode
circuit, 408
component, 404, 415
filter, 402
inductance, 434
magnetic field density, 433
choke, 412-14, 423
design, 433
current, 409
path, 409
flux, 433

motor parameters, 410
reduction, 415
active zero voltage vector AZVC, AZVC-1,
AZNVC-2, 418-20
three active vectors 3AVM, 418
transformer 414-15
equivalent circuit, 415
voltage, 11, 60, 307, 309, 405-406, 408,
415-20
reduction, 415
waveform, 406
Comparator
flux comparator, 183, 236, 240
torque comparator, 183, 236, 24042
Compensation, 202, 211, 213-17
Computational, 233
Control problems, 447-61
Co-ordinate Transformation, see motor
model, 297
Cost function see Model Predictive
Control, 355
Current limit, 153

Damper winding, 235
DC motor, 19-24
separately excited, 20-22
analogy, 1434
series excited, 22—4
DC link, 305, 307, 310, 316, 321, 332
Dead time, 307
dead band, 53
effect, 129
Direct torque control, 6, 8
Differential mode, see Sinusoidal filter
Double fed induction generator
autonomous generation system 153
base values, 34
control system, 158-9
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Double fed induction generator (Continued)
grid connected system, 153—4
model, 32-5
vector control, 153-9
DSC direct self control, 253
DTC direct torque control, 173-6, 179, 182-5,
189, 191-7, 199-200, 202, 206, 209,
211-20, 227, 229-30, 2334, 236-7,
243-4, 2534
Dumping resistance, 414
dv/dt 401
effects, 401, 437
filters, 401, 411
Dwell time, see Space vector PWM, 75
Dynamic model, 179, 181, 199-200, 202,
209, 234

Electric drive system, 2, 5, 10
Electromotive force EMF, 23
estimation, 467
Estimation, 172, 182—4, 206, 213, 233,
237, 239,

Field oriented method 139, 145-6, 344, 347
direct, 148-9
with filter, 449-53
indirect, 148-9
stator oriented, 152
Field weakening control, 152-3
Five-phase, 293
five-phase drive system, 294
five-phase induction motor model, 295
five-phase inverter model, 307
five-phase supply, 327
five-phase VSI, 304, 307, 310, 326, 328
Fourier Series, 48, 316
Flux
adaptive observer, 150-51
air gap flux, 205-206, 234
estimation, 141-2, 149
rotor rotor flux, 173-6, 186, 2334, 236, 253
stator stator flux, 172-9, 181-8, 1914, 196,
198-9, 205-6, 208-9, 211, 213, 220, 222,
224,228, 233, 236-7, 239-41, 243, 246,
249, 251-2
Flux vector acceleration, 254
Frequency modulation ratio, 49, 66

Gate drive signal, 307-8
High performance drive, 6, 9

Hysteresis band, 172-4, 177-9, 182, 233, 240,
242,252

Impedance, 429-30, 473
base, 407
characteristic, 473—4
wave, 403, 415
Impedance Source or Z-Source inverter, 117
Induction motor, 172-4, 176, 179, 182-7, 191,
193-5, 199-203, 209-11, 214, 217-18,
220, 226, 229, 233
common mode model, 404—408
dq model, 144
five phase, 388-96
control, 388-96
parameters, 396
machine control, 139-53
per unit model, 30-32
scalar control, 139-40
sensorless control, 365-80
squirrel cage, 25, 139
stator resistance, 141
vector control, 143-9
Inverter output filter, 420
control, 447-61
design, 425-33
estimation, 440-47
structures, 420-25
Iron losses, 185, 202-203, 206, 209-20, 224,
226-32

LC filter, see Sinusoidal filter, 4
Leg/pole Voltage
five-phase, 307, 309-10
three-phase, 62
Load angle control, 461-4
Long cable connection, 401-402, 421, 465
Look-up table, 179, 187, 189, 243

Maximum torque production, 153

Magnetizing inductance, 180-81, 218-20, 225

Matlab, 182, 184-5, 191, 199, 202, 209, 218,
236, 243

Medium voltage drive, 10

Model reference adaptive system MRAS, see
Observer model reference adaptive system

Modulation index defination, 49, 51

Model predictive control, 352, 354

Model transformation, see Five-phase, 297

Motor torque, 297
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Multi-loop control, 448-9, 461
Multi-phase, 2934
Multi-level inverters, 104, 326
cascaded H-bridge, 112
diode clamped, 106
flying capacitor, 109
Multiscalar control with filter, 457-61

Nonlinear field oriented method NFOC with
filter, 6, 453-6

Normal mode filter, see Sinusoidal filter

Non-adjacent line-to-line voltage, 311, 316-17

Observer, 9, 4427
adaptive back stepping, 383-5
close loop, 366-75, 445-7
structure 1, 367-9
structure 2, 370-72
structure 3, 372-5
disturbance, see Observer speed
flux, see Observer close loop
Luenberger, 151
model reference adaptive system MRAS,
365, 375-8
five-phase induction motor, 388-9
observer 1 structure, 376-8
PMSM, 385-8
speed estimator, 389-96
simple, see Observer close loop
speed, 366, 442-5
Over-modulation, 90
over-modulation I, 91
over-modulation II, 94

Parasitic
capacitances, 402, 408
current, 408-409
Passive filter, 401-402, 411-12
Park transformation, 25, 29-30
Per unit system, 14, 38-9, 406
Permanent magnet synchronous motor, 160-68
back EMF observer, 380-82
control, 164-5, 382-3
scalar, 166-8
sensorless, 380-88
model, 35-6, 162
base values, 39
in af coordinates, 40-41
in dq coordinates, 36-8
in per unit, 38-40

properties, 161
vector control, 160-61
Phase shifting network, 321
Phase variable model, see Five-phase induction
motor, 295
Phase voltage or phase-to-neutral voltage, 62,
307, 309
PI controller, see Proportional-integral
PI controller
Power calculation, 153, 158, 378, 380
Power measurement, see Power calculation
PMSM, 233-7, 239, 243-8, 250-52
Predictive control, 233
Predictive current control with filter, 461-71
Proportional-integral PI controller, 142-3, 145,
158-9, 303, 346-7, 375, 386, 391, 439,
456, 457, 461
cascaded, 163
Pulse width modulation PWM, 4, 326, 328
ANN based PWM, 96
carrier-based PWM, 64, 328, 332, 335
discontinuous PWM, 46, 77
fifth harmonic injection, 332-3, 337
offset addition, three-phase, 69, 71
five-phase, 336
space vector PWM three-phase, 72
five-phase, 294, 338, 342
sinusoidal PWM control, 294
synchronous and asynchronous, 51
third harmonic injection, 67
unipolar, bipolar, 55-6
modifications, 415-20

Quality factor, 429, 431, 434, 473-4
Quasi impedance source or qZSI inverter, 127

Reactive power, 153
Ripple

flux ripple, 191, 233
Torque ripple, 191, 196, 200, 211, 233
Ripple inductor current, 428, 4724
Rotor flux estimation, 149

Saturation, 179, 184-5, 217-20, 224, 227-32

Sensorless speed control, 5,9, 365

Sector, 172-3, 176-9, 183-5, 187-8, 236,
23941

Simulation, 181-2, 184-5, 191, 193-4, 199-202,
206, 209, 214, 217-18, 220, 229-30, 233,
236-8, 243
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Simulink, 182, 184-6, 189-91, 199, 202, 209,
218, 229, 236-7, 243
Sinusoidal filter, 401, 421-2, 425-7, 429
characteristics, 430
circuit, 430
design, 429-30
elements, see Sinusoidal filter design
model, 437, 439
Sinusoidal wave shape, 233
Six-step mode, 60
Space vector, 25
five-phase, 328
representations of AC machines, 143
three-phase, 72
Space Vector Modulation, 233
Speed control, 172-3, 182-5, 191, 193-7, 199, 202,
209,211-12, 214, 216-8, 229-30, 243, 252
SPMSM, 233-7, 239, 243-8, 250-52
Stator current relationship, 157
Steady state equivalent circuit, see Five-phase
system, 300
SVPWM, 233
Switching combination 405
Switching Frequency
changing switching frequency, 233
constant switching frequency, 233
Switching table, 176, 178, 183, 185, 187,236, 243

Ten step operation, see Five-phase system,
294, 310
Torque control, 171-6, 177-9, 181-2, 185, 193,
196, 199, 202, 206, 213-15, 218, 220,
227-9, 233, 236
Transformation
Clarke, 26-9, 145
matrix constant
magnitude, 403
power, 404
Park, 29-30
variables, 147, 156-7, 164
Trapezoidal wave shape, 234

Uniform cylindrical surface, 234

Variable speed drives, 235
Voltage source inverter, see three-phase, 56
five-phase, 304, 307, 310, 326, 328
Voltage space vector, 173-7, 182, 185, 187,
190, 233

Wind generation systems, 154

Zero sequence component, see Common
mode, 331





