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Preface

In the field of power system analysis, an extensive amount of high-quality literature is available.
Most of these textbooks follow more or less the same line and cover the same topics. This book
differs from existing materials because the (steady-state) modeling of the power system
components is covered in appendices. Therefore, the focus in the chapters itself is not on the
modeling, but on the structure, functioning, and organization of the power system. The
appendices contribute to the book by offering material that is not an integral part of the main
text, but supports it, enhances it and as such is an integral part of the book.
The following is a short summary of the contents of the chapters and the appendices.

Chapter 1 (Introduction to Power System Analysis)

This first chapter describes the scope of the material, and is an introduction to the steady-state
analysis of power systems. Questions like ‘why AC’, ‘why 50 or 60 Hz’, ‘why sinusoidally-
shaped AC’, ‘why a three-phase system’ are addressed. The basics for a steady-state analysis of
balanced three-phase power systems are outlined, such as: phasors, single-line diagrams, active
power, reactive power, complex power, power factor, and per-unit normalization.

Chapter 2 (The Generation of Electric Energy)

The conversion from a primary source of energy to electrical energy is the topic of Chapter 2. The
primary source of energy can be fossil fuels such as gas, oil and coal or uranium, but can come
from renewable sources as well: wind energy, hydropower, solar power, geothermal power. In
order to understand the nature of a thermal power plant, which is still the main source of power in
the system, the principals of thermodynamics are briefly discussed. The final conversion from
mechanical energy to electrical energy is achieved by the synchronous machine. The coupling of
the machine with the grid and the actual power injection is analyzed.

Chapter 3 (The Transmission of Electric Energy)

The transmission and distribution network is formed by the overhead lines, the underground
cables, the transformers and the substations between the points of power injection and power
consumption. Various substation concepts are presented, together with substation components
and the protection installed. The transformers, overhead transmission lines, and underground
cables are then considered in more detail. The transformer design, possible phase shift, and
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specific properties due to the magnetic core are highlighted. As overhead transmission lines are
the most visible part of the power system, they are discussed from the point of view of what may
be seen and why it is like that. The underground cables are also considered, contrasting them
with overhead transmission.

Chapter 4 (The Utilization of Electric Energy)

The power system is designed and arranged in such a way that demand may be fulfilled:
consumers are supplied with the requested amount of active and reactive power at constant
frequency and with a constant voltage. A load actually transforms the AC electrical energy into
another form of energy. The focus in this chapter is on the various types of loads that transform
the AC electrical energy into: mechanical energy (synchronous and induction motors), light,
heat, DC electrical energy (rectifiers), and chemical energy. After that, the individual loads in the
system are clustered and classified as grid users according to three categories: residential loads
(mostly single-phase loads), commercial and industrial loads (often three-phase loads), and
electric railways (either DC or single-phase AC).

Chapter 5 (Power System Control)

Continuous control actions are necessary in the system for the control of the voltage, to maintain
the balance between the amount of generated and consumed electricity and to keep the system
frequency at either 50 Hz or 60 Hz. It is demonstrated that, in transmission networks, there is
more or less a ‘decoupling’ between the active power and the voltage angles on one side and the
reactive power and voltage magnitudes on the other, which is the basis for the control. The power
balance is maintained (primary control), and the system frequency deviation minimized
(secondary control), by controlling the active power output of the generators. Voltage is
controlled locally either at generator buses by adjusting the generator voltage control or at fixed
points in the system where tap-changing transformers, capacitor banks or other reactive power
consumers/producers are connected. FACTS-devices (Flexible AC Transmission Systems) are
large power-electronic devices; they are operated in a shunt configuration for reactive power and
voltage control, or they are connected in series to control the power flow.

Chapter 6 (Energy Management Systems)

In the control centre, the transmission and distribution of electrical energy are monitored,
coordinated and controlled. The Energy Management System (EMS) is the interface between
the operator and the actual power system. The SCADA (Supervisory Control and Data
Acquisition) system collects real-time measured data from the system and presents it to the
computer screen of the operator, and it sends control signals from the control centre to the actual
components in the network. The EMS is in fact an extension of the basic functionality of the
SCADA system and includes tools for the analysis and the optimal operation of the power
system. The state estimator serves as a ‘filter’ for the collected measurement data; it determines
the state of the power system that matches best with the available measurements. This is
necessary input for other analysis programs in the EMS, like the loadflow or power flow, and
the optimal powerflow. The loadflow computation is one of the most important power system
computations, giving us insight into the steady-state behavior of the power system. Therefore,
besides the well-known Newton-Raphson loadflow, a decoupled loadflow and the DC loadflow
are also presented.
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Chapter 7 (Electricity Markets)

Atabroad conceptual level, there exists such a thing as a ‘common market model’ that provides
for both spot market trading coordinated by a grid/market operator and for bilateral contract
arrangements scheduled through the same entity. The spot market is based on a two-sided
auction model: both the supply and demand bids are sent to the power exchange. Market
equilibrium occurs when the economic balance among all participants is satisfied and the
benefits for society, called ‘the social welfare’, are at their maximum value. The power system is
alarge interconnected system, so that multiple market areas are physically interconnected with
each other: this facilitates the export of electricity from low-price areas to high-price areas.

Chapter 8 (Future Power Systems)

In this chapter some developments, originating from the complex technological-ecological-
sociological and political playing field and their possible consequences on the power system, are
highlighted. A large-scale implementation of electricity generation based on renewable
sources, for example, will cause structural changes in the existing distribution and transmission
networks. Many of these units are decentralized generation units, rather small-scale units that
are connected to the distribution networks often by means of a power-electronic interface. A
transition from the current ‘vertically operated power system’, into a ‘horizontally operated
power system’ in the future is not unlikely. Energy storage can be applied to level out large power
fluctuations when the power is generated by renewable energy sources, driven by intermittent
primary energy. The complexity of the system increases because of the use of FACTS devices,
power-electronic interfaces, intermittent power production and so on. Chaotic phenomena are
likely to occur in the near future and large system blackouts will probably happen more often.

Appendix A (Maxwell’s Laws)

Circuit theory can be regarded as describing a restricted class of solutions of Maxwell’s
equations. In this chapter, power series approximations will be applied to describe the electro-
magnetic field. It is shown that the zero and first-order terms in these approximations (i.e. the
quasi-static fields) form the basis for the lumped-circuit theory. By means of the second-order
terms, the validity of the lumped-circuit theory at various frequencies can be estimated. It is the
electrical size of the structure — its size in terms of the minimum wavelength of interest in the
bandwidth over which the model must be valid — that dictates the sophistication and complexity
of the required model. A criterion is derived that relates the dimensions of the electromagnetic
structure with the smallest wavelength under consideration so that the validity of the lumped
element model can be verified.

Appendix B (Power Transformer Model)

Transformers essentially consist of two coils around an iron core. The iron core increases the
magnetic coupling between the two coils and ensures that almost all the magnetic flux created by
one coil links the other coil. The central item of this appendix is the mathematical description of
the voltage—current relations of the transformer. First, the voltage—current relation of an ideal
transformer, including the impedance transformation, are given. After that, a more general
description of the transformer by means of magnetically coupled coils is derived. In the next step
the non-ideal behavior of the transformer, comprising leakage flux and losses in the windings
and in the iron core, is taken into account and a transformer equivalent circuit is derived. The
appendix ends with an overview of single-phase equivalent models of three-phase transformers.
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Appendix C (Synchronous Machine Model)

A synchronous generator generates electricity by conversion of mechanical energy into elec-
trical energy. The two basic parts of the synchronous machine are the rotor and the armature or
stator. The iron rotor is equipped with a DC-excited winding which acts as an electromagnet.
When the rotor rotates and the rotor winding is excited, a rotating magnetic field is present in the
air-gap between the rotor and the armature. The armature has a three-phase winding in which the
time-varying EMF is generated by the rotating magnetic field. For the analysis of the behavior of
the synchronous machine in the power system, a qualitative description alone is not sufficient.
The central item of this appendix is the mathematical description of the voltage—current relation
of the synchronous generator. Based on the voltage—current relation, a circuit model is devel-
oped that is connected to an infinite bus to study the motor and generator behavior.

Appendix D (Induction Machine Model)

The induction machine is an alternating current machine that is very well suited to be used as a
motor when itis directly supplied from the grid. The stator of the induction machine has a three-
phase winding; the rotor is equipped with a short-circuited rotor winding. When the rotor speed
is different from the speed of the rotating magnetic field generated by the stator windings, we
describe the rotor speed as being asynchronous, in which case the short-circuited rotor windings
are exposed to a varying magnetic field that induces an EMF and currents in the short-circuited
rotor windings. The induced rotor currents and the rotating stator field result in an electro-
magnetic torque that attempts to pull the rotor in the direction of the rotating stator field. The
central item of this appendix is the mathematical description of the voltage—current relation and
the torque—current relations of the induction machine. Based on the voltage-current relation, a
circuit model is developed.

Appendix E (The Representation of Lines and Cables)

When we speak of electricity, we think of current flowing through the conductors of overhead
transmission lines and underground cables, on its way from generator to load. This approach is
valid because the physical dimensions of the power system are generally small compared to the
wavelength of the currents and voltages in steady-state analysis. This enables us to apply
Kirchhoff’s voltage and current laws and use lumped elements in our modeling of overhead
transmission lines and underground cables. We can distinguish four parameters for a transmis-
sion line: the series resistance (due to the resistivity of the conductor), the inductance (due to the
magnetic field surrounding the conductors), the capacitance (due to the electric field between the
conductors) and the shunt conductance (due to leakage currents in the insulation). Three
different models are derived which, depending on the line length, can be applied in power
system analysis.

In the process of writing this book, we sometimes felt like working on a film script: we put the
focus on selected topics and zoomed in or out whenever necessary, as there is always a delicate
balance between the thing that you want to make clear and the depth of the explanation to reach
this goal. We hope that we have reached our final goal, and that this book provides you with a
coherent and logical introduction to the interesting world of electrical power systems!

While writing this book we gratefully made use of the lecture notes which have been used over
the years at the Delft University of Technology and the Eindhoven University of Technology in
the Netherlands. The appendices on the modeling of the transformer, the synchronous machine
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and the induction machine are based on the excellent Dutch textbook of Dr Martin Hoeijmakers
on the conversion of electrical energy. We are very grateful for the careful reading of the
manuscript by Prof. Emeritus Koos Schot, Robert van Amerongen and Jan Heijdeman. We
would like to thank Ton Kokkelink and Rene Beune, both from TenneT TSO B.V., for their
valuable comments on Chapters 5 and 7 respectively. The helpful comments and support of
Prof. Wil Kling, Prof. Braham Ferreira, Prof. Johan Smit, Dr Bob Paap and Dr Henk Polinder, all
of the Electrical Power Engineering Department of the Delft University of Technology, are
greatly acknowledged.
The companion website for the book is http://www.wiley.com/go/powersystem

P.H. Schavemaker and L. van der Sluis
The Netherlands
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Infroduction to Power
System Analysis

1.1 INTRODUCTION

As electricity comes out of the AC outlet every day, and has already been doing so for more than
100 years, it may nowadays be regarded as a commodity. It is a versatile and clean source of
energy; it is fairly cheap and ‘always available’. In the Netherlands, for instance, an average
household encountered only 35 minutes’ interruption to their supply in the year 2006 [7] out of a
total of 8760 hours, resulting in an availability of 99.99334 %!

Society’s dependence on this commodity has become critical and the social impact of a failing
power system is beyond imagination:

e cars would not be refueled as gas station pumps are driven by electricity;

the sliding doors of shops and shopping malls would not be able to open or close and people
would therefore be locked out or in;

electrified rail systems, such as subways and trains, would come to a standstill;

traffic lights would not work;

refrigerators would stop;

heating/cooling installations would fail;

cash dispensers would be offline;

computers would serve us no longer;

water supplies would stop or run out.

Many more examples may be given, but the message is clear: electric power systems are the
backbone of modern society (see Figure 1.1) and chaos would result if the electricity supply
failed for an extended period.

Our society needs engineers who know how to design, build and operate an electrical power
system. So let’s discover what lies beyond the AC outlet and enter the challenging world of
power system analysis . . .

Electrical Power System Essentials Pieter Schavemaker and Lou van der Sluis
© 2008 John Wiley & Sons, Ltd
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Figure 1.1 The Earth’s city lights, indicating the most urbanized areas. Reproduced by permission of
NASA, taken from The Visible Earth.

1.2 Scope of the Material

Power system analysis is a broad subject, too broad to cover in a single textbook. The authors
confine themselves to an overview of the structure of the power system (from generation, via
transmission and distribution to customers) and only take into account its steady-state
behavior. This means that only the power frequency (S0Hz or 60Hz) is considered. An
interesting aspect of power systems is that the modeling of the system depends on the time
scale under review. Accordingly, the models for the power system components that are used
in this book have a limited validity; they are only valid in the steady-state situation and for the
analysis of low-frequency phenomena. In general, the time scales we are interested in are as
follows.

e Years, months, weeks, days, hours, minutes and seconds for steady-state analysis at power
frequency (50 Hz or 60 Hz).
This is the time scale on which this text book focuses. Steady-state analysis covers a variety of
topics such as: planning, design, economic optimization, load flow / power flow computa-
tions, fault calculations, state estimation, protection, stability and control.

e Milliseconds for dynamic analysis (kHz).
Understanding the dynamic behavior of electric networks and their components is impor-
tant in predicting whether the system, or a part of the system, remains in a stable state after
a disturbance. The ability of a power system to maintain stability depends heavily on the
controls in the system to dampen the electromechanical oscillations of the synchronous
generators.

e Microseconds for transient analysis (MHz).
Transient analysis is of importance when we want to gain insight into the effect of switching
actions, e.g. when connecting or disconnecting loads or switching off faulty sections, or into
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the effect of atmospheric disturbances, such as lightning strokes, and the accompanying over-
voltages and over-currents in the system and its components.

Although the power system itself remains unchanged when different time scales are considered,
components in the power system should be modeled in accordance with the appropriate time
frame. An example to illustrate this is the modeling of an overhead transmission line. For steady-
state computations at power frequency the wavelength of the sinusoidal voltages and currents is
6000 km (in the case of 50 Hz):

3 % 10°
r=r_2x

v = 6000 km (1.1)
f

LA the wave length [km]

v the speed of light ~ 300000 [km/s]

f the frequency [Hz = 1/s]

Thus, the transmission line is, so to speak, of ‘electrically small” dimensions compared to
the wavelength of the voltage. The Maxwell equations can therefore be approximated by a
quasi-static approach and the transmission line can accurately be modeled by lumped
elements (see also Appendix A (Maxwell’s laws)). Kirchhoff’s laws may fruitfully be used
to compute the voltages and currents. When the effects of a lightning stroke have to be
analyzed, frequencies of 1 MHz and higher occur and the typical wavelength of the voltage
and current waves is 300 m or less. In this case the transmission line is far from being
‘electrically small’ and it is not allowed to use the lumped-element representation any more.
The distributed nature of the transmission line has to be taken into account and we have to
calculate with travelling waves.

Despite the fact that we mainly use lumped-element models in our book, it is important to
realize that the energy is mainly stored in the electromagnetic fields surrounding the conductors
rather than in the conductors themselves as is shown in Figure 1.2. The Poynting vector, being
the outer product of the electric field intensity vector and the magnetic field intensity vector,
indicates the direction and intensity of the electromagnetic power flow [13,27]:

S=ExH (1.2)

S the Poynting vector [W/m?]
E the electric field intensity vector [V/m]
H the magnetic field intensity vector [A/m]

Due to the finite conductivity of the conductor material and the finite permeability of the
transformer core material, a small electric field component is present inside the conductor and
a small magnetic field component results in the transformer core:

J the current density vector [A/mz]
o the conductivity [S/m]
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H E
)

Figure 1.2 Transmission line — transformer — transmission line — load: the energy is stored in the
electromagnetic field.

B the magnetic flux density vector [T =AH/m"]
p  the permeability [H/m]

This leads to small Poynting vectors pointing towards the conductor and the transformer core:

the losses in the transmission line and the transformer are fed from the electromagnetic field, asis
the power consumed by the load.

1.3 GENERAL CHARACTERISTICS OF POWER SYSTEMS

Most of the power systems are 50 Hz or 60 Hz three-phase AC systems. The voltage levels used
are quite diverse. In the following sections we explain why these choices have been made.
1.3.1 AC versus DC Systems

The choice for AC systems over DC systems can be brought back to the ‘battle’ between

Nicolas Tesla (1856-1943) and Thomas Alva Edison (1847-1931). Edison managed to let
a light bulb burn for 20 hours in the year 1879. He used a 100 V DC voltage and this was one
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of the main drawbacks of the system. At that time a DC voltage could not be transformed
to another voltage level and the transportation of electricity at the low voltage level of
100 V over relatively short distances already requires very thick copper conductors to keep
the voltage drop within limits; this makes the system rather expensive. Nevertheless, it took
quite some time before AC became the standard. The reason for this was that Edison, besides
being a brilliant inventor, was also a talented and cunning businessman as will become clear
from the following anecdote. Edison tried to conquer the market and made many efforts to
have the DC adopted as the universal standard. But behind the scenes he also tried hard to have
AC adopted for a special application: the electric chair. After having accomplished this,
Edison intimidated the general public into choosing DC by claiming that AC was highly
dangerous; the electric chair being the proof of this! Eventually AC became the standard
because transformers can quite easily transform the voltage from lower to higher voltage
levels and vice versa.

Nowadays, power-electronic devices make it possible to convert AC to DC, DC to AC and DC
to DC with a high rate of efficiency and the obstacle of altering the voltage level in DC systems
has disappeared. What determines, in that case, the choice between AC and DC systems?
Of course, financial investments do play an important role here. The incremental costs of DC
transmission over a certain distance are less than the incremental costs of AC, because in a DC
system two conductors are needed whereas three-phase AC requires three conductors. On the
other hand, the power-electronic converters for the conversion of AC to DC at one side, and
from DC to AC at the other side, of the DC transmission line are more expensive than the AC
transmission terminals. If the transmission distance is sufficiently long, the savings on the
conductors overcome the cost of the converters, as shown in Figure 1.3, and DC transmission is,
from a capital investment point of view, an alternative to AC.

The following are a few of the examples of HVDC (High-Voltage DC) applications.

e Longsubmarine crossings. For example: the Baltic cable between the Scandinavian countries
and Germany, and the 600 km cable connection between Norway and the Netherlands (the
NorNed Cable Project).

e Asynchronous interconnection to interconnect networks that operate at different frequencies.
For example: the HVDC inter-tie connection between the 50 Hz, 500 kV Argentinean system
and the 60 Hz, 525 kV Brazilian system.

Cost

Break-even
distance

DC converter -
stations

800-1000 km
overhead line

50 km submarine cable

\
\
\
AC stations | \
|

>

Transmission distance

Figure 1.3 Break-even distance for HVDC [12].
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e Asynchronous interconnection to interconnect networks that operate at the same frequency
but cannot be connected by means of AC due to stability reasons or operational differences.
For example: the Scandinavian Nordel system is asynchronously connected to the western
continental European UCTE system, the same applies for the US Eastern Interconnection and
the US Western Interconnection.

Also in our domestic environment DC systems are present as the majority of our electronic
equipment works internally with a DC voltage: personal computers, hifi equipment, video, DVD
players, the television and so on.

Shape of the alternating voltage

When an alternating voltage is considered, several types of alternating voltage are possible, like
sinusoidal, block or triangular-shaped voltages, as depicted in Figure 1.4. For power systems,
the sinusoidal alternating voltage is the right one to choose. By approximation, the power system
can be considered to be a linear time-invariant dynamic (LTI) system. The elementary opera-
tions in such a system are: multiplication with a constant number, addition and subtraction of
quantities and delay in time (phase shift). When we perform these operations on a sinusoidal
signal of constant frequency, another sinusoidal signal with the same frequency is the result.
The same applies for differentiation and integration. The signal, after manipulation, may differ
in amplitude or may be out of phase with the original signal, but the frequency and the shape
of the signal have not been affected. This is not the case when the other alternating-voltage
shapes are used.

In other words: a sinusoidal excitation of a linear system results in a sinusoidal response.
Therefore, all the voltages and currents in the power system are sinusoidal and have the same
frequency so that the components in the system can be designed for this wave shape.

Sinusoidal alternating voltage

When we talk about an alternating sinusoidal voltage (or current), we generally refer to the
so-called RMS (Root Mean Square) value or effective value of the voltage (or current). This
RMS or effective value of a sinusoidal alternating voltage (or current) is the equivalent value of
the corresponding direct voltage (or current) that dissipates the same amount of powerin a given
resistor during one time period of the alternating voltage (or current). We will derive this equality
for the DC and AC circuit shown in Figure 1.5.

The power dissipated in the resistance in the DC circuit is:

2

1%
P=—=1IR (1.5)
R

v T v T v
‘ t ‘ t t

Figure 1.4 Alternating voltages: triangular, sinusoidal and block.
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I it

%4 T R v(t) R
Figure 1.5 The definition of RMS values of sinusoidal quantities.

When we write the voltage and the current in the AC circuit as:

V(1) = V2|V|sin(wr) and i(r) = V2|1 sin(wt) (1.6)
o the angular frequency (o = 2mf) [rad/s]
the instantaneous power dissipated in the AC circuit is:

p(1) = = ()R (1.7)
R
and for the average power this results in:
. T | T
P:—Jv—dt:—Jiszt (1.8)
T)R T
0 0

T the period of the sine wave (T = 1/f = 2n/®) [s]

When the power in the DC circuit (Equation 1.5) and the average power in the AC circuit
(Equation 1.8) are demanded to be equal, we can write:

T T
1 1
V= —Jv2dt and I = —Jizdt (1.9)
T T
0 0
and substitution of the equations for the alternating voltage and current (Equation 1.6) gives us:

T
1 1
Vit = 2|V TJsinz(wI)dt = \/§|v|\/5 = |V|

0

T
1 1
?Jsinz(mt)dt = \/§I|\/; = |1]

0

1
V= |-
T

(1.10)

i2dt = V2]1|

~
Il
N -
o~

|[V| the RMS or effective value of the alternating voltage
[I] the RMS or effective value of the alternating current

So summing up: the RMS or effective value of a sinusoidal alternating voltage (or current) is
equal to the value of the equivalent direct voltage (or current) that dissipates the same amount of
power in a given resistor during one time period of the alternating voltage (or current).
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The expression RMS (Root Mean Square) is related to the previously derived expressions:

Root
Mean
Square
V| = Vv2dt = V2|V

(1.11)

The term below the square root in Equation 1.11 is in fact the mean of sin” (o), as indicated in
Figure 1.6.

From the equations of the sinusoidal voltage and current (Equation 1.6), we see the relation
between the RMS value and the peak value:

V2|V =V and V2|I| =] (1.12)

It is the RMS value of the sinusoidal voltage and current that is read by the common type of
voltmeters and ammeters.

Example 1.1 RMS and peak value

When we speak of a voltage of 230 V, the RMS value of the voltage amounts to 230 V while the
peak value of the sinusoidal voltage is v/2 - 230 = 325 V.

1.3.2 50Hz and 60 Hz Frequency

The choice of the frequency is not as arbitrary as one might think. Between 1885 and 1900 a
diversity of frequencies was used in the United States: 140, 133 1/3, 125,83 1/3, 66 2/3, 60, 50,
40,33 1/3,30,25and 162/3 Hz[9,18,21,28]. Each frequency had its own field of application.
The power frequency finally came out at 60 Hz in North America, Brazil and Japan and at
50 Hz in most of the other countries. Nowadays, 16 2/3 (Europe) and 25 Hz (North America)
are in use for railway applications and is 400 Hz a popular frequency on board of ships,
airplanes and oil rigs.

Figure 1.6 Mean value of a squared sine.
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A too low frequency, such as 10 or 20 Hz, is useless for domestic lighting as the human eye
records this as flicker. On the other hand, the frequency cannot be too high as:

o the hysteresis losses in the transformer core increase in proportion to the frequency while the
eddy current losses increase in quadratic proportion to the frequency;

e the capacitive reactance of cables and transmission lines increases (X = —1/wC);

e the inductive reactance, and the related voltage drop, increases (X = oL);

e the electromagnetic interference with the radio traffic will grow.

Yet there is also an advantage in using a higher power system frequency and that is that the
power-to-weight ratio of transformers, motors and generators is higher. In other words, the
components can be smaller while the power output is the same. The formula of Esson gives a
generalized expression for the power of an electrical machine:

P=K-D*>-1l-n (1.13)

K the ‘output coefficient’ [J/m?], which depends on the type of machine, the type of cooling
and the magnetic material used.

D the diameter of the armature [m]

[ the axial length of the armature [m]

n the rotational speed of the machine [1/s]

From Equation 1.13 we see that when we increase the rotational speed, by choosing a
higher system frequency, the dimension of the machine can be smaller for the same output
power.

Another example is the transformer. The relation between the applied voltage and the
resulting flux is given by the following equations:

vi(f) = V2|Vy|cos(wr) = N, de

dt
V2|V
(DN]

(1.14)

O(r)=C+ sin(or) = v/2|®] sin(or)

@ = [B|A

the number of turns of the primary transformer winding

the magnetic flux [Wb = Vs]

the integration constant [Wb]; zero in steady-state conditions
the magnetic flux density [T = Wb/m?]

the cross-sectional area of the iron transformer core [mz]

=W 0=

We see that when the applied voltage remains the same, a higher system frequency (® = 27f)
results in a lower effective value of the magnetic flux (|®|) so that we can use a smaller cross-
sectional area for the iron core when we keep the magnetic flux density constant.

When there is freedom to choose the system frequency, a higher frequency can be very
advantageous, especially in the case that weight and volume play arole, for example on board of
airplanes and ships.
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1.3.3 Balanced Three-phase Systems

The transmission and distribution systems are three-phase systems. In this book we will restrict
ourselves to balanced three-phase power systems. In the case of a balanced three-phase system,
the sinusoidal voltages are of equal magnitude in all three phases and shifted in phase by 120
degrees, as shown in Figure 1.7:

Va = V2|V cos(wr)

2r

vb_\/§|V|cos(0)t—3) (1.15)
4n

Ve = V2|V|cos (mt - ?>

Furthermore, the network has identical impedances in each phase and the loads are identical. We
can imagine the three-phase system consisting of three separate single-phase systems, as
depicted in Figure 1.8 (a). Since the voltages in the three phases are equal in magnitude and
120 degrees shifted in phase and since the impedances in the three phases are equal, the currents
will also be equal in magnitude and shifted in phase by 120 degrees:

i = % = V21| cos(wt — ¢)

Vb 2n
zb—E—\/E|I|cos<o)t—(p—?> (1.16)
i :&:\/Emcos ot — o

‘Tz ?73

When the three return conductors are combined as a single return conductor, the three-phase
systemin Figure 1.8 (b) can be drawn. The current through the common return conductor is equal
to the sum of the three individual phase currents:

In =1q +1p + i

1.17
= V2|1 cos(mt—(p)—f—cos(o)t—(p—z?n) +C0S<mt_(p_4?n)] -0 (1.17)

>

6.67 ms < 120°

Figure 1.7 Phase voltages in a balanced three-phase power system (50 Hz).
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Figure 1.8 A balanced three-phase power system.

Because the current in the common return conductor is zero, in the case of abalanced three-phase
power system with a balanced load, this common return conductor can be removed (see
Figure 1.8 (c)) and a network with only three conductors results.

Because of the fact that in the power system many single-phase loads (domestic users, and
also some industrial ones) are connected, the utilities try to divide the single-phase loads equally
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over the three phases (see also Section 4.3 (Classification of Grid Users)). The assumption that
the power system is balanced is therefore a valid approximation.
The reason to build a power system as a three-phase system is twofold as explained below.

Power considerations

The voltage and current of a single-phase inductive load can be written as:
v(1) = V2|V|cos(ot) and i(t) = V2|I| cos(ot — @) (1.18)

and the instantaneous power, consumed by this load, amounts to:

p(t) = 2|V||I| cos(wt) cos(wt — @)

= [V|lf][cos(e) + cos(20r — ¢)] (1.19)

From this expression we learn that the single-phase instantaneous power is not constant, but
varies in time with double the power frequency (2wf). This is rather unpleasant, especially when
the electrical energy is used for electrical motors and traction applications, because this results in
a pulsating torque on the axis of the machine.

The voltages and currents of a balanced three-phase inductive load can be written as:

Va = V2|V| cos(wt) is = V2|I| cos(ot — )
2 2
vy = \/§|V|cos(cot—3n> ip = \/§|I|cos(cot—(p—;) (1.20)
4\ | 4n
= V/2|V|cos OF — == i = V2|I| cos Of — ¢ — =
and the instantaneous power, consumed by this load, amounts to:
p([) = Valg + Vpip + Vele
= [V|I1][cos(g) + cos(201 — ¢)]
4
+ V|1 [cos((p) +cos(20)t—(p—?n>] (1.21)

2
+ V|1 [cos((p) + cos (th —— ?ﬂ:)]
= 3|V||I[ cos(o)

Inabalanced three-phase power system, the instantaneous power is constant! This isin fact valid
for every balanced power system with more than three phases. For an n-phase system we can
write the following general expression for the instantaneous power:

i 27
p(t) = n|V|[I| cos(o) + |V||I| Zcos <2c0t — @ —2k - 7) = n|V||I| cos(o)
k=1

“ 2n
VI 2ot — 2k - Vi 20t — in| 2k - —
+ |V||I| cos(2m Zcos< )+| [|1] sin(2e (p)Zsm( n>

k=1
(1.22)
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A close observation of the terms behind the summation signs reveals:

& 2
Zcos(Zk-n) =0 Vn>3
=1 n
L 2
Zsin(Zk : —”> —0 Vn>1
=1 n

(1.23)

Thus, the instantaneous power, as given in Equation 1.22, is constant for every number of phases
greater than or equal to three. Then why do we apply a three-phase system and not a four- or
five-phase system? This is because each phase requires its own conductor, and the balanced
three-phase system is the system with the smallest number of phase conductors capable of
delivering constant instantaneous power.

The power supplied by the balanced three-phase system equals three times the average power
supplied by one of the three single-phase systems of which the system is built up, while only one
extraconductorisrequired. As the cosine term with the double frequency in Equation 1.19 has an
average value of zero, the average power supplied by the single-phase system amounts to:

Pig = |V]|I]cos() (1.24)

The average power supplied by the balanced three-phase system equals the instantaneous power
(Equation 1.21):

P34 = p(t) = 3|V||I| cos(¢) = 3P4 (1.25)

The three-phase system depicted in Figure 1.8 (c) transports the same amount of power as the
three-phase system built of three individual single-phase systems, as shown in Figure 1.8 (a), but
with only half the number of conductors!

Rotating magnetic field

A three-phase system is able to produce a rotating magnetic field, as is visualized in Figure 1.9.
This is a very important property as all AC machines operate on this principle. In a three-phase
coil system, the resulting magnetic field vector rotates with a constant magnitude, while in a
single-phase coil system the magnitude of the magnetic field vector varies in one direction (see
Figure 1.10). The expressions for the currents in the three-phase coil system are:

i = V2|I| sin(or)
i = V2|I| sin ((ot - 2?“) (1.26)

of 4r
3

iy = V2|I| sin
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2]

| |
oty b gty ts Ig 7 g fg totyy ty2

to t t ty ty ts ts
t;...140: reverse of f...lg
—_— magnetic field vector of one phase ——» resultant magnetic field vector

Figure 1.9 Magnetic field generated by a three-phase coil system [17].

and the resulting magnetic fields can be written as:

H, = V2|H|sin(ot) sin(x)

. 2w\ . 2n
H, = V/2|H|sin <(Dt - ?> s1n( - ?> (1.27)
H; = V2|H|sin ((ot - 4;) sin( - 4;)

t the time [s]; t =0« H; =0 Vx.
x the circumferential position [rad]; x =0 < H; =0 Vt.

Therefore, in the three-phase coil system, the resulting magnetic field amounts to:
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t;...t1o: reverse of ty...lg

Figure 1.10 Magnetic field generated by a single-phase coil system.

H.=H, +H,+ H;

= %\/E|H|[cos((nt —x) — cos(of + x)]

+%\/§|H| {cos(mt —x) — cos <c0t+x - 4;)}

! 2
+ E\/E|H| [cos(cot —x) — cos (cot tx— ?nﬂ

(1.28)

3
=3 V2|H| cos(wt — x)

When the time varies and the radial position is kept equal tox = f, the resulting magnetic field
vector remains constant in length H, = (3/2)v/2|H| and rotates with a constant velocity
dx/dt = o [rad/s].

When a compass needle is positioned in the middle of the three-phase coil system, the needle
keeps pace with the rotating field, which is a crude equivalent of the synchronous motor. When a
copper cylinder is placed in the centre of the three-phase coil system, the rotating field drags the
cylinder around with it, and we have a primitive equivalent of the induction motor.

Example 1.2 “Two-phase’ system

It is possible to create a system with two phase windings that delivers constant instantaneous
power and that produces a rotating magnetic field. To achieve this, the voltages in the two
phases should be 90 degrees out of phase. The voltages and currents of a balanced two-phase
inductive load can be written as:
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Va = V2|V|cos(wr) ie = V2|I| cos(of — )

vb=\/§|V|cos(cot—g> ib:\/§|l|cos(wz_(p_g) (1.29)

and the instantaneous power, consumed by this load, amounts:

p(t) = Vala + vpip
= |V||I|[cos(®) 4 cos(2wt — ¢)]
+ |V||I|[cos(@) + cos(2or — ¢ — )]
= 2[V||I| cos(o)

(1.30)

The resulting magnetic field vector of the two-phase coil system rotates with a constant
amplitude as visualized in Figure 1.11.

A drawback of such a two-phase system is that the current through the return conductor is
not equal to zero:

i =ia+ip #0 (1.31)

Accordingly, this system requires as many conductors (three) as a balanced three-phase
system but only a power p(r)=2|V||[[|cos(p) is transported (compared to
p(t) = 3|V||I| cos(®) in the three-phase system).

+
V4 YL
- \ \ \
\ \ \
| | | | | | | | | | | |
oty b 3ty b5 g 17 I3 fg Hotyrti2
) »
p)
b

to t1 t3 t4 t5 te
t;...tyo: reverse of ty...fg

— magpnetic field vector of one phase =~ —— resultant magnetic field vector

Figure 1.11 Magnetic field generated by a two-phase coil system.
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Figure 1.12 Two (a) and three (b) conductor system.
1.3.4 Voltage Levels

The range of voltage ratings finds its origin in the use of carbon arc lamps in the early days of the
power system. These lamps, the source of electric lighting before the incandescent lamp was
invented, worked with a DC voltage of 55 V. In those days the systems were laid out as three-wire
systems, with conductors at a potential of —55V, 0 Vand 55 V as shown in Figure 1.12 (b). In
this configuration a higher voltage of 110 V was available as well. By using such a three-
conductor system one could save considerably on copper. In the system with two conductors
(Figure 1.12 (a)), the losses equal I> - 2R, with a resistance per conductor of R and a total copper
weight of 100 %. In case of the three-conductor system, the losses equal (12 /4) - 2r (note that
the current in the middle conductor equals zero). In case of equal losses in the two systems, the
resistance per conductor in the three-conductor system equals: » = 4R. Therefore, the copper
weight per conductor is reduced to 25 % which brings the total required copper weight to
3/2 - 25% = 37.5 % of the copper needed for the two-wire lay out.

The choice for a higher voltage level of 220 V (and in Europe later on for 230 V) was made in
order to reduce losses, as is illustrated in Figure 1.13. Both voltage sources deliver a power of
VI =2V - 1/2.Thelosses in the circuit with supply voltage V equal I> - 2R, while the losses in
the circuit with double this supply voltage amount to (1> /4) - 2R, which means a loss reduction
of 75 %. When the choice was made for the alternating voltage system, the same voltage levels
were maintained.

The voltage ratings in a power system can be divided into three levels:

o the generation level: 10 kV-25kV. The power is generated at arelatively low-voltage level to
keep the high-voltage insulation of the generator armature within limits;

e the transmission level: 110kV - 420kV and higher (in the former Soviet Union even the
1200kV level is in operation);

e the distribution level: 10kV - 72.5kV.

R 172

o2V =

Figure 1.13 Reducing losses by increasing the voltage level.
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The power is supplied to the customer at a variety of voltage levels; heavy-industrial consumers
can be connected from 150 kV till 10 kV while households are connected to the 0.4 kV voltage
level. The changeover between voltage levels is made by transformers. The voltage ratings used
in the Dutch system are shown in Figure 1.14.

Line-to-line and line-to-neutral voltages

The voltage ratings of three-phase systems are usually expressed as line-to-line voltages instead
of line-to-neutral voltages, as is illustrated in Figure 1.15. When the line-to-neutral voltages in
the phases a and b are:

Van = V2|V cos(wt)

2 1.32
Von = V2|V| cos <c0t — 3n> (1.32)
the line-to-line voltage between the phases a and b can be calculated as follows:
2n
Vab = Van — Vpn = \/§|V| cos(wr) — cos| wr — 5
(1.33)

= \/5|V| [2 : cos(%) : COS(®H—2>} = \/g[\/E|V| cos(cot—i—g)}

@ high voltage

intermediate voltage

[10kv | [10kv| [1okv+|  [1okv| [20kv | | medium voltage
é é low voltage
loakv| o4k loakv| Joakv| [oakv|

Figure 1.14 Voltage levels and transformation steps in the Dutch power system [6]; “this voltage level
can be 20kV as well.
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Figure 1.15 Line-to-line and line-to-neutral voltages.

The amplitude of the line-to-line voltage is v/3 times the amplitude of the line-to-neutral voltage
(|Vas| = v/3|Van|) and the line-to-line voltage v, leads the line-to-neutral voltage v,, by 30
electrical degrees.

In this textbook, a line-to-line voltage will have the subscript LL, whereas a line-to-neutral
voltage is indicated by the subscript LN. The relation between the line-to-line voltage and the
line-to-neutral voltage is:

Vie| = V3|Viy| (1.34)

|[Vir| the RMS value of the line-to-line voltage
|Vin| the RMS value of the line-to-neutral voltage

Example 1.3 Line-to-line and line-to-neutral voltage

The highest voltage level of the Dutch transmission network is 380 k'V. This is the RMS value
of the line-to-line voltage. The RMS value of the corresponding line-to-neutral voltage equals
380kV/(1/3) ~ 220kV. The lowest voltage used in the Netherlands is 0.4 kV (line-to-line
voltage). The corresponding line-to-neutral voltage amounts to 400/ (v/3) ~ 230 V.

1.4 PHASORS

Power system calculations in the steady-state situation are considerably simplified by introdu-
cing the phasor. A phasor is an arrow in the complex plane that has a one-to-one relation with a
sinusoidal signal as can be seen from Figure 1.16. When the sine/cosine in Figure 1.16 has a
frequency of 50 Hz, a radius with a length /2 times the length of the phasor rotates counter-
clockwise in the complex plane with a frequency of 50 Hz.

Consider the following general sinusoidal voltage and current expressions:

v(t) = V2|V|cos(or) and i(t) = V2|I| cos(wr — @) (1.35)
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QY

oy

Figure 1.16 Relation between a counterclockwise rotating radius and a sinusoidal signal.

In order to express these quantities as phasors, we apply Euler’s identity:
e® = cos(@) +jsin() (1.36)
and the sinusoidal voltage and current can be written as:

V(1) = Re{V2|V|¢™} = Re{V2Ve/™} with V =|V|=|V|0 (137
i() = Re{V2|1|¢ 9} = Re{V2I*} with I=|lle7® =|I|/—¢ '

Re the operator that takes the real part of a complex quantity
V  the voltage phasor
I the current phasor
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The phasor represents a sinusoidal signal: the length of the phasor equals the effective or RMS
value of the signal and the angle of the phasor matches the phase shift of the signal with respect to
areference (an ideal cosine (or sine)). We see that the frequency component is absent when we
use the phasor notation.

The voltages produced by the synchronous generators in the power system are 50 Hz
(or 60Hz) sinusoidal voltages. As the power system is supposed to be a linear system
(see Section 1.3.1 (AC versus DC Systems)) in steady state, the voltage out of the AC outlet
athome is also a sinusoidal voltage with a frequency of 50 Hz; only the amplitude of the voltage
differs and a phase shift may have occurred. Therefore, in steady-state calculations, the
frequency gives no extra information and can be omitted so that we can do our calculations
with the phasors, fixed in the complex plane. No relevant information is lost as the information
with respect to the phase angle and the amplitude is still available in this phasor.

Example 1.4 Phasor notation

The phasor of the sinusoidal signal v(¢) = 141.4 cos(wz + ©t/6) is written as V = 100/30°.

1.4.1 Network Elements in the Phasor Domain

After having introduced the phasor representation for the voltages and currents in the sinusoidal
steady state, it is necessary to investigate the voltage—current relations of the resistance,
inductance and capacitance in the phasor domain. In Figure 1.17, the sinusoidal voltages and
currents and also the corresponding phasors for those three elements are shown.

i=Vv/R

+ v
T Y voltage and
v R — current are
‘ i in phase

i= (1/L)Jvdt

H T Vi Y the current
v L > lags the
- ‘ ¢ voltage
/ by 90°

~V

i = C(dv)/(dt)
v / the current
y . N 4 leads the
‘ 't voltage
i by 90°

Figure 1.17 Relation between the sinusoidal voltage and current and the corresponding phasors for a
resistance, inductance and capacitance.
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Consider the following sinusoidal voltage:
V(1) = V2|V|cos(or) = Re{V2Ve™} = Re{V/(r)} with V =|V|/0° (1.38)

The current through a resistance R, when excited with a voltage v/(¢) (as defined in Equation
1.38), can be calculated as follows:

i/(t) _ VII(;) _ \/5 . % PO — \/Elejmt (1.39)

Therefore, the voltage—current relation of a resistance in the phasor domain is:

1=+ (1.40)

When we take the real part of Equation 1.39, we get the expression of the time-varying sinusoidal
current:

i(t) =Re{i' (1)} = V2 - %' - cos (o) (1.41)

The current through a capacitor C, when connected to a voltage source V/(¢) (as defined in
Equation 1.38), can be obtained as follows:

/(1) = C‘z—vt =V2 - joCV - & =21 (1.42)

Thus, the voltage—current relation of a capacitor in the phasor domain is:
I = joCV (1.43)

Taking the real part of Equation 1.42, leads to the expression of the time-varying sinusoidal
current:

i(f) = Re{i'(1)} = V2 - oC|V| - —sin(or) = V2 - oC|V| - cos((z)t—l—g) (1.44)

The current through an inductor L, driven by a voltage v/(¢) (as defined in Equation 1.38), is:

i'(t) = 1Jv’dt =V2. L - = /20 (1.45)

L joL

and the voltage—current relation of an inductor in the phasor domain is:

1=l (1.46)
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Table 1.1 Voltage-current relations.

Element Time domain Phasor domain
Resistance v =IR V =IR
Capacitance i = C(dv)/(dr) I =joCV
Inductance v = L(di)/(dr) V = jolLl

The real part of Equation 1.45, gives us the expression for the time-varying sinusoidal current:

i(f) = Re{i (1)} = V2 - % - sin(or) = V2 - % - cos ((Dt - g) (1.47)

The voltage-current relations are summarized in Table 1.1.

In the phasor domain, a general expression for the impedance can be written as:

Z:;:R+jX (1.48)
Z the impedance [(2]
R the resistance [(]
X the reactance [{2]

When X has a positive sign, the energy-storage element is an inductor (jX = joL). When Xhasa
negative sign, the energy-storage element is a capacitor (jX = 1/(joC) = —j/(oC)).

When X equals zero, there is no energy storage and the impedance is purely resistive. This is
the case when we have no capacitors or inductors, or when the frequency is zero and we deal
with DC.

In a similar way, a general expression for the admittance can be written as:

1
Y=3=G+jB (1.49)

Y the admittance [S]
G the conductance [S]
B the susceptance [S]

1.4.2 Calculations in the Phasor Domain

When we set aside the ‘deeper meaning’ of the phasor (being the representation of a sinusoidal
signal), a phasor is nothing more than a complex number represented by a vector in the complex
plane. Therefore, the mathematical rules for vector calculus can be applied for phasors.

A vector can be described by its length and its angle (polar coordinates) or represented by its
real and imaginary part (rectangular or Cartesian coordinates). The relation between these two
forms of notation is shown in Figure 1.18. Basically, it makes no difference whether a phasor is
expressed by the Cartesian notation or the polar notation; however, for certain calculations it can
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Im V = [VZ@=Re(V) +jlm(V)
2 2
mw| v IV = JRe(V)" +Im(V)
-1(Im(V)
1Y I ¢ =tan (Re(V))
¢ ' Re(V) = [Vcos()
| Re(V)  Re Im(V) = |Vsin()

Figure 1.18 The phasor as a vector in the complex plane.

be advantageous to use one or the other. For addition and subtraction of two phasors, the
Cartesian notation is in general the easiest to apply as shown graphically in Figure 1.19:

Vi=a+jb and V,=c+jd

Vi+ Vo= (a+c)+jb+4d) addition
Vi—Vo=(a—c)+jb—d) subtraction

Vi=a—jb complex conjugate

For multiplication and division of phasors, the polar notation is more handy to use:

V=|V|/o and I=|I|/p

VI = |V||I|/(o+ B) multiplication

Vv %
7= ||1—| /(oo —B) division
V' =|V|/—a complex conjugate

(1.50)

(1.51)

(1.52)

(1.53)

Other complex quantities, like the complex power for instance (which will be introduced in
Section 1.6.2 (Complex Power)) or impedance or admittance, can be drawn as a vector in the
complex plane too as is shown in Figure 1.20, and the same mathematical rules apply for those

Im | Im 4
Vi+V,
Vo - |2
- /
/
Re / Re
N/
I e 2
_V2 =

Figure 1.19 Two basic operations on vectors: addition and subtraction.
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Figure 1.20 The complex power, impedance and admittance as vectors in the complex plane.

quantities as well. These quantities, however, can not be interpreted as phasors, as they do not
have the same mathematical background.

The familiar complex operator j (i in the mathematical literature; j is common practice in the
electrotechnical world in order to avoid confusion between the current and the complex
operator), is in fact a vector too:

j=e" =0+j1=1/90° (1.54)

Multiplication of a vector in the complex plane with the j operator causes a counterclockwise
rotation of the vector with 90 degrees while the length of the vector is unchanged. Another
multiplication with j leads to a rotation over 180 degrees:

F=d%=—14j0=1/180° (1.55)

In electrical power engineering another complex operator is commonly used, the so-called a
operator:

a=é""=-0.5+,0.866 = 1/120° (1.56)
A vector multiplied in the complex plane with the a operator rotates counterclockwise by 120
degrees while the length of the vector remains unchanged. A repeated multiplication with the a

operator results in:

a® = *0 = 0.5 — j0.866 = 1/240°

A 1.57
=0 =14j0=1/0° (1:57)

From Equations 1.56 and 1.57, it is evident that:
l+a+a>=0 (1.58)

This is shown graphically in Figure 1.21.

Example 1.5 Line-to-line and line-to-neutral voltage

When voltage phasors are applied, the relation between the line-to-neutral and the line-to-line
voltage (|Vy.| = v/3|Viy|), as found in section 1.3.4 (Voltage Levels) can be calculated as
follows. The phasor representation of the line-to-neutral voltages in the phases a and b, defined
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Im A Im A

(a) (b)

Figure 1.21 Vector diagrams of various powers of the a operator.

earlier in Equation 1.32, are V,,, = |V|/0° and V,, = |V|/240° respectively (see Figure 1.22).
The line-to-line voltage between the phases a and b is:

3 1
Vab = Van - Vbn = §|V| +]§\/§|V‘
=/3|V|30° = V/3V,,/30°

(1.59)

This is simply the phasor representation of the line-to-line voltage in the time domain as denoted
in Equation 1.33. The mathematical relation can be verified graphically from Figure 1.22.

Im A
Ven _vbn_ o Vab = Van=Von

Vbn

Figure 1.22 The relation between the line-to-line and the line-to-neutral voltage.

Example 1.6 Balanced three-phase voltage

The voltage phasors in a balanced three-phase system can be written as (see Figure 1.22):

Van = |V]20° = |V|
Vin = |V[/240° = &*|V| (1.60)
Ven = |V]/120° = a|V|
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Therefore, the sum of these voltage phasors equals zero (see also Equation 1.58 and
Figure 1.21 (b)):

Van + Vin + Ve = |V|(1 +@* +a) =0 (1.61)

Example 1.7 Phasor calculation and phasor diagram

Given is a short single-phase transmission line, which can be modeled as a series impedance
Z =4 + j7 Q (see also Appendix E.4 (The Short Transmission Line)), with a (line-to-neutral)
voltage at the receiving end (subscript r) of 10/4/3kV. The current amounts |/| = 150 A. At
the receiving end of the line an inductive load is present and the current phasor lags the voltage
phasor by 36.9°. This situation is depicted in Figure 1.23. We want to calculate the voltage at
the sending end of the line (subscript s).

Z=R+jX |
1

o { o
VST Tv,
o o

Figure 1.23 Power transport over a short single-phase transmission line.

The impedance of the transmission line can be written in polar coordinates Z = 8/60° ).
When the voltage at the receiving end of the line is used as a reference, the corresponding
phasor is V, = 5773.5/0° V and the current phasor is / = 150/—36.9° A. The voltage at the
sending end of the transmission line can be calculated in the following way:

Vs =V, +ZI =5773.5/0° + 8/60° - 150/—36.9°
= 5773.5 4+ 1200/23.1° = 6877.3 + j470.8 (1.62)
=6.9/3.9°kV

When the voltage and current phasors are drawn in a single diagram, the phasor diagram in
Figure 1.24 results. The voltage drop across the transmission line (V; = V, + ZI) is now
visualized. For a better visibility, the current has been drawn at a five times larger scale:
SIinstead of I. The voltage phasor IR is the product of the current phasor / and the resistance R:
only the length of the current vector changes whereas the angle remains the same. The voltage
phasor jXI is the product of the current phasor /, the reactance value X and the complex
operator j. The length of the current vector alters (X/) and the vector rotates counterclockwise
by 90 degrees (jXI).

- J
VI‘
5/ IR

Figure 1.24 Phasor diagram.
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1.5 EQUIVALENT LINE-TO-NEUTRAL DIAGRAMS

When solving balanced three-phase systems, one can work with a single-phase equivalent of the
three-phase system. In fact, the consecutive steps made to arrive at the balanced three-phase
system consisting of three conductors in Figure 1.8 are reversed: the three-phase system is split
up into three single-phase networks of which only one needs to be analyzed. When the voltages
and currents are known in this single phase, one can simply obtain the expressions for the
voltages and currents in the other two phases by rotating the corresponding phasors with 120 and
240 degrees.

When the three-phase network contains delta-connected elements, they have to be converted
to their equivalent wye connections first, as shown in Figure 1.25. The delta-wye transformation
formulas for both impedances and admittances are given in Table 1.2.

As we assume the system to be balanced (i.e. Z,, = Z,. = Zp. and Y, = Y,c = Yj), the two
following delta-wye transformation formulas can be derived:

zy =22 (1.63)
3
Yy = 3Ya (1.64)
g
Zab (Yab) Zac (Yac)
/b Zbc (ch)

[]

Figure 1.25 Conversion of a delta-connected load to a wye-connected load.
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Table 1.2 Delta wye transformation.

Impedance Admittance
ZabZac Yab Yac + Yab ch + Yac YbC
Zy = Y, =
Zab + Zac + Zbc ch
Zabth Yah Yuc + Yab th + Yac th
Zy = Y, =
Zah + Zac + th Yac
Z[lL'ZhC Yub Y(ll.’ + Yab th + Yac ch’
Zi=g— Yo =
Zah + Zac + th Yub

Example 1.8 Equivalent line-to-neutral diagram and single-phase computation

The loaded single-phase short transmission line of Example 1.7 (p. 27), with a (line-to-neutral)
voltage at the receiving end of 10/4/3 kV, can be interpreted as an equivalent line-to-neutral
diagram of a balanced three-phase short transmission line with a line-to-line voltage at
the receiving end of 10kV which supplies a balanced wye-connected inductive load. As the
voltages and currents are known in one phase (e.g. phase a), the voltages and currents in the
other two phases (phase c and b) can be obtained by rotating the corresponding phasors with
120 and 240 degrees counterclockwise as shown in Figure 1.26.

5 lb‘ - ,l’/,/

Vr,b ’

4
Vs, b

Figure 1.26 Phasors in Figure 1.24, obtained from single-phase computations (solid), are rotated
counterclockwise with 120 (dashed) and 240 (dotted) degrees.

1.6 POWER IN SINGLE-PHASE CIRCUITS

In section 1.3.3 (Balanced Three-phase Systems), we learned that the single-phase instanta-
neous power is a function of time and therefore not constant. In this section, we will examine the
power concept of a single-phase circuit more thoroughly and we will determine the relations
between the voltage and current phasors and the power.

1.6.1 Active and Reactive Power

The sinusoidal expressions for voltage and current of a general single-phase load, as shown in
Figure 1.27 (a), are:
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Figure 1.27 An inductive load split up into a resistor in parallel with an inductor.
v(1) = V2|V|cos(wr) and i(t) = V2|I| cos(ot — @) (1.65)

0] the phase shift between the voltage and the current: @ is positive for a current lagging
the voltage and negative for a leading current.

The instantaneous power consumed by the impedance Z, amounts to:

p(t) = 2|V||I| cos(wt) cos(wt — @)
= |V||I] cos(@)[1 + cos(2w¢)] + | V||| sin(¢) sin(2w¢) (1.66)
= P[1 + cos(2wt)] + Qsin(20m¢)

The first term in Equation 1.66 (P[1 4 cos(2wt)]) describes an unidirectional component of the
instantaneous power with an average value P, which is called the average power and is also
addressed as real or active power. So:

P = |V||I|cos(p) (1.67)

P the active/real/average power [W]

cos(@) the power factor. The cosine of the phase shift between the voltage and current (or in
other words: the cosine of the phase angle between the voltage and current phasor (see
Figure 1.27 (¢))).

The second term in Equation 1.66 (Q sin(2wi)) is alternately positive and negative and has
an average value of zero. This term describes a bidirectional, i.e. oscillating, component of the
instantaneous power. When this term has a positive sign, the power flow is towards the load;
when the sign is negative the power flows from the load back to the source of supply. Because
the average value of this oscillating power component equals zero, it gives on average no transfer
of energy towards the load. The amplitude of this oscillating power is called imaginary or
reactive power Q and is defined as:

Q = |V[|{|sin(p) (1.68)
0 the reactive/imaginary power [var; reactive voltamperes]

A better understanding of these aspects of electrical power is obtained when an inductive load
ismodeled as aresistor in parallel with an inductor as visualized in Figure 1.27 (b). The current
can be resolved into two components: one thatis in phase with the voltage (the current through
the resistor) and one that is 90 degrees out of phase (the current through the inductor). As the
length of the current phasor in phase with the voltage equals |Iz| = |I| cos(¢) (see the phasor
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diagramin Figure 1.27 (c)), the instantaneous current component in phase with the voltage can
be written as:

ir = V2|Ig| cos(wr) = V2| cos(o) cos(wr) (1.69)

Similarly, the length of the current phasor lagging the voltage with 90 degrees equals
|Ix| = |1] sin(¢), and the instantaneous current component lagging the voltage with 90 degrees
can be written as:

ix = V2|Ix| sin(or) = V2|I| sin(¢@) sin(wt) (1.70)
The instantaneous power consumed by the resistor (see Figure 1.28 (b)) equals:

vig = 2|V||I| cos(¢) cos?(wr)
= |V||I| cos(@)[1 4 cos(2mr)] (1.71)
= P[1 + cos(201)]

The instantaneous power towards the inductor (see Figure 1.28 (c)) equals:

vix = 2|V||I| sin(o) sin(w?) cos(w?)
= |V||I| sin(¢) sin(2wr) (1.72)
= Qsin(2ot)

When we add both instantaneous power components (see Figure 1.28 (a)), we recognize the
same expression as found earlier in Equation 1.66:

p = Vi = vig + viy (1.73)

Therefore, of the instantaneous power p, consumed by an element at any instant, a part (vig) is
utilized for permanent consumption, such as conversioninto heat. This part always has a positive
value, i.e. it cannot be returned to the rest of the circuit. The remainder (viy) is used to establish
either a magnetic or electric field, i.e. it is taken up and returned to the circuit with the rhythm of
double the power frequency.

In a simple series circuit, as shown in Figure 1.29 (a), easier expressions for the active
and reactive power can be derived. When the series impedance is written as Z = R + jX and

(a) (b) ()

Figure 1.28 Voltage, current and instantaneous power of an inductive load.
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! !

(a) (b)

Figure 1.29 A simple series (a) and parallel (b) circuit.

|[V| = |Z||] is substituted into the equations for the active and reactive power, the following
equations are the result:

P = |V]l1] cos(e) = 11212| cos(e) (1.74)
0 = |V]lt|sin(e) = || sin(o) (1.75)

When we recognize that R = |Z| cos(@) and X = |Z| sin(o) (see Figure 1.20), the active and
reactive power consumed by a series impedance can be written as:

P=|I’R and Q=X (1.76)

In a simple parallel circuit, as shown in Figure 1.29 (b), easier expressions for the active and
reactive power can also be derived. Deconstructing the current phasor into two components with
a length |Ig| = |I| cos(@) and |Ix| = |I|sin(@) (see the phasor diagram in Figure 1.27 (c)),
results in the following equations for the active and reactive power:

P = |VIi1] cos(e) = [VIlix] (1.77)
0 = [V|li|sin(g) = V]|ix (1.78)

When we realize that |V| = |Ig|R = |Ix|X, the active and reactive power consumed by a parallel
impedance can be written as:

2 2
4 V]

\%

Example 1.9 Single-phase power

In Example 1.7 (p. 27), the single-phase inductive load consumes both active and reactive
power (an explanation why the word ‘consumes’ has been used here is given in Section 1.6.2

(Complex Power)):
10 x 10°
P = |V,||I|cos(p) = 5 150 - cos(36.9) = 692.5kW (1.80)

10 x 10°
0 = |V,||1] sin(p) = % 150 - sin(36.9) = 520 kvar (1.81)
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The inductive load can be represented as a resistance in parallel with an inductance. The
component values can be computed from the following relations (the frequency is 50 Hz):

v, ; (10 x 103>2
L 520 x 10° = (—=_"") /(2n 1.82
0-1" Y sy as)
2 3\ 2
10 % 10°
p v S 6925 % 10° = (M) /R (1.83)
P V3

This results in the following values: L = 0.2 Hand R = 48.1 .
The active power loss in the transmission line can be computed as follows:

P = |I)’R = (150)* - 4 = 90 kW (1.84)
The reactive power consumed by the transmission line amounts:

0 = |I[’X = (150)* - 7 = 157 .5 kvar (1.85)

1.6.2 Complex Power

We will now examine whether the expressions that we derived for the active and reactive power
can be obtained from some kind of multiplication of the voltage phasor (V = |V|/a) and the
current phasor (I = |I|/B) as shown in Figure 1.30. The angle between the voltage and the
current phasor is defined as @ = oo — . Direct multiplication of both phasors gives the
following expression:

VI = |V[[I] /(o +B)

= |V||I|[cos(at + B) +jsin(at + B)] (1.86)

Itis obvious that the equations of the active and reactive power do not result. Two other voltage
and current phasor multiplications are shown hereunder:

Vi = |V||I|/(—o+ B)
= [VI{[[cos(—o + B) +jsin(—a + B)]

P (1.87)
= [VI[[[cos(e@) —Jjsin(¢)]
=P—jQ
Im
Y /
P P+jQ v Zz
—
o\ B -
Re

Figure 1.30 Phasor diagram of a single-phase load.
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VI = |V[|I]/(o— B)
= |V||{|[cos(o — B) +jsin(o — B)]
= [V||I|[cos(¢) +jsin(o)]
=P+jQ

In both equations, an active and reactive power component is present, but how about the sign of
the reactive power?

We adopt the sign convention recommended by the IEC (International Electrotechnical
Commission). A capacitor supplies reactive power whereas an inductor consumes reactive
power. Or in other words: the reactive power absorbed by an inductive load has a positive sign,
and the reactive power absorbed by a capacitive load a negative sign. In the case that o > f, see
Figure 1.30, the current lags the voltage. Therefore, the load is inductive and, in line with the IEC
convention, consumes reactive power. To obtain the proper sign for the reactive power it is
necessary to calculate V1.

The mode of operation of an element, in terms of active and reactive power, can be seen
from a quadrant diagram as shown in Figure 1.31. The nonreference phasor points to the
quadrant of operation. As an example, let us consider the situation shown in the quadrant
diagram in Figure 1.31. The current lags behind the voltage. Therefore, the load is inductive
and consumes both active (+P) and reactive power (+Q). The load can be represented by a
resistance in series with an inductance as shown in quadrant 1. Note that the quadrants 2 and 3
require an active element, i.e. an underexcited and an overexcited generator (see also Section
2.5 (The Synchronous Machine)).

The quantity, obtained after the multiplication of the voltage phasor and the complex
conjugated of the current phasor, is called the complex power S:

(1.88)

S=VI'=P+j0 (1.89)
S the complex power [VA]
underexcited
generator \ "~
%4
(P -
-P I +P

overexcited C)
U
generator

o -Q

Figure 1.31 Quadrant diagram.
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m S = |S|£p=P+|Q
IS = JP2%+ Q%
s
_ian1(Q
\ ¢ =tan (P)
‘ P = |S|cos(()
P Re Q= [S]sin(@)

Figure 1.32 The complex power (consumed by an inductive load).

The complex power S is a complex quantity and can be expressed in both polar coordinates as
well as rectangular or Cartesian coordinates, as shown in Figure 1.32:
S=vr
= [VIiI|/@
=|S|/¢  (polar)
=P+jQ (Cartesian)

(1.90)

@ the phase shift between the voltage and the current [rad]
|S| the apparent power [VA]

The apparent power |S| is defined as (see also Figure 1.32):
S| = [VIII| = VP> + @ (1.91)

The apparent power is a useful practical quantity for specifying the rating of electrical apparatus
when the maximum voltage and maximum current are fixed, and the phase angle is not
considered.

The different symbols that we use to address electrical power are summarized in Table 1.3.
There is no ‘deeper meaning’ behind the different units (W, VA, var) that are used to express the
different types of power values. (It is in fact no different from the impedance terms Z = R + jX;
we do not use three different kinds of Ohm!) But it is convenient that we are able to read from the
unit which type of power is addressed.

Table 1.3 Power definitions.

Symbol Terminology Unit
)4 Instantaneous power w
S Complex power VA
N Apparent power VA
P Active power w
Real power
Average power
0 Reactive power var

Imaginary power
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Example 1.10 Complex power

Consider Example 1.7 (p. 27). In Example 1.9 (p. 32), the active and reactive power consumed
by the single-phase inductive load were calculated:

10 x 103

P = |Vl cos(9) == == 150 cos(36.9) = 692.5 kW (1.92)
10 x 10°

0 = |V,||1] sin(p) = % 150 - in(36.9) = 520 kvar (1.93)

Therefore, the complex power consumed by the load amounts:

S=P+j0=692.5+j520kVA

1.94
= |S|/p = 866/36.9°kVA (1.94)

This relation is displayed in Figure 1.33. The complex power can also be calculated in a
different way:

S=V.I"=5773.5/0" - 150/36.9° = 866/36.9°kVA (1.95)

Taking the real and imaginary part of this complex power results in the values for the active and
reactive power that we found earlier.

Im

520 kvar

| 6925 kW  Re

Figure 1.33 The complex power consumed by the inductive load.

1.6.3 Power Factor

In previous sections, the active power has been defined as:
P = |V||I| cos(o) = |S]|cos(p) (1.96)

The term cos(o) is called the power factor, being the cosine of the phase shift between the
voltage and current, i.e. the cosine of the phase angle between the voltage and current phasor. In
fact, the power factor is that part of the apparent power thatisrelated to the mean energy flow, like
mechanical energy in the case of a machine or heat in the case of a resistor.

The power factor can be computed by using several (equivalent) formulas. They can be
obtained easily by inspection of the power diagram in Figure 1.32:
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P P

cos(g) = NN ZEY (1.97)

oo ()

The power factor gives the information to calculate the active power from the apparent power.
When we want to calculate the reactive power that is consumed, extra information is needed in
order to specify whether the consumed reactive power is positive or negative. This information is
expressed in words. When the current lags the voltage, the power factor is said to be lagging.
When the current leads the voltage, the power factor is said to be leading.

It is evident from Equation 1.96, that a value of the power factor (cos(¢)) close to 1 is
beneficial. When a certain amount of active power is consumed at a fixed voltage, a power factor
lower than 1 leads to increased currents and higher ohmic losses in the power system. From the
utility point of view, it is therefore desirable that the large (industrial) loads have a power factor
close to 1. Unfortunately, most of the heavy-industrial loads are inductive (electrical drives for
instance) and have rather low power factors. As a consequence, power-factor corrections should
be made by these larger industries to improve their power factor. The power factors for
households and small commercial users are usually closer to 1.

Example 1.11 Power factor

Consider Example 1.7 (p. 27). The power factor is defined as the cosine of the phase angle
between the voltage and current phasor. Thus, the power factor of the inductive load is:

cos(p) = cos(36.9) = 0.8 (1.98)

Because the current lags the voltage, the power factor is said to be 0.8 lagging. This value can
be calculated from the consumed power as well (see also Example 1.10 (p. 36)):

P P 692.5 x 10°
cos(¢) 5] o P 866 x 103 ( )

2 103
cos(q) = cos <tan1 (%)) = cos (tan1 (%)) =0.8 (1.100)

Example 1.12 Power-factor improvement

Consider example 1.7 (p. 27) and the previous example. The power factor of the inductive load
amounts to 0.8 and is to be increased to the value 1. This can be done by connecting a capacitor
in parallel to the load. The value of the capacitance is such that the capacitor supplies the amount
of reactive power that is consumed by the inductive load. When we assume that the voltage at
the load terminals remains fixed, the required capacitance can be calculated as follows:

_wr
—X

10 x 103

20 x 10° =
0 520 x 10 (\/§

2
) (2nfC) (1.101)
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The capacitance value amounts to: C = 50 pF.
After the power-factor correction, cos(@) = 1, the current equals:

P 2.5 x 10
1 = _ 0925 x10  pga (1.102)
[Vilcos(®) (10 x 103/(v/3)) - 1
Now, the power loss in the short transmission line is:
Pioss = JII’R = (120)* - 4 = 57.6kW (1.103)

That means that considerable savings, by a loss reduction from 90 kW at a cos(¢) = 0.8 to
57.6kW ata cos(p) = 1, have been established.

1.7 POWER IN THREE-PHASE CIRCUITS

The power (consumed by a load or produced by a generator) in a three-phase network can be
found easily by adding up the power for each of the three phases. For balanced three-phase
systems, the three-phase complex power is three times the complex power of the single-phase
equivalent network. Therefore, the following equations hold for the complex, apparent, active
and reactive power:

Sz = 3816 = VNI’ (1.104)
[S3] = 3[S16] = 3[Vanlll] = V3[Vie||1] (1.105)
P3¢ = 3P1y = 3|Vowl||I| cos(@) = V/3|VpL||I| cos() (1.106)
Q36 = 3016 = 3|Viwl[] sin() = V3| Vie[[1] sin() (1.107)

Vi the line-to-line voltage phasor
Viny the line-to-neutral voltage phasor
1 the current phasor

Example 1.13 Three-phase power

Theloaded single-phase short transmission line in Example 1.7 (p. 27), with a (line-to-neutral)
voltage at the receiving end of |V, 1| = 104/3kV, can be interpreted as an equivalent line-to-
neutral diagram of a balanced three-phase short transmission line with a line-to-line voltage at
the receiving end of |V, ;| = 10kV, which is loaded by a balanced wye-connected inductive
load. The three-phase active power consumed by the load can be calculated in the following
(equivalent) ways (see also Example 1.9 (p. 32)):

P3y =3Py =3-692.5 x 10° = 2077.5kW (1.108)
P34 = 3|V, I|cos
0 = 31V, w1 cos(9) L109)
10 x 103

- 150 - c0s(36.9) = 2077.5kW

V3
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P3y = V3|V, ||| cos()

(1.110)
=/3-10 x 10° - 150 - c0s(36.9) = 2077.5kW

1.8 PER UNIT NORMALIZATION

In power engineering a normalization of numerical values is common practice. This so-called
per unit normalization is similar to calculating with percentages. In the percentage system, the
product of two quantities expressed as percentages must be divided by 100 to obtain the resultin
percentage. This drawback is circumvented in the per unit system. In the per unit (pu) system,
100 % corresponds to 1 pu. The per unit value of a certain quantity is defined as:

actual value

er unit value = 1.111
p

base value

In power system analysis, the following quantities are of interest and frequently normalized:
voltages, currents, impedances and powers. These quantities are interrelated and this means that
a selection of two base values fixes immediately the base values for the other two. Therefore,
selecting a base for the per unit calculation requires a selection of two base values only, and the
other two base values can be calculated. Taking into account the constant voltage nature of the
power system and the fact that the equipment is rated in Volt-Amperes, the base voltage and
(apparent) power are usually the quantities to specify the base values, as shown in Table 1.4.

Example 1.14 Base quantities and per unit calculation

Consider Example 1.7 (p. 27). The calculation of the voltage at the sending end of the short

transmission line will be repeated here in per unit quantities. The base voltage and base

(apparent) power are selected: |V,| = |V, .v| = 10/v/3kV (line-to-neutral) and |S,| =

1 MVA (single-phase power). Now the base current and base impedance can be calculated:
S| 1 x 10°

| =7—=——"-——-=1732A 1.112
£ Vo] 10 x 103//3 ( )

V> (10 x 10%//3)?
Zp| = = =33.30 1.113
| b| |Sh| 1 % 106 ( )

Table 1.4 Base quantities in the per unit system.

Base Single phase (line-to-neutral voltage, Three phase (line-to-line voltage,
quantity single-phase power) three-phase power)
Voltage [V] |V | (selected) |V | (selected)
(Apparent)
power [VA] |Sp| (sellec‘ted) [Sp| (sele‘cte‘d)

Sb Sb
Current [A] lIp] = 17—+ |Ip] =

Vsl V3|V,

Vol _ [Vl Vol/V3 _ Vsl
Impedance [2] Zpl =— = 7| = =

P A= s A= )
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The network quantities expressed in per units are obtained by dividing the actual value by the
corresponding per unit value: |V, 1y| = L pu, I = 0.87/—36.9"pu, Z = 0.24/60° pu. Now,
the voltage in per unit at the sending end of the transmission line can be computed:
Voov = Vv +Z1 = 1/0°+0.24/60° - 0.87/—36.9°
=1+4+0.21/23.1° (1.114)
=1.19+4,0.08 =1.19/3.9°pu

The value in volts is found by multiplication of the per unit value with the base-voltage value:

10 x 10°
Vv = T

This is the same value as we found earlier in example 1.7 (p. 27).

-1.19/3.9° = 6.9/3.9°kV (1.115)

There are several reasons why the per unit normalization is used. First of all is it more
comfortable to work with a voltage value of e.g. 1.00895 pu than with a value of 151343 V (in
this case, 1 pu corresponds to a base value of 150kV): the actual deviation in the voltage value
can be more easily observed. Another advantage is that a per unit quantity contains ‘more
information’. Consider, for instance, a voltage drop of 1500 V along a transmission line. This
informationisratherinsignificant since we have no information about the nominal voltage rating
of the transmission line. A voltage drop of 1500 Von a 10 kV transmission line is extraordinary
while ona 150 kV transmission line itis an acceptable value. When we have a per unit value, e.g.
a voltage drop of 0.015 pu, all relevant information for a useful interpretation is present: the
voltage drop amounts to 1.5 % of the base voltage level. Another advantage of the per unit
calculation appears when we deal with systems with transformers. When the base quantities are
selected properly, the transformers disappear from our line diagrams if we suppose them to be
ideal. InFigure 1.34, anideal transformer is shown and the relations between voltage and current
atthe primary side (subscript 1) and secondary side (subscript2) are (see also Appendix B.2 (The
Ideal Transformer)):

Vi
Vil = 1.116
Vol == (1.116)
|| = nlh] (1.117)

n theturnsratio: the number of windings at the primary side divided by the number of windings
at the secondary side (n = Ny /N,)

To achieve the previously mentioned advantage, the base (apparent) power (|S|) is selected and
must be the same at both the primary and the secondary side of the transformer. Furthermore, the

h n:A l2
Vi % | | % 7
O

Figure 1.34 An ideal (single-phase) transformer.
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base voltages at the primary and secondary side of the transformer should be selected such that
they have the same ratio as the turns ratio of the transformer windings:

v
V), = Vel 2'1 (1.118)

In that case, the base currents at the primary and secondary side are related as follows:

S| IS5
I, = ——=n-—— = nll 1.119
Iy, TANERMIAR n|ly|, ( )

Dividing the voltage relation of the ideal transformer (Equation 1.116) by the base voltage |V,
and substituting the relation |V,|, = |V}|, /n results in:

|V2| _ Vi _ V1]
|Vb|z n|V;,|2 |Vb|1

(1.120)

In words: the per unit voltage at the secondary side of the ideal transformer equals the per unit
voltage at the primary side. The same procedure can be followed for the current. Dividing the
current relation of the ideal transformer (Equation 1.117) by the base current |I,|, and sub-
stituting the relation |I,|, = n|l,|, results in:

Ll bl 4

S Y (1.121)
s, Ily I,

In words: the per unit current at the secondary side of the ideal transformer equals the per unit
current at the primary side. As both the per unit voltage and the per unit current are equal at the
primary and secondary side of the ideal transformer, the electrotechnical symbol of the ideal
transformer does not serve any purpose in the circuit diagram and can be left out.

Example 1.15 Per unit calculation and ideal transformers

Consider the single-phase power system of Figure 1.35. In the system are two ideal transfor-
mers with ratings:

A—B: 10MVA, 13.8kV/138kV
B—C: 10MVA, 138kV/69kV

1:10 2:1
IV = 10kV A H B H ¢ = R=1000

Figure 1.35 Single-phase circuit with ideal transformers.
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Asbase power the value for the apparent power is chosen: |S,| = 10 MVA. The base voltage in
circuit B is chosen to be equal to |V}, |, = 138 kV. The base voltages in the circuits A and C are
derived from the base voltage in circuit B and the turns ratio of the transformers:

1
Vela = 15" 1Vols = 138KV

1 (1.122)
Vole =5 [Vilp = 69kV
Now, the base impedances in the three circuits can be calculated:
Vil
Zply = =19Q
A= s,
Vi 2
|z,,\B=| s _ 190409 (1.123)
S|
AL
2] = Vele _ 4760
IS
The resistive load in circuit C, expressed in per units, is:
100 100
=—— =——=021 1.124
c Zple 476 pu ( )

When the resistance is referred to circuit B (see also Appendix B.2 (The Ideal Transformer))
and expressed in per units, the following value is the result:

400 400
Rp =27 -100 = 400Q RB:m:m:O.leu (1.125)
B

When the resistance is referred to circuit A and expressed in per units, the following value
results:

4 4
Ry=0.17-22.100=4Q Ry=——=—=021pu (1.126)
Zoly 19

Because of the well-chosen base quantities, the per unit resistance of the load, when referred to
another part of the system, is the same as the per unit resistance of the load in its original
position. It is evident that the single-phase circuit of Figure 1.35, when expressed in per units,
turns into the simplified circuit which is shown in Figure 1.36, in which all the ideal
transformers have disappeared.

V| =0.72 pu R=0.21 pu

Figure 1.36 Per unit diagram of the single-phase circuit in Figure 1.35.
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1.9 POWER SYSTEM STRUCTURE

The graphical layout of the three-phase power system is often displayed as a single-line
equivalent or as a one-line diagram. Such a one-line diagram gives only an overview of the
topology of the power system. The components are identified by means of standardized symbols
and not by models built up from lumped circuit elements (as is the case with the equivalent line-
to-neutral diagram as introduced in Section 1.5 (Equivalent Line-to-neutral Diagrams)). The
symbols used in such a one-line diagram are shown in the list of symbols. Sometimes lumped

150 kV g % 150 kV

I | @ L e o

380 kV

_|_—t> 380 kV

150 kV 380 kV

10KV 10 kV 150 kV
U

| 10KV | 10 kV

°0 . 88"
[Frre] 1]

— > : Connection to another part of the system that is not shown in this diagram

Figure 1.37 One-line diagram of a section of a power system [15].
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circuit elements appear in a ‘one-line diagram’. An example of such a ‘one-line diagram’ is
Figure 5.28 (Section 5.5.3 (Unified Power-Flow Controller (UPFC))): it shows a device used in
the power system for sophisticated control actions. The lumped elements in the diagram show
what is actually inside the device.

A one-line diagram which schematically displays part of the structure of a power system is
shown in Figure 1.37. The one-line diagram shows a clear vertical structure: a relatively small
number of large power stations supply the transmission network (380 kVand 150kV). Besides
some large industrial consumers that are connected to the higher voltage levels (150 kV), most of
the power is transported and distributed to the consumption centers located at the lowest voltage
levels (10 kVand 0.4 kV). Nowadays, more and more decentralized generation, i.e. small-scale
generators connected to the lower voltage levels (like the generator connected tothe 10kV busin
Figure 1.37),isbeing integrated in the system (see also Section 8.3 (Decentralized or Distributed
Generation)). Examples of such decentralized generators are windmills, solar panels or com-
bined heat-power units (producing steam for industrial processes and electricity as a by-
product).

Our book closely follows the vertical structure of the power system. In Chapter 2 the
generation of electric energy is examined. In Chapter 3 the transmission and distribution are
highlighted. The utilization of electricity is described in Chapter 4. Without controls, the power
system cannot function, and the controls implemented are presented in Chapter 5. In the control
centre, the generation, transmission and distribution of electrical energy is monitored, coordi-
nated and controlled by means of the Energy Management System (EMS). The EMS is the
interface between the operator and the power system, and its fundamentals are outlined in
Chapter 6. The electricity market, where all the above treated items meet each other in a
commercial sense, is introduced in Chapter 7. The book concludes by questioning the vertical
structure of the power system in Chapter 8, when some thoughts on future power systems are
offered. The relation between Maxwell’s laws and lumped-element modeling is the topic of the
first appendix. The lumped-element models for the power transformer, the synchronous
machine, the induction machine, and the overhead lines and underground cables are derived
in the other appendices.
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The Generation of Electric
Energy

2.1 INTRODUCTION

The power system generates, transports and distributes electric energy economically and
reliable to the consumers, with the constraint that both the voltage and frequency are kept
constant, within narrow margins, at the load side. Power quality is a major issue these days, a
nearly perfect sine wave of constant frequency and amplitude and always available. Electrical
engineering started basically with electric power engineering at the turn of the nineteenth
century when the revolution in electrical engineering took place. In a rather short period of time
the transformer was invented, electric motors and generators were designed and the step from
DC to AC transmission was made. Society was completely changed, first by lighting, rapidly
followed by the versatile application of electrical power. In this early period, independent
operating power companies used different voltage levels and operated their system at various
frequencies. Electrical engineers were among the first to realize that international standardiza-
tion would become necessary in the modern world.

The expansion of the world demand for energy has been met by ever-increasing exploitation
of fossil fuels, oil, natural gas and coal. In 1972 The Limits to Growth, a report for the Club of
Rome Project on the Predicament of Mankind, was published [20]. The book became a best
seller. A mathematical model of the world was introduced with five basic variables: population,
capital, food, natural resources and pollution. Different scenarios were presented, from a
modeling point of view rather simple scenarios, but the bottom line for the exponential growing
world population picture is how to feed the people and how to power the society. The constraints
on expansion of demand through government legislation have not worked and world energy
prices have not increased very much. More oil wells and natural gas reserves have been located
and have moved the problem of the natural resources beyond our horizon. However, the ongoing
expansion of energy demand will also be constrained by ecological considerations such as limits
to available sites for power stations, heat and water disposal, water availability, air pollution, and
possible effects on our climate. The Kyoto agreement in 1997 toreduce the CO, emission and the
greenhouse effect nowadays influence the political decisions made by the governments of the
developed countries. The result is an increase in the application of wind and solar power as a
source of renewable energy.

Electrical Power System Essentials Pieter Schavemaker and Lou van der Sluis
© 2008 John Wiley & Sons, Ltd
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Table 2.1 Installed generation capacity in some European countries in the year 2006.

Capacity [GW] France Netherlands Germany  Austria Switzerland Italy
Hydro power 254 — 9.1 11.8 13.3 21.1
Nuclear power 63.2 0.5 20.3 - 3.2 —
Conventional thermal 24.8 19.3 70.4 6.3 0.3 66.2
Renewables 24 2.3 24.5 0.9 0.3 2.5
Total 115.8 22.1 124.3 19.0 17.1 89.8

The backbone of the electric power system is a number of generating stations, distributed
over a territory and electrically operating in parallel. The primary source of energy can be
water stored behind a dam (hydroelectric power), fossil fuels as gas, oil and coal (conven-
tional thermal power) or uranium (nuclear thermal power), see Table 2.1. In France the bulk
of the generated electricity comes from nuclear power plants, while in Norway hydroelectric
power is the source of energy. Electricity is not only generated locally but also transported to
and imported from neighboring countries. A group of countries with long-term trading
contracts and a common power flow and frequency control form a power pool. In Europe,
for example, 25 countries (such as France, the Netherlands, Germany, Austria, Switzerland,
Italy and many others) cooperate in the UCTE (situation 2007). NORDEL is the union of the
Scandinavian grid companies.

The term ‘renewable energy’ covers energy from a broad spectrum of more or less self-
renewing energy sources such as sunlight, wind, flowing water, the Earth’s internal heat, and
biomass (such as energy crops and agricultural and industrial waste). In the United States
renewable energy contributed to the energy production almost as much as nuclear power,
namely 7 % in the year 2006. Of the renewable energy consumed in the United States in 2006,
hydro power comprised 42 %, biomass 48 %, geothermal 5 %, solar 1 %, and wind 4 % [8].

Similar to fossil fuels, renewable energy resources are not uniformly distributed throughout
the world, but every region has some renewable energy resource. And when we consider that
renewable energy systems generate little or no waste or pollutants that contribute to acid rain,
urban smog or excess carbon dioxide and other gases in the atmosphere, renewable energy
technologies offer the promise of clean, abundant energy from self-renewing resources such as
the sun, wind, Earth and plants. The biomass, however, does release carbon dioxide when it is
converted to energy, but because the biomass absorbs carbon dioxide as it grows, the entire
process of growing, using, and regrowing the biomass results in very low to zero carbon-dioxide
emissions.

2.2 THERMAL POWER PLANTS

Thermal power plants, of which a photo is shown in Figure 2.1, convert the primary energy from
coal, oil, gas and nuclear into electrical energy. The first step in this conversion process is to
transform the chemical energy of fossil fuels into thermal energy, either by combustion (in case
of coal, oil and gas) or by fission (nuclear). Thermal energy is used to produce steam at high
temperatures and pressures. The steam expands adiabatically (i.e. without heat extraction or
injection) in a steam turbine and the thermal energy of the steam is converted into mechanical
energy when the steam passes the turbine blades and causes the turbine to rotate. The shaft of the
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Figure 2.1 A thermal power plant. Reproduced by permission of TenneT TSO B.V.

turbine is connected with the shaft of a synchronous generator and by electrical induction the
mechanical energy is converted into electrical energy.

2.2.1 The Principles of Thermodynamics

The first law of thermodynamics is the law of conservation of energy: energy can not be created
and can not be destroyed. We can only convert one form of energy into another form of energy.
For a gas, the first law of thermodynamics can be written in mathematical form as:

dQ = dU + dW = dU + pdV (2.1)

the heat added to the system [J]
the internal energy [J]

the work done by the system [J]
the gas pressure [Pa]

the gas volume [m?]

<T = c

This formulais read as ‘the heat added to a system equals the change in the internal energy of the
system plus the work done by the system’.

The internal energy of an ideal gas is the kinetic energy of the molecules of the gas and is
related to the absolute temperature T:

U= %nkT (2.2)

n the number of molecules
the universal Bolzmann gas constant [k = 1.38 X 10737 /K]
T the temperature [K]

=~
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Figure 2.2 pV-diagram of an ideal gas with two states (p;, V) and (p2, V»).

In many types of engines, work is done by a gas expanding against a movable piston as in a steam
engine orin an automobile engine. In a thermal power plant the steam expands in a steam turbine:
the high gas temperature and pressure cause the gas to expand rapidly between the turbine
blades, drive the turbine and do the work.

The states of a gas can be represented on a pV-diagram. Each point on the pV-diagram
indicates a particular state of the gas. In Figure 2.2, following path A, the gas is heated at constant
pressure until its volume is V, and then the gas is cooled down at constant volume until its
pressure is p,. The work done along path A is p; (V, — V) for the horizontal part of the path and
zero for the constant-volume part. Following path B the work done is p, (V, — Vi) whichis much
less than the work done along path A, because the work done by the gas is equal to the area
between the pV-curve and the V-axis:

W= +pdV (2.3)

A trajectory in a pV-diagram where the pressure is kept constant is called an isobar, a trajectory
where the temperature remains constant is called an isotherm.

The second law of thermodynamics is formulated by Lord Kelvin as: ‘It is impossible to
remove thermal energy from a system at a single temperature and convert it to mechanical work
without changing the system or surrounding in some other way.” We can also take the formula-
tion by Carnot which says that there is no machine possible that takes the heat of a body with a
certain temperature, and which is able to convert this heat totally in work, i.e. there is always a
need for a second body or heat reservoir at a lower temperature that can absorb a certain amount
of heat. The law of conservation of energy gives us:

01 =W+ (2.4)

The efficiency of such a heat engine is by definition the ratio of the work done to the heat
absorbed from the hot reservoir:

W0 —-0 )
n=s=S R 22

2.
0~ o 0 (2:5)
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Figure 2.3 Schematic representation of a heat engine working between a hot reservoir (7}) and a cold
reservoir (75).

In Figure 2.3 the schematic representation of a heat engine is shown that removes heat from a
hot reservoir with temperature 7', does work W, and gives off heat to a cold reservoir at a
temperature 7.

For a machine without losses operating in a cycle, a so-called reversible machine, it can be
proved that the efficiency of such amachine only depends on the temperatures of the hot and cold
reservoir:

1,

ne=1-7 (2.6)

This is called the Carnot efficiency and the cycle of the reversible machine is called the Carnot
cycle. The Carnot cycle for an ideal gas follows two isothermal trajectories and two adiabatic
trajectories. An adiabatic trajectory is a trajectory where no heat flows into or out of the system.
The Carnot cycle, being a process that operates with the greatest possible efficiency, is a
reversible process. The pV-diagram of the Carnot cycle is shown in Figure 2.4. The work
done per cycle is the surface enclosed by the isothermal and adiabatic trajectories:

W= J;pdv (2.7)

The entropy (S) is a measure of the disorder of a system. Like the pressure p, volume V,
temperature 7 and internal energy U, the entropy S is a function of the state of a system. It is
the change in entropy dS of a system that is important. When dQ is the heat that must be added to
the system in a reversible process the change in entropy is defined as:

2
ds = d7Q or Q= JTdS (2.8)
1
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Figure 2.4 The pV-diagram of the Carnot cycle.

In the case of anirreversible process the increase in entropy is always larger than in Equation 2.8,
as a positive term dSj,, is added:

d
ds = TQ + dSin (2.9)

Because all processes we encounter in our daily life are irreversible processes, the entropy of the
universe increases!
The work done by a general process cycle is:

W= deQ (2.10)

And that can now also be written as:
W:ii;TdS_fi;TdSm (2.11)

Because T and dSj;; are always positive, this equation tells us that the work W, and with it the
efficiency 7, is maximal for areversible process for which the efficiency is the Carnot efficiency:
N = M- The efficiency for an irreversible process can be written as:

Nirr = (1 - TZ> - L%Tdsirr (212)

The process of the steam cycle in a thermal power plantis notideal because, for instance, steamis
not an ideal gas (the pressure increase is for example not adiabatic) and therefore the entropy
increases. It was the Frenchman Rankine who first gave an adequate description of the processes
of the steam cycle in a thermal power plant, illustrated in Figure 2.5, which we call the Rankine
cycle. The principal shape of the Rankine cycle is depicted in the entropy-temperature diagram
in Figure 2.6. The Rankine cycle has the following trajectories:
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Figure 2.5 The principal components of a thermal power plant with the Rankine cycle.

The boiler-feed pump delivers the water to a huge boiler. The water temperature
increases slightly because the pump has to operate against the steam pressure in the
boiler tubes.

The provision of heat makes that the water temperature rises to the boiling point.
The water boils and steam is produced at a constant boiling temperature which
depends on the pressure.

In the super heater, composed of a series of tubes surrounded by the flames, the
steam is raised about 200 °C in temperature. This ensures that the steam is dry and it
raises the overall efficiency of the power plant. During the rise in temperature the
pressure remains constant, so that the trajectory 2—3—4—35 is an isobar.

Figure 2.6 The Rankine cycle.
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5—6  The steam expands adiabatically in the steam turbine and the thermal energy
converts into mechanical energy. The steam temperature drops from T,y till Tp.

6—1 The low-temperature steam condenses to water in the condenser. The steam flows
over cooling pipes and through those cooling pipes flows cold water from an outside
source, such as a river or a lake. The heat is carried away and the condensing steam
creates a vacuum.

The total energy added, Q = LS TdS, is given by the surface area §1—1—2—-3—-4—-5-5,—S5].
The energy that leaves the system with the cooling water is equal to the surface area
6—1—S,—S,—6. The efficiency of the Rankine cycle is:

B surfaccareal —2—-3—-4-5-6-1 (2.13)
n_surfaceareaSl—2—3—4—5—S2—S1 '

2.3 NUCLEAR POWER PLANTS

The generation of electricity with nuclear power plants has made a rapid development since the
commissioning of the first fission reactor in 1942. The rapid growth was hampered in April 1986
because of the Chernobyl (USSR) accident. Public opinion reacted against the use of nuclear
energy, in particular in the industrialized countries. Large-scale application of renewable energy
sources was expected to solve the energy problem and bring the world an environmental-
friendly source of energy, while the generation of electricity through nuclear technology was
widely out of favour internationally.

The nuclear power plants that are in operation have fission reactors that split uranium nuclei
and during that splitting process mass is lost and converted into energy in accordance with
Einstein’s relation E = mc?. Even when the losses in mass are very small, the released energy is
enormous. The energy of the fission process is used to heat water and to produce steam as in
conventional gas or coal-fired thermal power plants. Since the Second World War another
nuclear technology has also come into the picture: nuclear fusion. Itis called fusion because itis
based on fusing light nuclei, such as hydrogen isotopes, to release energy. The process is similar
to that which powers the sun and other stars. Nuclear fusion is the Holy Grail that could solve the
world’s energy problem. Fusion power offers the potential of an almost limitless source of
energy for future generations but also presents some formidable scientific and engineering
challenges.

2.3.1 Nuclear Fission

In 1942, Enrico Fermi demonstrated the first nuclear chain reaction at the University of
Chicago. After Fermi’s experiment, the secret Manhattan project started that developed and
built the atomic bomb. It was the atomic bomb that destroyed Hiroshima and Nagasaki in August
1945. Since its development, mankind has also focussed on the peaceful uses of nuclear fission.
In July 1957 an experimental reactor in California produced electricity for the first time using a
nuclear reactor, and in 1958, the first large-scale nuclear powerplant was commissioned in
Pennsylvania, USA.
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A typical fission reaction, illustrated in Figure 2.7, is
22U+ on — 50U — 2K + 'Ba + 30n

before and after the reaction

(2.14)
A uranium nucleus is excited by the capture of a neutron, causing it to split into two nuclei
(krypton and barium) and emit three neutrons. There is a difference in the mass of the particles

235.0439231 — 91.9261528 — 140.9144064
= 0.1860341 amu

— (2-1.0086649)

(2.15)
The unit ‘amu’ is the atomic mass unit and equals: 1 amu = 1.6605402 x 102" kg

This loss of mass is released as energy conform the famous equation

Enucleus = mc* = 0.1860341 - 1.6605402 x 10727 - (3 x 10°)
=2.7802539 x 107''J

(2.16)
We can convert the unit Joule to kWh by means of the following equality
| Joul LW 1h 1 kW
oule = s = .
3600s 10007J/s
Therefore, per fission, an energy is released of’

=2.7777778 x 10~' kWh (2.17)

Eucleus = 2.7802539 x 107'1.2.7777778 x 1077 = 7.7229276 x 10~'* kWh

(2.18)

barium
uranium

‘ ‘ ‘ ‘ 3 neutrons
O
neutron ///
O— —> =0

@ krypton

Figure 2.7 A typical fission reaction
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This number looks far from ‘spectacular’, but let’s see how much energy is released by the
fission of one gram of 33°U. First, we use Avogadro’s number (N4 = 6.02 x 103 mol 1) to

compute the number of uranium nuclei in one gram of 33°U:

_6.02 x 10% nuclei/mol
N 235 g/mol

1g=2.56 x 10* nuclei (2.19)

Therefore, the energy released by the fission of one gram of 33°U amounts:

E = NEnyceus = 2.56 x 10! -7.7229276 x 10~'® = 19770 kWh (2.20)

With this amount of energy, a 100 W lamp can give light for 22.5 years! ((19770kWh/
0.1kW)/8760h = 22.5 years)

The uranium used as fuel in nuclear plants is formed into ceramic pellets, about the size of a little
finger. These pellets are inserted into long vertical tubes within the reactor core. When the
uranium atoms in these pellets are struck by atomic particles, they can split — or fission — to
release particles of their own. Uranium is not very stable by nature and by inserting an extra
particle, aneutron, into its nucleus the latter becomes so unstable that it splits spontaneously into
two pieces, releasing an enormous amount of heat, and emitting three neutrons. These newly
produced neutrons strike other uranium atoms, splitting them. This sequence of one fission
triggering others, and those triggering still more, is called a chain reaction.

If each emitted neutron would trigger a new fission the released energy would increase too
rapidly. The nuclear reaction inside the reactor is controlled by rods that are inserted among the
tubes that hold the uranium fuel. These control rods are made of material that absorbs neutrons
and prevents them from hitting atoms that can fission. The control rods are made from hafnium, a
very good absorber of neutrons. In this way, the nuclear reaction can be speeded up or slowed
down by varying the number of control rods that are withdrawn/inserted and to what degree they
are withdrawn/inserted.

There are two main types of commercial power plants: boiling water reactors and pressurized
water reactors. In boiling water reactors, schematically illustrated in Figure 2.8, the water is
heated by the nuclear fuel and boils to steam in the reactor vessel. It is then piped directly to the
steam turbine. In pressurized water reactors, the water is heated by the nuclear fuel but kept
under pressure to preventit from boiling. Outside the reactor the heat of the water is transferred to
a separate supply of water which boils and makes steam. The pressurized water reactor is
schematically illustrated in Figure 2.9.

The solid uranium fuel contains two kinds, or isotopes, of uranium atoms: >**U and
238U - 235U makes up less than 1 % of natural uranium and fissions easily but 233U, that
makes up most of natural uranium, is practically nonfissionable. Through a process
known as ‘enrichment’, the concentration of 2*U in the uranium is increased to about
3—5 % before it is used as reactor fuel.

Most of the fragments of fission, the particles left over after the atom has split, are radioactive.
During the life of the fuel, these radioactive fragments collect within the fuel pellets. The fuel
remains in the reactor for three to four years; most of the U is fissioned then and trapped fission
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Figure 2.8 The boiling water reactor.

fragments reduce the efficiency of the chain reaction. The fuel removed from the reactors, which
we call ‘nuclear waste’, is stored under water in large concrete and stainless-steel containers or
above ground in steel and lead containers.

In 2006, 442 nuclear reactors in 30 countries around the world were used for electricity
generation. These nuclear power plants provided some 16 % of the world’s electricity produc-
tion. France produces more than 50 % of its electricity with nuclear power plants (see also
Table 2.1).

synchronous
generator

rotating shaft

turbine
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Figure 2.9 The pressurized water reactor.
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Figure 2.10 A typical fusion reaction.
2.3.2 Nuclear Fusion

The enormous potential of nuclear fusion is hidden in Einstein’s relation E = mc?: a small
amount of matter can result in an enormous amount of energy. In 1920 the astronomer Arthur
Eddington reasoned that the nuclear fusion from hydrogen to helium was the source of energy
that powers the sun. Two atoms of hydrogen combine together, or fuse, to form an atom of
helium. In the process of fusion of the hydrogen, matter is converted into energy. The easiest
fusion reaction to make happen is combining deuterium (or heavy hydrogen) with tritium to
make helium and a neutron, as visualized in Figure 2.10. Deuterium is plentifully available in
ordinary water and tritium can be produced by combining the fusion neutron with the light metal
lithium. So the fuel for the fusion process is not a problem and that makes it so very attractive.
The bad news is that to make fusion happen, the atoms of hydrogen must be heated to some 100
million degrees, so they are ionized and form a plasma. At this high temperature the ionized
atoms have sufficient energy to fuse, but the plasma has to be held together for the fusion to occur.
The sun and stars do this by gravity. To achieve this on Earth a strong magnetic field is used to
hold the ionized atoms together while they are heated by, for instance, microwaves. The
technical concept to perform this was developed by the Russians in 1959. They called their
design ‘tokamak’, which means toroidal magnetic chamber in the Russian language. The
tokamak forms the basic element in the majority of the fusion reactors.

In 1997, 16 MW of power was released during one second in the Joint European Torus (JET) in
Culham (near Oxford) in the UK. In 2006, the decision was taken to build a 500 MW experi-
mental reactor in Cadarache in the south of France. In this ITER project (International Tokamak
Experimental Reactor) the countries of the European Union, Japan, China, the former Soviet
Union and the United States are working together towards the next step on the long road to
realizing the dream of nuclear fusion as the solution to the world’s energy problems.

2.4 RENEWABLE ENERGY
2.4.1 Wind Energy and Wind Turbine Concepfts

Wind power has now overcome initial teething problems. Wind power systems converting the
kinetic energy of the wind into electricity with turbines of 500—600 kW have matured in
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Figure 2.11 A wind park. Reproduced by permission of TenneT TSO B.V.

technology and lowered the cost of wind energy significantly. Driven by the market require-
ments for larger units, the technology for turbines develops rapidly to turbines of 3—5 MW
nominal power. In Denmark the target is to have 50 % of the electric power consumption
delivered by wind. The wind turbines are also going offshore, and Denmark, the Netherlands, the
United Kingdom and Sweden have gathered experience with near-shore wind farms, using
existing technologies from the wind turbine industry and civil engineering contractors. A photo
of a wind park is shown in Figure 2.11.

Awind turbine consists of a rotor that extracts kinetic energy from the wind and converts this
into a rotating movement, which is then converted into electrical energy by a generator. A wind
turbine is a rather complex system combining high-level knowledge of aerodynamics and
mechanical and electrical engineering. The amount of energy in air flow depends on the wind
speed. The wind speed at which the turbine begins to deliver its nominal rated power is called the
nominal wind speed. A typical power curve of a wind turbine is illustrated in Figure 2.12. When
the wind speed increases above the nominal wind speed, the pitch angle of the blades (pitch
control) should be adjusted to avoid mechanical or electrical overload of the turbine compo-
nents. Another way to reduce the overall efficiency of the turbine is called stall control and
makes use of the aerodynamic phenomenon stall. Stall automatically increases the drag and
thus reduces the mechanical torque on the blades at increasing wind speed; when designed
properly, the blades come into stall at high wind speeds without the necessity of pitch control.
When we look from the generator side at a wind turbine, three different concepts can be
distinguished [2,31].

The Danish concept, so-called because this type of wind turbine has been widely adopted by
the Danish manufacturers, uses a squirrel cage induction generator for the conversion of
mechanical energy into electrical energy (see Figure 2.13). This concept uses a gearbox to
adapt the operating speed of the turbine rotor and the squirrel cage generator. A squirrel cage
generator, being an induction generator, has a slip that slightly varies with the amount of
generated power, but in spite of that slip this type of wind turbine is called a constant speed
turbine. A constant speed wind turbine is relatively simple in its design, robust in its construction
and therefore reliable in its operation. The disadvantages are the lack of control of active and
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Figure 2.12 Typical power curve of a wind turbine.

reactive power and the occurrence of large fluctuations in output power because there is no
energy buffer in the form of a rotational mass present when the rotational speed varies.
Furthermore, the gearbox is a weak point in the design, because fluctuations in the wind power
are transformed in torque pulsations on the shaft.

Another widely used concept is the doubly fed induction generator, again in combination
with a gearbox (see Figure 2.14). The rotor winding is fed from the grid by a power-electronic
converter. The power-electronic converter, a back-to-back voltage source converter with
current control loops, compensates for the difference between the mechanical rotor speed
and the power frequency by injecting a rotor current with a variable frequency. The mechanical
rotor speed and the power frequency are in fact decoupled and this enables — within certain
limits — variable speed operation in order to minimize the noise or to maximize the electrical
power output. In practice, the reactive power of the generator is controlled by the power-
electronic converter and the wind power input is controlled by adjusting the pitch of the rotor
blades.
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Figure 2.13 The Danish wind turbine concept.
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Figure 2.14 A wind turbine with a doubly fed induction generator.

The latest wind turbine concept is the direct drive wind turbine, which does not need a gearbox
(see Figure 2.15). A low-speed multi-pole synchronous generator, having the same mechanical
speed as the turbine rotor, converts the mechanical energy into electrical energy. The rotor of the
synchronous generator can be either a wound rotor or a rotor with permanent magnets. The stator
windings are not directly coupled to the grid but through a power-electronic converter. This can
be a back-to-back voltage source converter or a diode rectifier with a single voltage source
converter. This concept enables variable speed operation and the wind power is limited by pitch
control.
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Figure 2.15 A direct drive wind turbine.
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Power electronics become cheaper and more reliable and it can therefore be expected that
variable speed wind turbines have the future. The energy output of variable speed wind turbines
ishigher than the energy output of constant speed wind turbines, because for each wind speed the
optimal rotor speed can be achieved and this outweighs the losses of the power-electronic
converter. The advantage of the variable speed wind turbine with the doubly fed induction
generator over the direct drive wind turbine is that the power-electronic converter has a rating of
one-third of the nominal power of the wind turbine, but a gearbox is still necessary, decreasing
the reliability and increasing the cost. In the direct drive wind turbine concept there is no gearbox
but the generator is larger and therefore more expensive and the power-electronic converter
necessarily has a higher rating.

2.4.2 Hydropower and Pumped Storage

Hydro is nowadays a mature technology and has been developed all around the world. In
countries blessed with large rivers hydro plays a major role in the generation of electrical
energy. The Itaipd hydroelectric power plant in Brazil has a generating capacity of
12600 MW. Manitoba Hydro in Canada has a total generating capacity of 5200 MW. The
abundant hydropower resources in southwest China will be exploited on a large scale during
the next three decades. A number of large hydropower projects will be completed during this
period. China ranks first in the world of hydro resources with a potential of 680 GW. An
estimated 370 GW can be developed to provide electric energy production of 1900 TWh per
year. Exploitable hydropower resources in southwestern China account for 53 % of China’s
total [40].

The running costs of hydropower plants are very low as energy is free, but the civil
engineering component of the capital cost is very high. The type of water turbine used depends
on the head of water available. The energy is extracted from the water falling through the
available head. The lower the head the larger the quantity of water necessary for a given turbine
rating. High-head turbines operate with low water volumes and low-head turbines with high
water volumes.

There are three basic types of water turbines. The Kaplan turbine has variable pitch blades that
can be adjusted for optimum regulation (see Figure 2.16). This type of turbine has been built for
heads up to 60 m and is applied in river and pondage stations. In the Francis turbine the guide and
runner blades are designed for higher heads up to 500 m and the regulation is done by adjustment
of the guide vanes at the water inlet (see Figure 2.17). The third type is the Pelton wheel, a turbine
suitable for high heads and small quantities of water. The water is injected through one or more
nozzles on the buckets on the turbine wheel. The regulation is done by means of needle valves on
the nozzles and jet deflectors at the water inlet (see Figure 2.18).

In comparison with a thermal power plant, a hydropower plant has the advantage of quick
starting and effectively meeting an abrupt increase in load demand. When water supplies are not
available a pump storage scheme provides the advantages of a hydro plant. A pump storage
scheme has two reservoirs at different heights, with the hydro plant situated at the level of the
lower reservoir. During periods of low demand, usually at night, water is pumped from the lower
to the higher reservoir using the cheap electricity from the thermal power plants. The generators
actas motors and drive the turbines which act as pumps. During periods of peak demand, usually
indaytime, the water turbine drives the generator in the normal manner. The overall efficiency of
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Figure 2.16 The Kaplan water turbine. Reproduced by permission of Voith Siemens Hydro Power
Generation GmbH & Co. KG.

the operation is not very high, in the order of 65 %. One of the larger pump storage plants in
Europe is located in Vianden in Luxembourg.

2.4.3 Solar Power

The sun is our source for light, heat and food. Fossil fuels, wood and crops are in fact an
accumulation of solar energy. Also hydropower and wind power are in their origin forms of solar
energy. But in the daily conversation, when we speak about solar energy, we mean the direct
conversion from solar radiation into heat or electricity. In the case of heat production we speak of
thermal solar energy and when the output is electricity we call it photovoltaic energy. One of the
most widespread uses of thermal solar energy is solar water heating. Water is pumped through a
collector, being a black painted body with tubes inside. The collector absorbs the solar radiation
and transfers the heat to the circulating water. The water rises in temperature and the hot water is
stored in a boiler. The boiler acts as a heat exchanger to heat up tap water. This works well for
domestic and small industrial applications and the utility bills are reduced.
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Figure 2.17 The Francis water turbine. Reproduced by permission of Voith Siemens Hydro Power
Generation GmbH & Co. KG.

So-called concentrating solar power systems use the sun’s heat to generate electricity.
In California nine commercial concentrating solar power systems with a total generating
capacity of 354 MW have been in operation since the mid-1980s. These systems consist of
rows highly reflective parabolic troughs and each parabolic trough focuses and concentrates
sunlight on a central tube with heat-absorbing fluid, whichis used in a heat exchanger to produce
steam. The steam expands in a steam turbine, which is the prime mover for a synchronous
generator. Of similar design is the power tower which can generate large amounts of
electricity using a tall, fluid-filled tower located at the focal point of a large field of mirrors
(see Figure 2.19). Dish-Stirling units use a small array of mirrors to focus sunlight on a Stirling
engine, which produces from 5 to 50 kW of electricity for grid consumption or standalone
applications [3].

Photovoltaic (PV) technology transforms the energy of solar photons into direct current using
semiconductor materials. The smallest unitis called a solar cell or a PV cell. When photons enter
the solar cell, electrons in the semiconductor material are freed, generating a DC-current. The
most common semiconductor materials used in PV cell manufacturing are single-crystal
silicon, amorphous silicon, polycrystalline silicon, cadmium telluride, copper indium disele-
nide, and gallium arsenide. The most important PV cell technologies are crystalline silicon and
thin films, including amorphous silicon.

PV cells connected together and sealed with an encapsulate form a PV module or panel (see
Figure 2.20). Their size ranges from a few watts to around 100 W. Power-electronic converters
convert the DC-current output of a PV panel to AC-current. Only a portion of the sunlight
received by a PV cell is converted into electricity.
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Figure 2.18 The Pelton wheel turbine. Reproduced by permission of Voith Siemens Hydro Power
Generation GmbH & Co. KG.

Figure 2.19 Power tower. Reproduced by permission of DOE/NREL.
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Figure 2.20 Solar panels at Aspen Mountain. Reproduced by permission of DOE/NREL.

Photovoltaic technology has a wide range of applications:

Stand-alone off-grid systems are applied when it is too expensive to extend power lines to a
remote area. They power for instance remote telecommunication systems, where reliability
and low maintenance are the principal requirements. PV systems are also widely applied in
developing countries to serve the substantial rural populations who do not have otherwise
access to basic energy services.

Grid-connected systems in buildings are used when a public grid is available and a PV system
can be connected to it. When more electricity is required than the PV system is generating, the
need is automatically met by power from the grid. The owner of a grid-connected PV system
may sell excess electricity production to the utility.

Large-scale photovoltaic power plants consisting of many PV arrays installed together can
provide bulk electricity. Utilities can build PV plants faster than conventional power plants
and can expand the size of the plant as the demand increases.
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2.4.4 Geothermal Power

Geothermal technology uses the heat of the Earth to produce steam to drive a turbine. It is
almost 6500 km from the surface to the center of the Earth, and the deeper you go, the hotter
it gets. The outer layer of the Earth, the crust, is 5—55 km thick and insulates us from the hot
interior. From the surface down through the crust the normal temperature gradient (the
increase of temperature with the increase of depth) in the Earth’s crust is about 17 °C to
30 °C per kilometer of depth. Below the crust is the mantle, consisting of highly viscous,
partially molten rock with temperatures between 650 °C and 1250 °C. At the Earth’s core,
which consists of a liquid outer core and a solid inner core, temperatures may reach
4000—7000 °C. Since heat always moves from hotter regions to colder regions, the Earth’s
heat flows from its interior toward the surface. In some regions with high temperature
gradients, there are deep subterranean faults and cracks that allow rainwater and snowmelt to
seep underground, sometimes for several kilometers. There the water is heated by the hot
rock and circulates back up to the surface, to appear as hot springs, mud pots or geysers. If
the ascending hot water meets an impermeable rock layer, however, the water is trapped
underground where it fills the pores and cracks, forming a geothermal reservoir. Much hotter
than surface hot springs, geothermal reservoirs can reach temperatures of more than 350 °C,
and are powerful sources of energy. If geothermal reservoirs are close enough to the surface,
we can reach them by drilling wells, sometimes over three kilometers deep.

Geothermal power plants consist of one or more thermal wells. A single thermal well
usually ranges from 4 MW to 10 MW. To avoid interference a spacing of 200—300 m
between wells is kept. Since it is not practical to transport high-temperature steam over
long distances by pipelines due to heat losses, most geothermal plants are built close to the
resources. Three power plant technologies are being used to convert hydrothermal fluids to
electricity. The type of conversion depends on the state of the fluid (steam or water) and
on its temperature.

e Dry steam power plants, schematically illustrated in Figure 2.21, use hydrothermal fluids
primarily in the form of steam, which goes directly to a turbine, which drives a generator that
produces electricity. This is the oldest type of geothermal power plant and was originally used
at Lardarello in 1904. It is a very effective technology and is used today at The Geysers in
Northern California, the world’s largest geothermal field.

e Flash steam power plants use hydrothermal fluids above 175 °C. The fluid is sprayed into a
tank (called the separator) which is held at low pressure. A part of the fluid vaporizes very
rapidly (flashes) to steam and the steam then drives the turbine. A schematic drawing of a flash
steam power plant is shown in Figure 2.22.

e Binary-cycle power plants use hot hydrothermal fluid of a temperature below 175 °C and a
secondary fluid (hence the name binary-cycle) with a much lower boiling point than water.
The geothermal fluid delivers its heat to the secondary fluid in a heat-exchanger. The
secondary fluid evaporates very rapidly and drives the turbine. This principle is illustrated
in Figure 2.23.

The efficiency of geothermal plants for electricity production is rather low, between 7 % and
10 %. Because geothermal power plants operate at relatively low temperatures compared to
other thermal power plants, they eject nearly as much of the heat extracted from the Earth into
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Figure 2.21 A dry steam power plant.
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Figure 2.22 A flash steam power plant.
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Figure 2.23 A binary-cycle power plant.
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Figure 2.24 Cross sections of an elementary three-phase generator with (a) a two-pole cylindrical rotor
and (b) afour-pole salient-pole rotor. The black dot indicates that the positive current is directed out of plane
of the paper. The cross indicates that the positive current is directed into plane of the paper.

the environment. The minimum temperature for electricity generation is 90 “C. Despite the
relatively low efficiency in power generation, geothermal power plants can operate for 24 hours
a day and thus provide base load capacity.

2.5 THE SYNCHRONOUS MACHINE

The work horse for the generation of electricity is the synchronous machine. The bulk of electric
energy is produced by three-phase synchronous generators. Synchronous generators with power
ratings of several hundred MVA are common; the biggest machines have a rating up to
1500 MVA. Under steady-state conditions they operate at a speed fixed by the power system
frequency, and therefore they are called synchronous machines. As generators, synchronous
machines operate in parallel in the larger power stations. A rating of 600 MVA is then quite
common.

In a power plant the shaft of the steam turbine is mounted to the shaft of the synchronous
generator. [tisinthe generator that the conversion from mechanical energy into electrical energy
takes place. The two basic parts of the synchronous machine are the rotor and the armature or
stator. The iron rotor is equipped with a DC-excited winding which acts as an electromagnet.
‘When the rotor rotates and the rotor winding is excited, a rotating magnetic field is present in the
air gap between the rotor and the armature. The armature has a three-phase winding in which a
time-varying EMF is generated by the rotating magnetic field.

Synchronous machines are built with two types of rotors: cylindrical rotors which are driven
by steam turbines at 3000 to 3600 RPM (see Figure 2.24 (a)) and salient-pole rotors that are
usually driven by low-speed hydro turbines (see Figure 2.24 (b)). In the cylindrical rotor the field
winding is placed in slots, cut axially along the rotor length. The diameter of the rotor is usually
between 1 and 1.5 meters and this makes the machine suitable for operation at 3000 or
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3600 RPM. These generators are named turbo generators. A turbo generator rotor has one pair of
poles. Salient-pole machines have usually more pair of poles and to produce a 50 Hz or 60 Hz
frequency, they can operate at a lower rotational speed. The frequency of the EMF generated in
the stator windings and the rotor speed are related by:

_m
f=g (2.21)

f the electrical frequency [Hz]
n the speed [RPM]
p the number of pairs of poles (i.e. the number of poles divided by two)

Hydraulic turbines in hydro plants rotate at a few hundred RPM, depending on the type, and need
therefore many pole pairs to generate 50 Hz or 60 Hz.

The efficiency of the generators is very important. Synchronous generators in power plants
have an efficiency of 99 %. This means that for a 600 MW generator 6 MW heat is produced
and therefore the machine has to be cooled. Large turbo generators are cooled with hydrogen
or water. Hydrogen has seven times the heat capacity of air and water twelve times. The
hydrogen and/or water flow through the hollow stator windings. Cooling equalizes
the temperature distribution in the generator, because temperature hot spots affect the life
cycle of the electrical insulation. When the temperature gradient is small the average tem-
perature of the machine can be higher and this means that the generator can be designed for a
higher output. The evolution of big turbo generators has been determined by better materials,
novel windings and sophisticated cooling techniques. Low-speed generators in hydro plants
are always bigger than high-speed machines of equal power in thermal power plants and
a good air-cooling system with a heat exchanger usually does the job for low-speed
machines.

Before a synchronous generator can be connected to the grid four conditions must be satisfied.
The generator voltage must:

have the same phase sequence as the grid voltages;

have the same frequency as the grid;

have the same amplitude at its terminals as the one of the grid voltage;
be in phase with the grid voltage.

When the generator is connected to a large grid its output voltage and frequency are locked to the
system values and cannot be changed by any action on the generator. We say that the generator is
connected to an infinite bus: an ideal voltage source with a fixed voltage amplitude and
frequency.

The equivalent circuit of the synchronous generator is derived in Appendix C (Synchronous
Machine Model), and is connected to an infinite bus in Appendix C.5 (Synchronous Generatorin
the Power System). The equivalent circuit of the synchronized generator is represented in
Figure 2.25. The reactance X is called the synchronous reactance and is constant during normal
steady-state conditions. The resistance of the stator coil is neglected in the equivalent circuit.
Immediately after synchronization and coupling, the generator is neither feeding power to, nor
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Figure 2.25 The equivalent circuit of a synchronous generator connected to an infinite bus with the
corresponding phasor diagram; the generator is coupled to the grid but there is no power exchange.

absorbing power from, the grid. The steam going into the turbine is the same as before the
coupling action and is just enough to drive the rotor and compensate for the losses of the turbine
and the generator.

If more steam is fed into the turbine one might expect the generator to speed up, but
this is not possible because the generator is connected to an infinite bus. It is much like
having two objects tied together via an elastic spring. The infinite bus is one end of the
spring and moves with a constant speed and the synchronous generator is connected to
the other end of the spring as shown in Figure 2.26 (a) for the situation where there is
no power exchange between the generator and the grid. What happens if more steam is
fed into the turbine is shown in Figure 2.26 (b). The torque supplied to the generator

rotor \ grid rotor \ grid
4 \ 4 \

(a) (b)

Figure 2.26 Generator and gridrepresented as two objects tied together by an elastic spring; (a) no power
exchange between the generator and the grid (the situation of Figure 2.25); (b) the generator injects power
into the grid (the situation of Figure 2.27).
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Figure 2.27 The equivalent circuit of a synchronous generator connected to an infinite bus with the
corresponding phasor diagram; the generator injects power into the grid.

axis by the prime mover tries to speed up the generator but can only extend the spring a
bit as it is tied to the infinite bus, and all the extra energy is transformed in electrical
energy: the machine injects power into the grid. In relation to the extension of the spring
the internal EMF E now leads the terminal voltage; in a way, the internal EMF ‘drags
along’ the grid voltage as shown in Figure 2.27.

The amplitude of the generator internal EMF E is a function of the field current /; and is
controlled by the operator of the generator. In Figure 2.27 E leads the system voltage V by an
angle 6, which is known as the power angle. As a consequence current, and hence power is fed
into the grid. The expression for the current is:

E —
=EV (2.22)
JX

the current phasor: I = |I|/—@ [A]

the machine internal EMF phasor: E = |E|/3[V]
the system voltage phasor: V = |V|/0[V]

the machine reactance [(2]

<

The three-phase complex power supplied to the power system equals:
S=3VI* =P+jQ (2.23)

Expressions for the active and reactive power can be found either by eliminating V, or
eliminating / from Equation 2.23. If we eliminate V, the three-phase complex power supplied
to the power system can be written as:
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S = 3VI* = 3(E — jXI)I* = 3EI* — 3jXII* = 3|E||I| /(8 + ¢) — 3jX|I|?

. - , (2.24)
= 3|E||1|(cos(8 + @) +jsin(d + 9)) — 3iX|I|* = P +jQ
The real part of the complex power S is the active power:
P =Re(S) = 3|E||I| cos(d + ¢) (2.25)
and the imaginary part is the reactive power:
0 = Im(S) = 3|E||I| sin(8 + ¢) — 3X|I|* (2.26)

If we eliminate I, the three-phase complex power supplied to the power system can be
written as:

E—V\" 3VE* -3VV* V||E| /(8 v|?
S3V1*3V( - ) - :3j| IEIA )73ju
jX —jX X X (2.27)
V|E . v .
= 3jw(cos(8) —jsin(8)) — 3]u =P+jO
X X
The real part of the complex power S is the active power:
V||E
P =Re(S) = 3¥sin(8) (2.28)
and the imaginary part is the reactive power:
V||E v|)?
0 =1Im(S) = %005(6) - 3% = 3|XL|(|E| cos(d) — |V|) (2.29)

A closer look at the active power equation (Equation 2.28) shows us that the sign of the active
power is determined only by the power angle 9:

e 5> 0 — P > 0, the machine supplies active power to the grid and is a generator;
e 3 =0 — P =0, the machine has no active power exchange with the grid,;
e 5 <0 — P <0, the machine absorbs active power from the grid and is a motor.

Given those relations, it is evident that we can project an ‘active power axis’ in the phasor
diagram as shown in Figure 2.28. We can follow a similar approach by investigating the reactive
power equation (Equation 2.29). This equation shows us that the sign of the reactive power is
determined by the following relations:

e |E|cos(8) > |V| — Q > 0, the machine supplies reactive power to the grid and is over-
excited;

e |E|cos(d) =

o |E|cos(d) <
excited.

|[V| — O = 0, the machine has no reactive power exchange with the grid;
|[V| — Q < 0, the machine absorbs reactive power from the grid and is under-
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Figure 2.28 ‘Active and reactive axis’ projected in the phasor diagram.

A ‘reactive power axis’ can now be projected in the phasor diagram as well as that shown in
Figure 2.28. The working point of the synchronous machine of which the phasor diagram is
shown in Figure 2.28, is indicated by the black dot. This machine injects both active and reactive
power into the grid and is an overexcited generator.

When we want to project the voltage phasor diagram in a three-phase active and reactive
power coordinate system, as shown in Figure 2.29, the phasors need to be multiplied by 3|V|/X
as we can see from the active and reactive power equations (Equations 2.28 and 2.29). The
working point of the synchronous machine is indicated by the black dot, and the amount of active
and reactive power that the machine injects into the grid can be read from the diagram easily.
The generator is of course limited in its output and it is convenient to indicate the region for safe
operation of the machine in the diagram, given a constant terminal voltage V: the so-called
loading capability diagram of the generator.

The region of operation of the synchronous generator is restricted by the maximum permis-
sible heating (|/ \ZR losses) in the armature and in the field windings. These two limits can be
constructed for the ‘phasor diagram’ that is shown in Figure 2.30. Let us assume that the lengths
of the two phasors that indicate the working point (the black dot) correspond to the maximum
allowed stator current (|/]) and the maximum allowed field current (/; — |E|) (note that both | V|
and X are constant). Now we can find the heating limits by rotating the two phasors around their
point of origin so that circles are described in the diagram. This is illustrated in Figure 2.30. In the
area confined by the circle pieces, the maximum permissible heating in the armature and in the
field windings will not be exceeded.

The region of operation of the synchronous generator is not only restricted by the maximum
permissible heating in the armature and in the field windings but also by some other factors, such
as the steady-state stability limit. The active power varies sinusoidally with the angle o
(see Equation 2.28) as shown in Figure 2.31. The generator can be loaded to the limit value
Pax, known as the steady-state stability limit. Theoretically, when & becomes greater than 90°
the generator will lose synchronism. The actual stability limit is, however, more difficult to
determine due to the power system dynamics involved. Additional constraints on the region of
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Figure 2.31 Active power of a synchronous generator as a function of the power angle J.
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Figure 2.32 Example of a loading capability curve of a synchronous generator.

operation of the synchronous generator are the power limit of the prime mover and the so-called
under-excitation limit. The under-excitation limit gives the limit for the lower level of excitation
when reactive power is absorbed from the grid. An example of a loading capability diagram is
given in Figure 2.32.



3

The Transmission of Electric
Energy

3.1 INTRODUCTION

One could raise the question: why do we have transmission and distribution networks at all?
Imagine a world without overhead lines, without underground cables and no transformers, in
which each residential home and business enterprise generates and consumes its own electricity.
The consequence of such a system would be that each and every customer should own and
operate enough generating capacity to be able to supply the maximum possible load, whereas
this generating capacity would not be used when the load was less. This situation exists on board
of ships, aeroplanes, etc. One could argue that it could be an option to store energy to supply a
part of the peak load by the stored energy. However, to store energy in large quantities is still, if
technologically spoken possible, very expensive. A better alternative is to interconnect one’s
system with those of neighbors. This is a good solution as long as the peak demands of the various
customers do not occur at the same time.

Example 3.1 Interconnection

Two neighbors decide to interconnect their electricity systems. They each have a 5 kW
generator installed to be able to run either the washing machine or the washer dryer together
with other household loads. When they interconnect their systems, and plan their washing and
drying on different days, they can cope with one generator of 5 kW instead of two.

Inpractice, the various customers’ peak demands for electricity do not occur simultaneously and
therefore it is far more economical to pool the generation. The variation in peak demand allows
us to install generators in an interconnected power system with a lower peak capacity and so the
capital expenditure per customer can be considerably lower than it would be in the case of a great
number of isolated, independent power producers.

Electrical Power System Essentials Pieter Schavemaker and Lou van der Sluis
© 2008 John Wiley & Sons, Ltd
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The advantages of an interconnected power system are as follows [39].

e Itleads to a better overall system efficiency, because the total installed power can be less than
the sum of the loads.

e It brings an improved system reliability, because, when one of the partners in the power pool
has a problem, e.g. unforeseen loss of generation power, the other partners can supply the
missing generation.

e It results in smaller frequency deviations. In a large interconnected system, a great number
of synchronous generators run in parallel. When there is a mismatch in balancing the
production with the consumption during a short time, only a small frequency deviation
in the system will occur because there is enough rotating mass in the system (see also
Section 5.1 (Introduction)).

e It covers a large geographical area. The European grid and the North American power pool,
for example, span an area with multiple time zones: the peak load in the morning will start at
different times in the various time zones. Hydropower can be connected, nuclear and thermal
power plants can be built where cooling water is present or where the fuel is available. Wind
mills can be erected at a location with a steady wind throughout the year (on-shore or off-
shore). A geographical spread of the wind production will reduce the chance that no wind
poweris produced at all: if there isno wind in Denmark, itis not likely that at the same time this
is also the case in Spain for instance.

o It facilitates the dealing and wheeling of power. It becomes possible to exchange the power
from the connected power producers and to create in this way a market for electrical energy.

An interconnected system also has some disadvantages, because:

o there must be sufficient interconnection transport capacity between the different partners in
the power pool;

e there are power losses because of the energy exchanges;

e inlargeinterconnected systems parallel transports can occur that put higher constraints on the
system;

e there are organizational matters in order to operate the interconnected system
smoothly.

Some of these disadvantages can be resolved by using DC links as interconnection between large
supply areas or power pools (see also Section 1.3.1 (AC versus DC systems)) or by applying
FACTS devices to control the flow of power (Section 5.6 (Flexible AC Transmission Systems
(FACTY))).

3.2 TRANSMISSION AND DISTRIBUTION NETWORK

Electricity is transported and distributed by overhead transmission lines and underground cables
(seealso Section 3.8 (Power Carriers)). The total amount of power and the distance over which it
has to be transported determine the basic design of the transmission and distribution system; the
larger the distance and the more power to be transported, the higher the rated system voltage, as
illustrated in Figure 3.1. The transmission network has the highest voltage rating and connects
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Figure 3.1 Selection of rated voltage for three-phase AC power transmission [30].

the largest power plants with the transmission substations (see Section 3.4 (Substations)), which
in turn supply the distribution subsystems. The distribution network distributes the electrical
energy between the connected loads. Sometimes we speak about sub-transmission systems (or
regional transmission systems or primary distribution systems). It is not always clear where to
draw the line.

The power system has developed over the years, voltage levels have increased and the original
function of certain system parts in the design have changed accordingly. In Figure 3.2 the voltage
levels and the interconnecting transformers in the Netherlands are shown. The 380 kV- and
220 kV-networks form the backbone of the Dutch grid; they transport the bulk of the power. The
150 kV, 110 kVand 50 kV-networks also have a transport function and are therefore called sub-
transmission networks. The 10 kV and 20 kV-networks supply the low-voltage networks and
distribute the electrical energy to the consumers. The transformation from 380 kV to 220 kV
takes place in three substations with one or two transformer banks with a capacity of between
500 MVA and 750 MVA. There are about 20 substations where the voltage is stepped down from
380 kVor220kV to 150 kVor 110 kV. Each substation has one to four power transformer banks
with a capacity of between 200 MVA and 500 MVA. Approximately 40 substations bring the
voltage down to 50kV with power transformers of 100 MVA and roughly 180 substations
directly step the voltage down to the 10 kVand 20 kV distribution level with power transformers
ranging from 20 MVA till 80 MVA. The north-eastern part of the Netherlands, less densely
populated than the rest of the country, has locally concentrated loads and the voltage is
transformed directly from the 220 kV transmission level to the 20 kV distribution level.
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Figure 3.2 Voltage levels and transformation steps in the Dutch power system [6]; “this voltage level can
be 20 kV as well.

The average distance between the 380 kV substations is 50 km and between the 220 kV stations
35 km. The substations at the intermediate voltage levels 50kV, 110 kV and 150 kV lie 10—
15 km apart, while the average distance between the 10 kV supply stations is a kilometer or less,
depending on the local situation. Each 10 kV /0.4 kV supply station serves between 50 and 100
clients (houses connected to the low-voltage network). A single high-voltage substation
supplies between 250 and 500 10 kV /0.4 kV supply stations.

The Dutch high-voltage network is shown in Figure 3.3. The 380 kV and the 220 kV network
are loop systems, in which each and every substation is fed from two directions or from two
sources. The 380 kV-loop transports the electrical energy to the western, southern and central
part of the Netherlands and the 220 kV-loop serves the north-eastern part of the country. The
larger power plants feed directly into the 380 kV grid while smaller power plants are connected
at intermediate and medium-voltage levels.

3.3 NETWORK STRUCTURES

The network structure is formed by the overhead lines, the underground cables, the transformers
and the buses between the points of power injection and power consumption. The number of
voltage transformations from the highest voltage level to the lowest voltage level determines the
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Figure 3.3 The Dutch high-voltage network. Reproduced by permission of TenneT TSO B.V.

principal network structure of a power system. Network structures can be distinguished in
system parts with single-point feeding and with multiple-point feeding.
A single-point feeding network can have three layouts, as depicted in Figure 3.4:

e aradial structure, in which all substations (or consumers) are fed by lines or cables connected
directly to one central supply; a network with a radial structure is less expensive to build;

www.EngineeringEBooksPdf.com
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Figure 3.4 Network structures with single-point feeding; (a) radial structure; (b) loop structure; (c)
multi-loop structure.

e aloop structure, in which each and every substation (or consumer) within the system is fed from
two directions; networks with a loop structure are more reliable but more expensive to build;

e a multi-loop structure, in which the substations (or consumers) are fed from the supply by
more than two connections; networks with a multi-loop structure are very reliable in their
operation, but more costly.

In Figure 3.4 (b) and (c), the 4-symbol is placed on positions where it is possible to open aloop in
the grid. During operation, the system operator can decide to create ‘openings’ in the grid, by
means of switching devices, so that both the loop and multi-loop structures can be operated as
radial networks. This is common practice in the Dutch distribution networks; most of these
networks have a (multi-) loop structure but are operated as radial networks as this keeps the
protection of the network simple. After a fault situation, e.g. a short circuit that has been cleared,
a grid opening can be ‘relocated’ in order to change the network configuration and restore the
energy supply as shown in Figure 3.5.

A multiple-point feeding network nearly always has a multi-loop structure (see Figure 3.6).
Transmission networks are in general operated in a multi-loop structure, as the multi-loop
network gives a rather high reliability of the power supply. In the case that a fault occurs in a
multi-loop system, the power supply can (usually) be continued. Let’s imagine that the left
feeder (the dashed line) in Figure 3.6 is short-circuited. The feeder will be isolated from the
network (by the protective devices and the circuit breakers), which implies that the power supply

m—

Figure 3.5 Restoration of energy supply in a faulted, radially operated, system.
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Figure 3.6 Network structure with multiple-point feeding.

from the left side is interrupted. However, we still have a power supply from the right side, which
feeds all the substations in the multi-loop structure.

3.4 SUBSTATIONS

The simplest way to look at the power system is to consider it as a collection of nodes, which
we call substations, and connecting power carriers, such as overhead lines and underground
cables. By means of substations, the power of a generating plant can be supplied to the system,
the power can be divided over the connected lines, and the power can be distributed to the
consumers. Furthermore, transformers can be installed in the substations in order to intercon-
nect different voltage levels. Substations play an important role in the protection of the power
system. In the substations, the protection equipment (voltage transformers, current transformers
and protective relays; see Section 3.6 (Protection of Transmission and Distribution Networks))
is installed together with the circuit breakers and disconnectors that perform the switching
operations. Also the system grounding is established in the substations and from the individual
stations, measurement signals are guided to the control centre (see also Section 6.1
(Introduction)).

A substation basically consists of a number of ingoing and outgoing power carriers that are
connected to one (or more) common bus(ses)/busbar(s) by circuit breakers, disconnectors and
instrument transformers: the feeders. In Figure 3.7, a photo of an open-air substation is depicted.
A circuit breaker, shown in Figure 3.8, is a mechanical switching device, capable of making,
conducting and breaking currents under normal circuit conditions but also interrupting currents
under abnormal conditions as in the case of a short circuit. Disconnectors are primarily used to
visualize whether a connection is open or closed. An example of a pantograph disconnector is
shown in Figure 3.9. Different from circuit breakers, disconnectors do not have current-
interrupting capability. Therefore, a disconnector cannot be opened when it conducts a current
and when a recovery voltage builds up across the contacts after opening. A disconnector can
interrupt a small current when, after opening, a negligible voltage appears over the contacts. The
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Figure 3.7 An open-air substation. Reproduced by permission of TenneT TSO B.V.

instrument transformers in the substation, like voltage and current transformers, provide
measured values of the actual voltage and current to the protective relay and the metering
equipment. The protective relays have the task to detect and locate disturbances in the system,
such as short circuits, and to switch off only the faulted part of the network by opening the
appropriate circuit breaker(s).

Figure 3.8 Three single-phase circuit breakers. Reproduced by permission of TenneT TSO B.V.
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Figure 3.9 Pantograph disconnector in open position. Reproduced by permission of TenneT TSO B.V.

When space is available, substations are erected in the open air. The ambient air serves as
insulating medium and insulators support the live parts. These open-air substations do require
quite some space but offer advantages: quick assembly and easy repair and expansion, and the
possibility to install components of different manufacturers. When pollution is an issue, e.g. the
substation is planned close to an industrial area or in coastal region, the substation can be placed
indoors. If the available space is limited, the choice is made for an SF¢ gas-insulated station. In
such a gas-insulated station, the live parts are located inside an earthed metal enclosure.
Pressurized SFg gas serves as insulating medium in the enclosure. Pressurized SFg is a very
good insulator that can be used with electric field strengths that (at a pressure of 5 atm) are about
12 times higher than in atmospheric air. A gas-insulated substation that is filled with SF, gas
requires only 20 % of the space of a comparable open-air substation. In Figure 3.10, a feeder of
an SF¢-insulated substation is depicted.

3.5 SUBSTATION CONCEPTS

A substation basically consists of anumber of incoming and outgoing feeders that are connected
to one (or more) common bus(ses)/busbar(s). The simplest way to make the interconnection
between the feeders is by connecting them to one single busbar. This lay out is, however, rather
vulnerable and can be improved in terms of security, maintenance and flexibility. In the
following sections, some of these improved substation concepts are presented.

Single bus system

The single bus system with a bus disconnector has a simple lay out (see Figure 3.11), is easy to
operate and rather simple to protect. This single bus system has, however, the disadvantage that:

e when maintenance has to be carried out at the tie disconnector, the complete substation has to
be taken out of service;

e when the tie disconnector is closed, a bus fault causes disconnection of all feeders;

e when maintenance has to be done at a bus disconnector in one of the feeders, at least two
feeders have to be taken out of service.
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1. interrupter driving mechanism 6. cable disconnector

2. busbars 7. voltage transformer

3. busbar disconnectors 8. cable bushing

4. current transformer 9. earthing disconnector

5. interrupter 10. interrupter-pole enclosure

Figure 3.10 A feeder of an SF¢-insulated substation (E-SEP 245 kV). Courtesy of Eaton Holec.

When the tie disconnector, which is shown in Figure 3.11, is replaced by a tie circuit
breaker with disconnectors in series, the risk of disconnecting all feeders in the case of a bus
fault is smaller, but the complexity, which was the original advantage of the single bus
system, increases.

tie disconnector

‘ - -
bus disconnector

— = disconnector

X = circuit breaker

Figure 3.11 Single bus system.
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Figure 3.12 Double bus system.

Double bus system

The double busbar system is an often-applied concept (see Figure 3.12). Each feeder has two bus
disconnectors that can connect the feeder with either one of the two busbars. Both buses can be
coupled by a coupling breaker.

In the case of a bus fault, the coupling breaker and the circuit breakers of the feeders that
are connected to the faulted bus are tripped. Now the main advantage of the double
bus configuration is that the supply can be restored by switching the disconnected feeders
on the other (healthy) busbar. There are further advantages to the double bus system,
namely:

e when maintenance has to be done at one of the two busbars, no feeders have to be taken out of
service;

o there is a reasonably selective protection of the individual feeders and the busbars;

e the switchyard layout is fairly straightforward and its operation is not too complicated;

e only a failing coupling circuit breaker can result in the disconnection of both busbars.

Polygon bus system

In both the single and double busbar concept, the circuit breakers are placed in series with the
feeders. In the so-called polygon substation concept (see Figure 3.13) all the circuit breakers are
part of the busbar system.

Figure 3.13 Substation lay out according to the polygon concept.
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When a feeder should be either connected or disconnected, two circuit breakers have to open.
After aswitching operation of the feeder disconnector, both circuit breakers can be closed again.
The polygon substation lay out has three advantages over the single busbar and the double
busbar concept:

e maintenance on acircuitbreaker can be carried out without disconnecting a feeder section and
without an additional by-pass;

e a bus fault results in disconnecting only a single feeder;

e a faulty circuit breaker puts only two feeders out of service, independent of the number of
connected feeders.

One-and-a-half circuit breaker concept

The so-called one-and-a-half circuit breaker concept (see Figure 3.14) combines the reliability
and the by-pass possibility of the polygon substation concept while maintaining some of the
flexibility of the double busbar substation. Compared with the double busbar system, each
feeder has an extra, shared (half), circuit breaker available, but the coupling circuit breaker is
missing.

Similarly to the polygon topology, two circuit breakers have to operate when a feeder has to be
connected or disconnected. There are also more disconnectors (and earthing switches) needed.
The result is a complicated switch yard lay out and consequently less simple switching
procedures. Advanced substation automation and protection equipment is therefore a require-
ment. The advantages of the one-and-a-half circuit breaker concept are the same as for the
polygon concept:

e circuit breaker maintenance with all feeders in service;

e only one feeder out of service in the case of a bus fault;
e only two feeders are lost when one of the station circuit breakers is out of service.

3.6 PROTECTION OF TRANSMISSION AND DISTRIBUTION NETWORKS

With the increasing dependency of our society on electricity supplies, the need to achieve an
acceptable level of reliability, quality and safety at an economic price becomes important to

| - - |
Vv \Y,

Figure 3.14 The one-and-a-half circuit breaker concept.
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customers. The power system as such is well designed and also adequately maintained to
minimize the number of faults that can occur. Protection systems are installed to clear faults, like
short circuits, because short-circuit currents can damage the cables, lines, busbars and trans-
formers. The voltage and current transformers provide measured values of the actual voltage and
current to the protective relay. The relay processes the data and determines, based on its settings,
whether or not it needs to operate a circuit breaker in order to isolate faulted sections or
components.

The classic protective relay is the electromagnetic relay which is constructed with electrical,
magnetic and mechanical components. Nowadays computerized relays are taking over as they
have many advantages, as they can perform a self-diagnosis, record events and disturbances in a
data base and can be integrated in the communication, measurement and control environment of
the modern substations.

Areliable protection is indispensable for a power system. When a fault or an abnormal system
condition occurs (such as over/undervoltage, over/underfrequency, overcurrent and so on) the
related protective relay has to react in order to isolate the affected section while leaving the rest
of the power system in service. The protection must be sensitive enough to operate when a fault
occurs, but the protection should be stable enough not to operate when the system is operating at
its maximum rated current. There are also faults of a transient nature, a lightning stroke on or in
the vicinity of a transmission line for instance, and it is undesirable that these faults would lead to
a loss of supply. Therefore, the protective relays are usually equipped with autoreclosure
functionality. Autoreclosure implies that the protective relay, directly after having detected
an abnormal situation leading to the opening of the contacts of the circuit breaker, commands the
contacts of the circuit breaker to close again in order to check whether the abnormal situation is
still there. In case of a fault of a transient nature, the normal situation is likely to be restored again
sothat there is and was noloss of supply. When the abnormal situation is still there, the protective
relay commands the circuit breaker to open its contacts again so that either the fault is cleared or
consecutive autoreclosure sequences can follow. In most cases, so-called back-up protection is
installed in order to improve the reliability of the protection system.

When protectiverelays and circuit breakers are not economically justifiable in certain parts of
the grid, fuses can be applied. A fuse combines the ‘basic functionality’ of the current
transformer, relay and circuit breaker in one very simple overcurrent protection device. The
fuse element is directly heated by the current passing through and is destroyed when the current
exceeds a certain value, thus leading to an isolation of the faulted sections or components. After
the faultis repaired/removed, the fuse needs to be replaced so that the isolated grid section can be
energized again.

3.7 TRANSFORMERS

Transformers are essential components in the AC power system as they make it possible to
convert electrical energy to different voltage levels with an efficiency of more than 99 %. That
enables us to generate power at a relatively low-voltage level (10-25kV, limited by the
insulation of the generator), to transport it at high-voltage levels (110 kV—420 kV and higher)
toreduce the losses during transportation, whereas domestic consumption can take place atalow
and (more or less) safe voltage level (400 Vand below). Transformers consist essentially of two
coils onacommon iron core. The iron core serves as the magnetic coupling between the two coils
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Figure 3.15 An ideal transformer.

such that nearly all the magnetic flux from one coil links with the other coil (see Figure 3.15). If
we assume the transformer to be ideal, that means that there is no resistance, no leakage flux and
that the permeability of the core is infinite, the relation between the applied voltage and the
resulting flux is given by the following expression:

vi(t) = V2|Vi| cos(ot) = N %
o(1)=C +\/§—|N‘?|Sin(mt) = \/§|<I>| sin(w?) (3.1)
@] = |Bl4

N; the number of turns of the primary transformer winding

the magnetic flux [Wb = Vs]

the integration constant [Wb]; zero in steady-state conditions
the magnetic flux density [T = Wb/m?]

the cross-sectional area of the iron transformer core [mz]

> WA

The induced voltage at the terminals of the secondary winding amounts to:

N dd o N2 o N2
v(t) = NZE =N V2| V| cos(or) = N, vi(2) (3.2)

N, the number of turns of the secondary transformer winding

As aresult, the relation between the voltage at the primary side and the induced voltage at the
secondary side can be written as (see also Appendix B.2 (The Ideal Transformer)):

V1 _V] _N]

=== 33
V2 Vz N2 " ( )

n  the turns ratio

How to select the number of turns for a given turns ratio? Let us examine two extreme cases in
selecting the number of turns of the transformer windings.
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Example 3.2 Number of turns of the transformer windings

In his book Electric Energy: Its Generation, Transmission and Use, Laithwaite gives the
following example [17] to illustrate the number of turns of transformer windings. Let us
assume that we want a transformer that steps down from a primary voltage of 1000 V to a
secondary voltage of 500 V, with a secondary current of 2 A. Itis obvious that the turns ratio of
the primary to secondary winding should be 2:1. But what number of turns to choose? Do we
choose two primary turns and one secondary or two million primary turns versus one million
secondary or something in between? In Equation 3.1, |V| = 1000 V and we take the maximum
allowable value of the magnetic flux density to be 2.0 T: |B| = 2.0/(+/2) T. If we look first at
the design with two primary turns (i.e. Ny = 2), we can calculate for the cross-sectional area of
the iron transformer core:

V| 1000 5 5
v — Wb — A:ﬂm.wmz (3.4)

1Bl 2] oN; 200r =w V2

The copper conductor required for the 2 A current at the secondary side must have a diameter
of about 4 mm. So, our transformer, handling only 1 kVA, contains over 20 tons of steel (the
iron core) and only 10 grams of copper (the windings)! If we consider the design with the two
million primary turns (i.e. Ny = 2 x 10%), the cross-sectional area of the iron transformer core
becomes:

5x10°%/n

V2

The steel core weighs only about 20 grams, but the primary and secondary copper windings
have a mass of about 6 tons each! These two unpractical transformer ‘designs’ are illustrated in
Figure 3.16. It is evident that the market prices of steel and copper have their impact on the
choice of the number of turns of the transformer windings and the transformer design.

A ~1.13 x 10°°m? (3.5)
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Figure 3.16 Two extreme transformer ‘designs’.

In Section 5.4.2 (Tap-changing Transformers), transformers are introduced that can alter the
turns ratio so that they are able to adjust the voltage level and can be used for voltage control.

A single-phase transformer can be built in a number of ways. Three common designs are
shown in Figure 3.17. The arrangement with the separate windings, i.e. the primary and
secondary coil on a separate leg of the core (Figure 3.17 (a)), results in a rather high leakage
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(a) (b) (c)

Figure 3.17 Single-phase transformer arrangements.

flux, which can be reduced by putting the windings on top of each other (Figure 3.17 (b)). The
magnetic circuit of this configuration is asymmetric: most of the leakage flux occurs on the open
side. This can be circumvented by choosing the ‘shell’ type transformer as shown in Figure 3.17
(). The flux divides evenly between the left and right limb, and therefore the cross-sectional area
of those two outer limbs can be half that of the central limb.

Because the power system is a three-phase system; three-phase transformers are needed to
realize the various voltage levels in the system. Such a three-phase transformer can be made by
using three (identical) single-phase transformers. The advantage of this is that one creates
redundancy in the system at a relatively low cost. When there are four identical single-phase
transformers in a substation, one being a spare unit, this spare can be put into service quickly
when one of the other transformers has a defect. A more common solution is the three-phase
transformer, i.e. one single three-phase unit, where the three phases share a common iron core.
The advantage of such a single unitis that the amount of iron needed is less than for three separate
single-phase units and that a three-phase transformer requires less space in the substation.

A three-phase transformer can be constructed by making from three single-phase cores one
core: the three single-phase transformer cores shown in Figure 3.18 (a) (like the one shown
in Figure 3.17 (b), but seen from above) are combined and a common return limb results
(Figure 3.18 (b)). In abalanced three-phase power system the flux in this common return limb is
zero so that it can be left out, as shown in Figure 3.18 (¢). Manufacturing a transformer as the one
shown in Figure 3.18 (c) is not easy and the final product is difficult to transport. Therefore, it is
more practical to place the three cores in line as can be seen in Figure 3.19 (a) and is shown on the
photo in Figure 3.20. Magnetically, this transformer arrangement is not symmetrical, but this
can be overcome by adding two extra limbs at each side of the transformer core. This is
illustrated in Figure 3.19 (b).

Figure 3.18 Construction of a three-phase transformer from three single-phase transformers (view from
above).



Transformers 91

(a) (b)

Figure 3.19 Three-phase transformer arrangements.

Figure 3.20 A three-phase transformer under construction. Reproduced by permission of TenneT TSO
B.V.

Many transformers that are in service have three windings per phase (instead of two); this is
the so-called three-winding transformer of which the third winding is named the tertiary
winding. A single-phase three-winding transformer is shown schematically in Figure 3.21.
The tertiary winding can be used as a point for reactive power injection (see also Section 5.4.3
(Reactive Power Injection)) or can supply anearby distribution system. The tertiary winding can
also be applied for harmonic suppression (more information on this topic is available below in
this section under ‘The magnetizing current’).

NN

R

Figure 3.21 A single-phase three-winding transformer.
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Figure 3.22 AYy-4 transformer (the terminals of the secondary side of the transformer are labelled as
c/a/b). When the terminals of the secondary side of the transformer are labelled as a/b/c, a Yy-0 transformer
results. When the terminals of the secondary side of the transformer are labelled as b/c/a, a Yy-8
transformer results.

Phase shifts in three-phase transformers

The three coils at the primary or the secondary side of the three-phase transformer can be
connected in wye (Y) or delta (D). An example of a Yy-transformer (both the primary and the
secondary side are connected in wye) is shown in Figure 3.22. An example of a Yd-transformer
(primary side connected in wye and the secondary side in delta) is shown in Figure 3.23.

A < o a
U4
B °b
Vi
C o C
Wiy
A a
Vo
uq up b
Wa
V4 Cc
Wi
C B

Figure 3.23 AYd-11 transformer (the terminals of the secondary side of the transformer are labelled as
a/b/c). When the terminals of the secondary side of the transformer are labelled as c/a/b, a Yd-3 transformer
results. When the terminals of the secondary side of the transformer are labelled as b/c/a, a Yd-7
transformer results.
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The advantage of wye-connected coils is that the star point, i.e. the point where the three coils are
connected to each other, can be earthed, so that the line-to-neutral voltages cannot become
unacceptably high in case of system disturbances. Furthermore, in the case of wye-connected
coils, the voltages across the coils equal the line-to-neutral voltages, whereas they equal the line-
to-line voltages in the case of delta-connected coils; as a result, the voltage across a wye-
connected coil is only 1/ /3 of the voltage across a delta-connected coil, so that the number of
windings per phase can be smaller, and the amount of insulation material needed can be less.
Because of this, wye-connected coils are applied for the higher voltage levels. Delta-connected
coils are advantageous, when a Dy transformer serves as a distribution transformer: the single-
phase loads, that are connected to the secondary wye-connected coils, ‘spread out’ over two
coils atthe primary side, so that possible unbalances between the phases at the secondary side are
smoothed at the primary side of the transformer. Another advantage is that the third harmonic
current, as a result of the magnetization of the transformer core, remains trapped inside a
delta-connected winding (more about this topic will be explained in this section under ‘The
magnetizing current’).

The way how the coils are connected with each other and to the terminals can introduce a
phase shift between the voltage phasors of the corresponding terminals, i.e. labelled with the
same letter (or sign or something similar), at the primary and secondary side. Thisisillustrated in
the following example.

Example 3.3 AYd-11 transformer

In this example, we will determine the phase shift of the three-phase transformer as shown in
Figure 3.23.

In abalanced three-phase system, we can easily draw the voltage phasors A, B and C for the
primary terminals of the transformer. The star point of the transformer is at zero potential (as
we have a balanced system) and the voltages across the coils (uy, v; and w{) equal the line-to-
neutral voltages applied at the terminals of the primary side of the transformer (see Figure 3.23,
the left phasor diagram).

We have to find the terminal voltages at the secondary side of the transformer in order to
determine the phase shift. We know that the coils at the secondary side of the transformer are
magnetically coupled with the coils at the primary side and, as a result, the voltage phasors
across the coils at the secondary side (u,, v, and w;) have the same length (if we assume that the
turns ratio equals one) and orientation as the voltage phasors of the primary side. Let’s start
with drawing the voltage phasor u,: this is exactly the same phasor as u;. Phasor v, should have
the same orientation as v but, as we can see from the diagram of the delta-connected coils (see
Figure 3.23), the tail of phasor v, begins at the arrowhead of u,. The same reasoning for phasor
Ww,: it has the same orientation as w, but its tail starts at the arrowhead of v,, whereas its own
arrowhead ends at the tail of the phasor u,. The resulting triangular phasor diagram is depicted
in grey in Figure 3.23 (the phasor diagram at the right). The terminal voltages can now easily be
drawn into this phasor diagram. The terminal voltages are by definition line-to-neutral
voltages, and as the imaginary neutral is in the centre of the triangle, the tails of the terminal
voltage phasors meet each other in the centre of the triangle. From the drawing of the delta-
connected coils (see Figure 3.23), we can see that the arrowhead of the voltage phasor a meets
the arrowhead of phasor u,, the arrowhead of the voltage phasor b meets the arrowhead of
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phasor v,, and the arrowhead of the voltage phasor ¢ meets the arrowhead of phasor w,. The
terminal voltage phasors are drawn in black in Figure 3.23.

We can see that the voltage phasors at the secondary side lead the corresponding phasors at
the primary side by 30 degrees. We also notice that the voltages at the secondary side are
reduced in amplitude by a factor of /3.

It becomes evident from Figures 3.22 and 3.23, that a phase shift can occur when we apply a
three-phase transformer to the power system; either due to the connection of the coils or the
labelling of terminals. Because a coil at the secondary side of the transformer is magnetically
coupled with one of the coils at the primary side, this phase difference between the primary and
secondary voltages equals a multiplicity of 30 degrees. That is why we can draw the voltage
phasors in a clocklike diagram (the hours on the number plate are on a circle at an angle of 30
degrees), and we can express the phase difference between the primary and secondary voltage
phasors as a clock-reference. The high-voltage line-to-neutral phasor A serves as the reference
and points to 12 o’clock, whereas the low-voltage line-to-neutral phasor a points to the hour on
the clock that indicates the phase shift.

The transformer configuration is expressed by an upper-case letter, a lower-case letter and a
number. The upper-case letter gives information about the connection of the coils at the high-
voltage side: Y for a wye connection and D for a delta connection. The lower-case letter tells the
connection of the coils at the low-voltage side: y for a wye connection and d for a delta connection.
The number indicates the phase shift expressed as an hour on the clock. The phase shiftin the case
of the Yy-4 transformer in Figure 3.22, for example, equals 4 x 30 = 120 degrees; the voltage
phasors at the secondary side lag the corresponding phasors at the primary side by 120 degrees.

InSection 5.5.1 (Controlling Active Power Flows), a special type of transformer is introduced
that is used to control active power flows in the system by creating a phase shift between the
voltage at the primary and the voltage at the secondary side. This type of transformer is called a
phase-shifter.

The magnetizing current

The magnetic properties of the transformer core material are not ideal. The permeability () is
not infinite, and that means that not all of the flux is inside the core material. Also, the
permeability is not a constant parameter and therefore the relation between the magnetic flux
density and the magnetic field intensity (B = pH ) is not linear (see Figure 3.24 (a)). We can see
from the B-H characteristic that at higher values for H the core material saturates: an increase
of H does not result in a proportional increase of B. In practice, the magnetic flux density of iron
will not exceed a value of 1.3 T. One could put the question why a transformer is not operated in
the linear part of the curve only, i.e. around the origin of the B-H characteristic. The answer is that
in that case the amount of core material would increase considerably as does the price of the
transformer (we learn from Equation 3.1 that decreasing |B| with a factor of 3, requires an
increase of the cross-sectional area of the transformer core (A) with a factor 3 in order to achieve
that |®| remains constant).

The B-H characteristic is not only non-linear, but it also has hysteresis as can be seen in Figure
3.24 (b). Hysteresis comes from the Greek word hysteros which means later or behind: the state
of magnetization reflects the previous state of magnetization. This means that there is no such
thing as a unique relation between an H-value and a B-value.
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Figure 3.24 Transformer core characteristics: (a) non-linear B-H characteristic (b) non-linear B-H
characteristic with hysteresis (c) non-linear ®-i,, characteristic with hysteresis.

When a sinusoidal voltage is applied at the primary side of an unloaded transformer, a current
will flow through the primary winding that causes the magnetization of the transformer core; we
call this the magnetization current (i,,,). The relationship between the magnetization current and
the resulting flux in the transformer core, the ®-i,, characteristic (Figure 3.24 (c)), has the same
shape as the B-H characteristic. After all, the following equations apply: ® = B/A and
im = i1 = HI/N; (i.e. the application of Ampere’s law in Figure 3.15, with the dashed line
chosen as the contour of integration with length /). The applied sinusoidal voltage (v;) drives a
magnetic flux in the transformer core (®) that has also a sinusoidal shape (see Figure 3.25).

\

Y ot

Figure 3.25 Construction of the magnetization current and a comparable waveshape built up by a first
and third harmonic (inset).
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By making use of the ®-i,, characteristic, we can draw the magnetization current as shown
in Figure 3.25. It is obvious that the magnetization current is a periodic function but not
a sinusoidal one. This current can be decomposed in a fundamental component (50 Hz)
and higher order components (such as: 150 Hz, 250 Hz, 350 Hz, ...), called the higher
harmonics. The fundamental (50 Hz) component, being the first harmonic, and the third
harmonic (150 Hz) form the dominant part of the current as depicted in the inset in Figure
3.25 (the first and third harmonic components are the dashed lines and when they are added they
form the solid line).

We notice from this figure that the fundamental component of the current leads the flux a little.
This means that the magnetization current contains a small component which is in phase with the
driving voltage; in other words, the magnetization of the core results in ohmic losses. These
losses are the so-called hysteresis losses and are dissipated as heat in the transformer core during
the magnetizing and demagnetizing process; the dissipated energy is equal to the area enclosed
by the ®-i,, characteristic. Because we complete the loop around the hysteresis characteristic
during each cycle of the supply voltage, the hysteresis losses are proportional to the frequency of
the supply voltage.

The third harmonic of the current needs extra attention. When we write down the equations of
the first and the third harmonic currents that form the magnetization current, as displayed in the
inset in Figure 3.25, we get for the three phases:

ia = V2|I| sin(or — @) — V2|I3] cos(3(wr))

ib:‘/i”Sin((Dt (P——> \/_|13|cos( (wt—%))

=2I|sin( ot — ¢ — V2|I5] cos(3(wr))

:ﬁ1|sin(mt—<p—§) ValIy|cos(3(or) (3.6)
—Valtsin((or — 0 = 4F) ~ V3l cos (3(an - 47
(0r-0-F) -

3
|I;] the effective value of the third harmonic current [A]

We can see from Equation 3.6 that the third harmonic currents in the three phases are identical
and that the sum of the currents i,, i, and i, is not equal to zero!

io + iy + ic = —3V2|I3] cos(3(wt)) (3.7)

When the star point of the transformer is kept floating (i.e. not connected to ground), the sum of
the currents is forced to be zero, and the third harmonic in the current cannot flow. In this situation
the magnetization current is forced to have no third harmonic, and the core’s nonlinear behavior
results in a deformed coil voltage. This problem does not exist if we have a transformer
with at least one delta-connected winding. The third harmonic current cannot leave or enter
the delta-connected winding, but it can circulate in this winding: the third harmonic current,
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induced by the magnetization of the transformer core, remains trapped within the loop of
the delta-connected winding. This is one of the reasons to apply Yy-transformers with a
tertiary delta winding at the higher voltage levels; the tertiary delta winding creates a path
for the third harmonic current, which is induced by the magnetization of the transformer
core.

Transformer inrush current

When i,, = 0, the flux ® has a certain value; this is called the remanent flux @, (see Figure 3.26).
Therefore, the transformer core of a power transformer that has been disconnected from the
system contains aresidual flux ®,. When, after some time, the power transformer is reconnected
to the grid at an instant such that the system voltage initiates a flux in the same direction as the
residual flux ®, , the total core flux becomes ) + @, . This can be observed from the following
equations, in which the integration constant equals the remanent flux (C = ®,):

d
vi(t) = V2|Vy| cos(ot) = Nld—

dt
V2|V
V]

(3.8)

O(r) =C+ sin(wr) = @, + ® sin(or)

The core material goes into saturation and, as aresult, the transformer draws a large current from
the supplying network, as illustrated in Figure 3.26: the transformer inrush current. It can take
many cycles for the high initial flux level to decay, which is reflected in an asymmetrical
transformer inrush current with a DC component that can take seconds before it disappears and a
symmetrical magnetization current is left. An example where a power transformer is recon-
nected to the grid in an instant, such that the system voltage initiates a flux in the same direction
as the residual flux, is illustrated in Figure 3.27. There is no saturation when the system voltage
initiates a flux opposite to the direction of the residual flux.

Transformer inrush currents are inevitable, and the transformer protective devices are
designed and tuned such that these temporarily high currents are recognized and ignored: the
protective devices do not operate on the high inrush current, but do react in the case of a short-
circuit current.

Figure 3.26 Remanent flux and transformer inrush current.
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Figure 3.27 Voltage, flux and current values after energization of a power transformer.

3.8 POWER CARRIERS

Itis in principle an economical and an environmental issue whether to choose an overhead line
(see Figure 3.28) or an underground cable for transmitting and distributing electrical power to
densely populated areas. Underground systems are in general more reliable than overhead
systems, because they are not exposed to wind, lightning and vehicle damage. Underground
systems do not disturb the environment and they require less preventive maintenance. The main
disadvantage, however, is its higher costs: for the same power rating, underground systems
are in general 6-10 times more expensive than overhead systems. In the densely populated
Netherlands (almost) all conductors below the 50 kV level are underground cables, as shown in
Table 3.1.

The conductor material can be either copper or aluminum. It depends on the type of power
carrier which material is selected. The resistivity of copper is only 60 % of that of aluminum:

Table 3.1 The power carriers in the Dutch power system [7].

Voltage range [kV] Aboveground [km] Underground [km]
220/ 380 2719 16
50/110/150 5580 3614
3-25 - 105599

04 174 150623
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Figure 3.28 Overhead transmission lines. Reproduced by permission of TenneT TSO B.V.

Pal =29 x 1072 Om and pe, = 18 x 1072 Om. However, the density of copper is much
higher: 8900 kg/m® versus 2700 kg/m® for aluminum, and we can easily calculate that an
aluminum conductor has only half the weight of a copper conductor with the same resistance
(29/18 x 2700/8900 = 0.488). So when we apply aluminum conductors as overhead trans-
mission lines, our tower construction and insulator strings can be designed lighter, and are
therefore cheaper. Additionally, aluminum is a less expensive material than copper and there-
fore overhead transmission lines are usually laid out with aluminum instead of copper con-
ductors. In the case of underground cables, the low resistivity of copper is a major advantage
because the heat, generated by the ohmic losses in the conductor, is less.

The rather low tensile strength of aluminum is a disadvantage to use it as conductor material
for overhead transmission lines, and that is why steel is used as core material of the conductor
(see Figure 3.29). We see in Figure 3.29 that the conductor itself is not solid but is compiled of

aluminum

steel

Figure 3.29 Cross section of an aluminum conductor with a steel core (ACSR: Aluminum Conductor
Steel Reinforced).

www.EngineeringEBooksPdf.com



100 The Transmission of Electric Energy

strands (26 aluminum strands and 7 steel strands in this case), which gives the conductor the
necessary flexibility. The strands are spiralled; each layer in an opposite direction to avoid
unwinding. Because of the skin effect, the steel core does not contribute to the conductor
resistance. Skin effect occurs when an alternating current flows in a conductor: the current
prefers to flow near the surface of the conductor and the current density is not uniformly
distributed over the conductor cross-sectional area. As a consequence of the skin effect, the AC
resistance of a conductor is higher than its DC resistance, which is given by the following
expression:

Ro=— (3.9)

Ro  the DC resistance of a conductor [{2]

p the resistivity of the conductor material [{2m]
l the length of the conductor [m]

A the cross-sectional area of the conductor [mz]

The spiralling makes the strands longer than the conductor itself and increases the overall
resistance by approximately 1 % or 2 %.

The modeling of overhead transmission lines and underground cables for steady-state power
system analysis is covered in Appendix E (The Representation of Lines and Cables), whereas
more general characteristics of, and differences between, overhead transmission lines and
underground cables are described in the two following sub-sections.

3.8.1 Overhead Transmission Lines

High-voltage transmission lines are supported by transmission line towers and the surrounding
air serves as insulating medium (the breakdown field strength of air at atmospheric pressure
is 3 kV/mm). An example of a 150 kV double-circuit transmission line tower is shown in
Figure 3.30. The tower height is determined by the fact that the conductors should have a
minimum clearance, which depends on the voltage level, from the ground. Therefore, the sag of
the conductors in combination with the distance between the towers (the span) determines the
height of the structure.

Insulators

Itis obvious that the transmission lines cannot be suspended from a tower directly. Because the
structure is at ground potential, there should be insulation between the tower and the conductor.
Notevery piece of insulating material, which is mechanically strong enough to carry the lines, is
suited for this task. Imagine that we would use a cylindrical piece of insulating material to isolate
the line from the tower; falling raindrops would immediately cause a short circuit, as the water
film creates a conducting path between the tower and the line. Therefore, insulators are designed
such that the creepage path is much longer.

The most common type of insulator is the cap and pin type made from either glass or from
porcelain. This type of insulator is shown in Figures 3.31 and 3.32. The shape of the sheds under
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Figure 3.30 A 150kV double-circuit transmission line tower (distances are given in meters). (a) Ground
wires or shield wires. (b) A bundle of two conductors per phase.

the insulator is determined by the environmental pollution conditions because, forinstance close
to the coast, salt deposit will affect the insulating properties. The number of discs applied for an
insulator string is not determined by the nominal voltage alone. The maximum voltage that the
line must be able to withstand without flashover while exposed to transient overvoltages plays a
role, as well as the pollution conditions. Insulators are sensitive to high current arcs that are
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Figure 3.31 A single disc of an insulator string.

initiated by a flashover, for instance when a line conductor is directly hit by lightning. High
current arcs can cause temperature cracks in the porcelain or the glass and this reduces the
insulating property of the insulator string. Arcing horns at the top and at the bottom of the
insulator string, shown in Figure 3.33, serve as the foot points for the high current arc and keep
the arc-channel away from the insulating body.

Figure 3.32 Threediscs of aninsulator string and a three-conductor bundle suspended from a tower by an
insulator string. Reproduced by permission of TenneT TSO B.V.
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Figure 3.33 Arcing horns protect the insulator string from a high current arc. Reproduced by permission
of TenneT TSO B.V.

Bundled conductors

In particular under rainy or foggy weather conditions, one can hear a hissing sound nearby high-
voltage transmission lines or other high-voltage components; this is called corona. The Latin
word corona means crown because, apart from the noise, corona also produces light: a ‘crown of
light’.

Corona is caused by discharges in air that result from a locally strong electric field strength
that ionizes the air around the conductor. A mechanism that can cause a locally strong electric
field at the surface of a transmission line is illustrated in Figure 3.34. In Figure 3.34 (a), we see an
irregularity on one of the plates of a parallel plate capacitor and the corresponding equipotential

==

(@) (b)

Figure 3.34 A locally strong electric field. (a) A parallel plate capacitor with a sharp point on one of the
plates. (b) A transmission line with a rain drop.
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lines. The electric field strength can be calculated from the equipotential lines by using the
following equation:

E==" (3.10)

E the electric field strength [V/m].
AV  the potential difference between two equipotential lines [V]
d the distance between two equipotential lines [m]

Close to the sharp point the distance d between the equipotential lines strongly reduces, and we
can see from Equation 3.10 thatlocally we have a higher electric field strength. This is due to the
fact that in the vicinity of the sharp point the electric charges are close together so that locally we
have a high charge density and a high electric field strength. In Figure 3.34 (b), a transmission
line with a raindrop on it is drawn. This situation resembles the irregularity on the plate, and
results in a locally strong electric field near the surface of the conductor. We will describe
hereunder how this locally strong electric field gives rise to so-called negative corona, that is
corona where the driving voltage has a negative polarity. In the strong electric field, free
electrons that are present in the air (freed by photons for instance), are accelerated and will
collide with the molecules of the insulating gas (for an overhead transmission line, the insulating
gas is ambient air). The gas molecules fall apart in their constituent atoms (this is called
dissociation), which, in turn, are hit by the accelerated electrons too. These collisions cause
new electrons to be freed and positively charged ions to be created:

A+e— AT +2e (3.11)

A gas atom
e electron
AT positive ion

The released electrons are accelerated too and they take part in the ionization process of the
insulating gas around the sharp point. The positive ions that are left after the ionization are much
heavier than the electrons and a positive space charge is the result. Oxygen, which constitutes
20 % of the ambient air, is slightly electro-negative from itself and has the ability to attach free
electrons to its molecules with the result that electrons are withdrawn from the ionization
process and a cloud of negative space charge is formed that shields the point as shown in
Figure 3.35. As a result the discharge stops, the space charge disappears and a new discharge
starts. Therefore, corona is a repetitive, high-frequent (0.1-5 MHz), phenomenon. Positive
corona, that is when the driving voltage has a positive polarity, follows another mechanism that
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Figure 3.35 Negative corona [16].
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Figure 3.36 Front view of a transmission line conductor above the Earth surface.

we do not treat here (interested readers are referred to the high-voltage engineering literature,
e.g. [16]). Corona is an unwanted effect because it leads to considerable power losses in high-
voltage transmission lines and it causes radio interference.

It is evident that in bad-weather conditions it is hardly possible to avoid corona. But in
order to minimize the effect of corona under normal operating conditions, the electric field
strength at the surface of the conductor should be kept below the value of 1.5-2 kV/mm. In
order to calculate the electric field strength at the surface of the conductor, we can model the
conductor and the Earth surface as two co-axial cylinders as illustrated in Figure 3.36.
Gauss’s law for the electric field states that the net flux of the electric flux density vector out
of the closed surface S is equivalent to the net positive charge enclosed by the surface
(see also Appendix A.l (Introduction)). In the two-dimensional situation that is drawn in
Figure 3.36, we take a cylinder S with radius x and an axial length of / meter. The net positive
charge enclosed by the surface of the cylinder is:

/

q

o (3.12)

ql= JJD -ndA =eE2nxl — E,=
s

~

the charge on the conductor per meter of length [C/m]

D the electric flux density vector [C/m?]

the permittivity of the medium inside the cylinder, € = gp¢,; the permittivity in
vacuum is & = 8.85 x 107" F/m; for dry air, the relative permittivity is approxi-
mately €, ~ 1

E,.  the electric field intensity at radius x [V/m]

<

m

The voltage between the inner cylinder (the conductor) and the outer cylinder (the Earth surface)
is:

R
(R
Vin| = JExdxgg—ﬂln<7> (3.13)

~

the radius of the inner cylinder [m]; in this case the radius of the conductor
R the radius of the outer cylinder [m]; in this case the height of the conductor above the
ground
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When we combine Equations 3.12 and 3.13, we can write for the electric field intensity at
radius x:

V
E, = Vil (3.14)
R
xIn ()
,
The electric field strength is highest at the conductor surface:
V
E, = Vil (3.15)

()

When we want a low electric field strength at the conductor surface, we have to choose for thick
conductors. Thisisillustrated in Figure 3.37 (a); by increasing the diameter of the conductor, the
distance between the equipotential lines increases and the electric field strength at the surface of
the conductor, decreases. However, thick conductors are heavy and, besides the fact that more
material is needed to manufacture them, they require more rigid tower structures which makes
this solution an expensive one. A much better solution is to divide the conductor in bundles.
Instead of one conductor per phase, multiple conductors are used per phase. On the photo in
Figure 3.32, for instance, a three-conductor bundle is used. The electric field strength at the
surface of the conductors of a bundle, shown in Figure 3.37 (b), is comparable with that of the
thick conductor in Figure 3.37 (a).

Besides corona reduction, bundle conductors have more advantages compared to a single
conductor with a larger diameter:

less line reactance;

easier to transport and to assemble;
better cooling of the conductors;
increased power transfer capability.

Bundling of conductors has one drawback: the current-carrying conductors attract each other.
This is illustrated in Figure 3.38. That is why the individual conductors are separated by a so-
called spacer. A spacer for a four-conductor bundle is shown in Figure 3.39.

(a) (b)

Figure 3.37 Reducing the electric field strength at the surface of the conductor (a) by increasing the
diameter of the conductor (b) by using a conductor bundle (4 conductors).
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Figure 3.38 Current-carrying bundled conductors attract each other. For the sake of clarity, only the
magnetic field surrounding the right conductor that causes an electromagnetic force on the left conductor is
shown in the drawing; the interaction of the left conductor on the right one is not illustrated here. But if you
hold your book upside down, you can see this effect.

Figure 3.39 A spacer for a four-conductor bundle. Reproduced by permission of Alcoa Conductor
Accessories.
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Galloping lines

A dangerous situation can occur that is caused by a phenomenon known as ‘galloping lines’.
Galloping is a low frequency (0.1-1 Hz), large amplitude (between 0.1 and 1 times the sag
of the span), wind induced vibration of high-voltage overhead lines. A photograph of
galloping lines is shown in Figure 3.40. Galloping is usually initiated by a moderately
strong, steady crosswind blowing on an asymmetrically iced conductor surface. How an
asymmetric ice shape is formed is shown in Figure 3.41. The surface of the conductor is not
smooth and ice particles will stick on it, so that gradually a deposit is formed on the
conductor surface (Figure 3.41 (a) and (b)). When the conductor is able to rotate a little bit,
the deposit grows on (Figure 3.41 (c), (d) and (e)), and this can lead to a sleeve around the
whole conductor surface. The sleeve can easily reach a mass of 5-10 kg/m which raises the
mass of the conductor by a factor of 2-20 times (!), and in severe cases, the conductors can
break or the towers can even crack.

When the conductor is not able to rotate, which can be the case with bundle conductors
because a torsional restraint is set by the spacers, a kind of ‘wing-shaped’ ice deposit on the
conductor may result, as shown in Figure 3.41 (b). It is this effect in combination with windy
weather that can lead to galloping lines. Several devices have been developed to prevent
galloping based on two principle types of countermeasures. The first type of devices tries to
prevent the formation of a ‘wing-shaped’ ice deposit on the conductor. This can be done by
applying spacers that allow the conductors to rotate freely while maintaining the original
geometry of the bundle system. The second type of devices accepts the shape of the ice deposit
but modifies the conductor dynamics. A typical example is the conductor vibration damper as
shown in Figure 3.42.

Galloping lines can lead to severe problems. The motion of the conductors can make that the
distance between two neighboring phases becomes too small (see also the arrows in Figure 3.40)
and a short-circuit between the phases can be the result. When these short-circuits repeat
themselves, the system operators are forced to take the line out of service. Also the mechanical
forces on the insulator strings (look at the insulator strings of the tower in Figure 3.40) and on the
towers can get so strong that galloping can lead to breaking of an insulator or even cracking of the
tower itself.

Ground wires or shield wires

The probability of a direct hit by lightning on an overhead transmission system is high compared
with the vulnerability of other parts of the power system to this force of nature. For this reason,
transmission line towers are interconnected by ground wires, also named shield wires (labelled
‘a’ in Figure 3.30), that hang well above the phase conductors in the tower and are electrically
connected with the tower frame and via the towers to the ground below. The ground wires shield
the phase wires from a direct hit by lightning and reduce the tower ground resistance in dry or
rocky soil.

Lightning is a part of the Earth-ionosphere electric system, depicted in Figure 3.43 [38]. The
voltage between the ionosphere and the Earth surface, in fact an enormous capacitor, is roughly
300000 V. This ‘capacitor’ has a small leakage current, the fair-weather current, which totals
about 1400 A when we take the complete Earth surface into account. Thunderstorms act as the
‘battery’ in this electric system; the number of thunderstorms, any time of the day, all over the
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Figure 3.40 Galloping lines. The arrows indicate the minimum distance (when there is a risk of a short-
circuit) and the maximum distance between the conductors. Reproduced by permission of M. Tunstall.

world, is approximately 1500. The power in the Earth-ionosphere electric system is, however,
only 500 MW, equivalent to the power of a small generator station.

Lightning mostly occurs on summer days when the ambient temperature is high and the air is
humid. Because of the temperature difference, and with that the difference in density, the humid
air is lifted to higher altitudes with a considerable lower ambient temperature. Cold air can
contain less water than warm air and raindrops are formed. The raindrops have a size of a few
millimeters and are polarized by the electric field that is present between the lower part of the
ionosphere and the Earth’s surface (the strength of this atmospheric field is on summer days in
the order of 60 V/m and canreach values of 500 V/m on adry winter day). The charge separation
in the clouds, that you can see in Figure 3.43, is a complex mechanism which is not yet fully
understood. Here follows one ‘explanation’. Larger raindrops fall down and meet smaller and
lighter raindrops that are lifted up by the upward flow of air. These smaller raindrops can be
positively or negatively charged. The negative drops are attracted by the positive charge in the
lower part of the large raindrop, whereas the positive drops are pushed away. Even though
the positive drops are attracted by the negative charge in the upper part of the large raindrop, the
small positive raindrops can not attach anymore. This mechanism makes that the larger

raindrops, in the lower part of the cloud, are negatively charged and that most of the small
raindrops in the top of the cloud have a positive charge. This process is illustrated in Figure 3.44.
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Figure 3.41 Snow andice deposit on a conductor. The arrow indicates the spatial orientation of the line.

The clouds move at great heights and the average field strength is far below the average
breakdown strength of air. Inside the thundercloud, the space charge formed by the accumulat-
ing negative raindrops create a locally strong electric field in the order of 10000 V/m and this
electric field accelerates the quickly moving ions to considerable velocities. Collision between
the accelerated negative ions and air molecules creates new negative ions, which on their part are
accelerated, collide with air molecules and free fresh negative ions. An avalanche takes place,
and the space charge and the resulting electric field grow in a very short period of time. The
strong electric field initiates discharges inside the cloud, and a negative stream of electrons
emerges as a dim spark called a stepped leader or a dart leader that jumps in steps of
approximately 30 m and reaches the Earth in about 10 ms. When the stepped leader approaches
the Earth’s surface, the electric field increases so strongly that a positive leader travels upwards,
preferably from a pointed object (which gives locally an even stronger electric field). After
making contact, the main channel is formed.

Because of the stochastic behavior of the space charge accumulation, the stepped leader also
creates branches to the main channel. The main channel carries initially a discharge current of a
few hundred Amperes, having a speed of approximately 150 km/s. This discharge current heats up
the main channel and the main discharge, the return stroke, is a positive discharge, and it travels at

Figure 3.42 A conductor vibration damper. Reproduced by permission of Alcoa Conductor Accessories.
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Figure 3.43 The Earth-ionosphere electric system [38]. Currents are in pA/km?; average of the total
Earth, over a long time.

approximately half the speed of light equalizing the charge difference between the thundercloud
and the Earth. The main discharge current can be 100000 A or more and the temperature of the
plasma in the main channel can reach values as high as 30000 K. The pressure in the main channel
is typically 20 bar. The creation of the return stroke takes place between 5 and 10 ps and is
accompanied by a shockwave that we experience as thunder. A lightning stroke consists of several
of these discharges, usually three or four, with an interval time of 10-100 ps. The human eye
records this as flickering of the lightning and our ear hears the rolling of the thunder. After each
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warm humid air
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Figure 3.44 Charge separation in clouds. The highlighted box in the middle shows the interaction
between a large polarized raindrop falling down and two smaller charged drops that are lifted up.
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discharge, the plasma channel cools down to approximately 3000 K, leaving enough ionization to
create a new conducting plasma channel for the following discharge.

The striking distance gives us insight into where the lightning will reach the Earth’s surface.
We can visualize the striking distance 7 as being a sphere with a radius r, around the tip of the
stepped leader: the first object at earth potential that is touched by the sphere will be struck by the
lightning. The striking distance is related to the peak lightning current that will occur after
contact with the object, often described by the following expression:

re = 1015 (3.16)

Ty the striking distance [m]
I the peak lightning current [kA]

Example 3.4 Striking distance

According to Equation 3.16, a peak lightning current of 10 kA corresponds to a striking
distance of about 45 m, whereas a peak lightning current of 100 kA corresponds to a striking
distance of about 200 m.

The ground wire is positioned such that the phase conductors are protected from too large
lightning currents. In other words; the ground wires are positioned in such a way that, before the
phase conductor is within the striking distance of a large lightning discharge, either the ground
wire or the Earth’s surface is touched by the sphere. This is illustrated in Figure 3.45. The sphere
withradius ry; corresponds to alarge lightning current and touches either the ground or the shield
wires; the phase conductor is protected from large lightning currents. Smaller currents, such as
the sphere with radius ry,, can hit either the ground or the phase conductor. Therefore, the ground
or shield wires act as a kind of filter: the system is protected against too large lightning currents,

!
~ 3

stepped leader 2

—

b
stepped leader /

I's1

7

Figure 3.45 Lightning protection by means of shield wires; r,; corresponds to a large lightning current
that hits either the ground or the shield wires; ry, corresponds to a smaller lightning current that hits either
the ground or the phase conductor.
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Figure 3.46 Transposition of overhead transmission lines.

but smaller currents can enter the system. In this way, the maximum amplitude of the current that
is injected in the system is known and the protection can anticipate it.

Transposition

In Section 1.3.3 (Balanced Three-phase Systems) we assumed that the three phases of the power
system are balanced; this means, among other things, that the impedances in each of the phases
areidentical. When we look at the position of the conductors in the transmission line tower that is
depicted in Figure 3.30, we see however that one of the conductors is mounted at a different
height and, consequently, it will have another value for the capacitance to ground than the other
two conductors. In general, the line geometries are diverse and various positions for the three-
phase conductors are possible: the three-phase conductors, for example, can be mounted in one
plane next to each other or above each other. This determines the line inductance and line
capacitance per phase. When the values are different for each phase, the system is not balanced
any more. The balance can be restored by interchanging the conductors atregular intervals along
the route so that the influence of the geometry on the line impedance is cancelled out and equal
parameters result for each phase. This interchanging of line conductors is called transposition
and isillustrated in Figure 3.46. Transposition takes place in so-called twisting pylons, of which
a photo is shown in Figure 3.47.

3.8.2 Underground Cables

When the power carrier is buried in the ground, the advantages of air for cooling and insulation of
an overhead transmission line disappear. For a cable, the conductor must be insulated from the
ground and insulation is a very important topic here: the diameter of a cable must be limited in
order to keep it flexible enough to fit on a drum, but the electric field must be confined in between
the limited space between conductor and sheath. As cables for the higher voltage levels require
thicker conductors (to reduce the electric field strength at the conductor surface) and require a
voluminous layer of insulating material, they are built up as single-core cables so that it is still
possible to handle them and fit them on a drum (see Figure 3.48 (b)). For the lower voltage levels
(about 60 kV and lower), three-core cables are manufactured which can roughly be divided in
two groups: the belted cable (three-phase conductors in a single sheath) and the Hochstédter or
three-core cable where each of the three phase conductors has its own sheath (i.e. electrically
there are three single-core cables; see Figure 3.48 (a)). The two three-core cable designs with a
‘snapshot’ of their equipotential lines, with one phase at maximum positive voltage and the other
two at half the negative value, are shown in Figure 3.49. In case of the belted cable, the electric
field puts a higher demand on the (insulation) material inside the sheath: the equipotential lines
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Figure 3.47 A twisting pylon.

are not completely concentric around the conductor, which results, in case of paper insulation, in
electric field lines that are tangential to the insulation surface and that is the direction in which
the insulation strength is the weakest. Also, the electric field is not confined to a relatively small
area around the conductor only, but covers the whole area between the sheath and the conductors.
Therefore, belted cables are manufactured only for the lower voltage ranges (10-20 kV and
lower).

The conductors can either be stranded (similar as the overhead conductor) or solid, see
Figure 3.50, and are made of copper or aluminum. With a sector-shaped conductor the area
inside a three-core cable can be utilized more effectively, but at the surface of the sector-shaped
conductor a higher electric field strength is present than at the surface of a circular conductor. For
the lower voltage levels this is not a problem as the insulation must have a certain thickness to
give the cable mechanical strength. At the higher voltage levels, the diameter of the sector-
shaped conductor or the thickness of the insulation should be increased, but both resultin a more
voluminous cable and the advantage of sector-shaped conductors is lost.

Most cables are plastic-insulated or have a paper-oil insulation.

Plastic insulation

As the insulating material, polyethylene (PE) and cross-linked polyethylene (XLPE) are often
used. Plastic is a solid insulator which, during the manufacturing of the cable, is melted and
pressed around the conductor (i.e. the plastic is extruded). The insulation must be free of cavities
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(a) (b)

Figure 3.48 A three-core (a) and single-core (b) cable; (a) 6/10 kV with 3x240 mm? aluminum, circular
solid, conductors and XLPE insulation; (b) 220/380kV with 1x1600 mm?> copper, circular stranded
compacted, conductors and XLPE insulation. Reproduced by permission of Prysmian.

and inclusions (such as dust, fibers, metal particles etc.) in order to prevent partial discharges
(like corona (Section 3.8.1 (Overhead Transmission Lines))): inclusions can have a low
dielectric strength (i.e. a weak point in the insulation) or can be sharp, which leads locally to
ahigh electric field strength. Polymer insulation is highly vulnerable for water and water vapor,
asitlowers the dielectric withstand level. Therefore, the insulation must be sealed against water
penetration. This can be achieved by applying e.g. a lead sheath.

(a) (b)

Figure 3.49 Belted cable (a) and a three-core cable where each of the three phase conductors has its own
sheath (b) and their equipotential lines.
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circular circular circular sector-shaped sector-shaped
solid stranded stranded solid stranded
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Figure 3.50 Conductor construction.

Paper-oil insulation

Paper itself is an unsatisfactory insulator due to the spaces incorporated in the cellular structure
of the cellulose fibers. In combination with oil, or some other impregnation compound that fills
the spaces, an excellent insulator is obtained. In an oil-filled cable, or oil-pressurized cable, the
centre of the conductor is hollow to supply thin oil under moderate pressure thatis maintained by
reservoirs feeding the cable along the route. When the cable warms up, the oil expands and is
driven from the cable into the reservoirs and vice versa. In this way, gaps in the insulating
material are avoided so that no weak points are present. Oil-filled cables have proven to be the
most reliable type of cable for the high-voltage and extra-high voltage levels.

Often a metallic sheath surrounds insulated cables. This metallic sheath serves as an
electrostatic shield (the electric field is enclosed in between the conductor and the sheath), as
a ground fault current conductor and as a neutral wire. However, in the case of three single-core
cables, the metallic sheath introduces a drawback too as currents are induced in the sheath due to
the magnetic fields set up by the conductor currents, as shown in Figure 3.51. When the metallic
sheaths of the cables are single-point bonded, i.e. the sheaths of the three cables are connected
and grounded at one point along their length as shown in Figure 3.52 (a), the voltage induced in
the sheath is proportional to the cable length and can reach very high values. The accepted sheath
voltage limits the length of single-bonded cables and they can be used for limited route lengths
only. Single-bonded cable sheaths do not form a closed loop and do not provide a path for the
flow of circulating currents or external fault currents. This can be resolved by grounding the
metallic cable sheaths at both ends (see Figure 3.52 (b)). In such a both-ends bonded system a
closed path exists for currents to flow through the sheath. These currents cause losses and heat
and they reduce the current-carrying capacity of the cable. When the metallic sheaths are
grounded at both cable ends and sectionalized and cross-connected in between, a so-called
cross-bonded cableis the result as illustrated in Figure 3.53. In this way, the total induced voltage
in the consecutive sections is (approximately) neutralized. By cross-bonding the metallic
sheaths, the current-carrying capacity is as high as with single-point bonding but longer route
lengths can be realized.

In Section 3.8.1 (Overhead Transmission Lines), we derived the electric field distribution
between two co-axial cylinders (see Figure 3.36). This is in fact what a single-core high-voltage
cable is. The capacitance of such a co-axial cylinder configuration can be calculated with
Equation 3.13 and is equal to:

2
c=—24 -~ (3.17)
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Figure 3.51 The flux lines of a current-carrying cable and the induced eddy currents in the sheath of a
neighboring cable (without bonding) [37].

c the capacitance per meter of length [F/m]

q the charge on the conductor per meter of length [C/m]

|Vin|  the line-to-neutral voltage [V]

€ the permittivity of the medium in between the inner and outer cylinder, € = €p¢g,; the

permittivity of free space equals gy = 8.85 x 107'2F/m; for (XL)PE, the relative
permittivity is approximately ¢, ~ 2.3, for paper-oil insulation, the relative permit-
tivity is approximately €, ~ 3.5

the radius of the inner cylinder [m]; in this case the radius of the conductor

R the radius of the outer cylinder [m]; in this case the radius of the sheath

~
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Figure 3.52 Single-point bonding (a) and both-ends bonding (b) of a metallic cable sheath.
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Figure 3.53 Cross-bonding of single-conductor cables.

When we examine Equation 3.17, we see the main difference in electrical behavior between an
overhead line and an underground cable. The ratio R/r is much higher for an overhead line than
for an underground cable, and therefore, underground cables have a much higher capacitance
(see Table 3.2). The current required to charge the cable capacitance can be that large that for
long cable lengths the net load current that can be transmitted is strongly reduced. This is
illustrated in the following example.

Example 3.5 Charging current of an underground cable

Consider the parameters of the 150 kV underground cable that are specified in Table 3.2. From
the rated power, we can compute the maximum current that is allowed to flow in this cable:

135 x 10°

Ipx| = ————— = 520A 3.18
| V3150 x 103 (3.18)

The current required to charge the distributed capacitance of the cable, amounts:

0o 150 10°
V3

If this cable is unloaded and 520/5.7 = 91 km long, the maximum allowed current has been
reached at the sending end of the cable!

II| = oc|Viy| = 2150210 x 1 =5.7A/km (3.19)

Table 3.2 Comparison of typical parameters of a 150 kV overhead line and underground cable.

Power carrier characteristics Overhead line Underground cable
Conductor material copper copper

Conductor area [mm?] 150 240

Rated frequency [Hz] 50 50

Rated voltage [kV] 150 150

Rated power [MVA] 130 135

r [Q/km] 0.125 0.12

x [Q/km] 0.425 0.166

¢ [nF/km)] 11.7 210




4

The Utilization of Electric
Energy

4.1 INTRODUCTION

The line that has been chosen in this book, generation — transmission — distribution —
utilization, stems from the pyramid structure of the power system: a relatively small number
of large power stations supply the transmission network, which in turn supplies the
distribution networks that fan out to provide the individual loads with the demanded energy.
But the causality is in fact the other way around! The power system is and must be designed
and organized in such a way that the demand can be fulfilled: the consumers are supplied
with the requested amount of active and reactive power at constant frequency and with a
constant voltage. Consumer demand is not constant but varies from hour to hour each day,
from day to day within a week and from season to season. An example of a daily load curve
is shown in Figure 4.1. The minimum load of the day, which is called the valley load, is
about 40-60 % of the system peak load and usually occurs between 4 and 5 a.m. The
generation should be able to fulfill the fluctuating demand, and the transmission and
distribution systems have to be able to facilitate the flow of energy.

Most power systems are vertically operated, which means that the grid consists of large power
plants feeding bulk power into the high-voltage transmission network that in turn supplies the
distribution substations. A distribution substation serves several feeder circuits and a feeder
circuit supplies numerous loads of all types. A light to medium industrial customer can be
supplied from the distribution feeder circuit primary busbar directly, while alarge industrial load
complex usually is served directly from the bulk transmission system. Residential and com-
mercial customers are served from the distribution feeder circuit which is connected to the
secondary of the distribution transformers (see also Section 3.2 (Transmission and Distribution
Network)).

A load actually transforms the AC electrical energy into another form of energy. In this
chapter we will focus first on the various types of loads that transform the AC electrical energy
into:

e mechanical energy;
e light;

Electrical Power System Essentials Pieter Schavemaker and Lou van der Sluis
© 2008 John Wiley & Sons, Ltd
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Figure 4.1 Example of a daily load curve in the Netherlands (Monday, 15 May 2006).

e heat;
e DC electrical energy;
e chemical energy.

After that, the individual loads in the system will be clustered and classified as grid users
according to the following three categories:

e residential loads, comprising the domestic users;
e commercial and industrial loads, being the business users and factories;
e clectric railways.

4.2 TYPES OF LOAD

Electricity is a very versatile energy carrier and, since Thomas Edison designed the first
commercial electric system in 1882, it has changed our society. It is used to drive electric
motors in factories, but also our washing machines and refrigerators. Electricity lights our
houses, is applied for heating our houses and it powers our computers and other electronic
equipment. When we take the train or subway we enjoy the benefits of electric traction: all
modern fast trains are driven by electric motors. The first trains had a 1500 V DC supply but
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nowadays high-speed trains like the TGV in France, the ICE in Germany and the Shinkansen in
Japan are supplied by a 25 kV AC supply.

4.2.1 Mechanical Energy

The transformation from electrical energy to mechanical energy is done by motors. The first
motors to be developed were DC motors and they are still applied in electric trains because of
their excellent traction properties and as hard-disk drives in computers. The majority of the
motors, however, are AC machines: synchronous motors and induction motors. They are in
principle three-phase machines, because a three-phase power supply will generate a rotating
field which in turn results in a torque on the rotor. In Section 1.3.3 (Balanced Three-phase
Systems), we already discovered that a three-phase system is able to produce arotating magnetic
field as is illustrated here once more in Figure 4.2. When a compass needle is positioned in the
middle of the three-phase coil system, the needle keeps pace with the rotating field, which is a
crude equivalent of the synchronous motor. When a copper cylinder is placed in the centre of the

2]

ty t t ts ty ts ts
t7...tyo: reverse of ty...1g
E— magnetic field vector of one phase —— > resultant magnetic field vector

Figure 4.2 Magnetic field generated by a three-phase coil system [17].
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three-phase coil system, the rotating field drags the cylinder around with it, and we have a
primitive equivalent of the induction motor.

In household appliances the squirrel cage induction motor is the workhorse in our washing
machines, dishwashers and refrigerators. They are supplied by a single-phase circuit; how can
we then create a rotating magnetic field such that the rotor rotates? The stator windings are
supplied by a single-phase source through a Steinmetz connection as is shown in Figure 4.3. In
between the windings 2 and 3, a capacitor is added in order to establish a 90-degrees phase shift
between the currents i, and i3. By doing this we are able to create a rotating magnetic field from a
single-phase source that drags the rotor around with it.

Synchronous motors

In Appendix C (Synchronous Machine Model) the network model for a synchronous generator
is derived from its principal operation and the electromagnetic field equations. A synchronous

| I | | I | | I I |
oty b i3ty ts fgt7 fglg hiolyityp

N |

capacitor

———— > resultant magnetic field vector

Figure 4.3 Three-phase induction motor supplied by a single-phase source and the resulting rotating
magnetic field.
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X

Figure 4.4 The equivalent circuit of a synchronous motor connected to an infinite bus with the
corresponding phasor diagram; the resistance of the stator coil is neglected.

machine can operate either as a generator or as amotor. The bulk of the electricity is produced by
three-phase synchronous generators. Under steady-state conditions they operate at constant
speed and are therefore named synchronous generators. When operating as a motor, the
synchronous machines are mainly used in constant speed drives but can be applied in variable
speed drives as well, when the synchronous machine is supplied by a power-electronic converter
that controls the frequency of the electrical power.

In Appendix C (Synchronous Machine Model), Figure C.14, the equivalent circuit of a
synchronous generator, connected to an infinite bus, with its corresponding phasor diagram,
is given. In line with this, the equivalent circuit and the corresponding phasor diagram of a
synchronous motor are shown in Figure 4.4.

The active and reactive power exchange between a synchronous machine and the infinite bus,
given the direction of the complex power S and the current / as indicated in Figure 4.4, is
described by the following two equations (Equations 2.28 and 2.29 in Section 2.5 (The
Synchronous Machine) respectively):

P= 3&}(‘E|sin(6) (4.1)
2
0= 3|V)|(i‘cos(6) — 3% (4.2)

The only parameter that can alter the sign of the active power P (Equation 4.1) is the angle 9,
which is the phase difference between the terminal voltage Vand the synchronous internal EMF
E; all the other variables in the equation are positive real numbers. When § > 0, the machine
operates as a generator because P > 0 and the positive direction points out of the synchronous
machine: it actually injects active power into the infinite bus. When & < 0, P < 0 and the
machine operates as a motor: it absorbs active power from the infinite bus. There is no exchange
of active power with the grid when the machine is operated such that the power angleis & = O and
we say that the machine runs mechanically unloaded. In that case the expression for the reactive
power is:

V||E v|?
o—slEl VP "
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Example 4.1 Motor or generator?

Consider the circuit and the corresponding phasor diagram shown in Figure 4.4. Does the grid-
connected machine operate as a motor or as a generator? Or in other words: does the machine
inject active power into the grid or does it absorb active power from the grid?

Letus assume that the terminal voltageis V = 100/0° V and that the current that flows from
the machine into the gridequals/ = 10/—150° A. The complex power that is injected into the
grid equals S = VI* = 1000/150° VA. Taking the real and imaginary part of this complex
power gives us the active and reactive power that are injected into the grid: P = —866 W and
QO = 500 var. Therefore, the machine consumes 866 W active power from the grid and runs asa
motor. Furthermore, it injects 500 var reactive power into the grid and is overexcited.

Taking into account the sign convention for the complex power S and for the current / as
shown in the circuit, we can obtain this information from the phasor diagram too. The internal
EMF E lags the terminal voltage and & < 0. We can see from Equation 4.1 that in this case
also P < 0. Thedirection of the complex power flow points from the machine towards the grid,
so that P < 0 expresses that the machine consumes active power from the grid and operates
as a motor.

Induction motors

Approximately 60 % of the electric energy is consumed by electric motors: in the industry and in
our houses induction motors (in German-based literature, induction motors are referred to as
asynchronous motors) are the workhorses in air-conditioners, washing machines, dishwashers
and so forth. About 90 % of the electric motors are induction motors. They are relatively
inexpensive to make, easy to maintain (the squirrel cage rotor has no brushes), and reliable and
robust in their operation.

The induction motor does not operate at synchronous speed as the synchronous motor does
and has no starting problem because it develops a torque at other speeds then the synchronous
speed. Seen from the power system, the induction motor can cause some dynamic problems.
These dynamic problems may occur when the machine starts and stops and also when the
mechanical load on the motor shaft changes.

‘When the rotor of an induction motor is at stand still and a three-phase voltage is applied at the
terminals of the stator windings, arotating flux is produced in the air gap between the stator and the
rotor as explained in Appendix D.2 (The Basic Principle of the Induction Machine). The rotating
air gap field induces a voltage in the rotor windings which, since the rotor windings are shorted,
causes acurrent flow in the rotor windings. This produces, in combination with the air gap field, the
torque that spins the rotor. The initial starting current is high, easily as high as three to eight times
the nominal rated current of the motor. The rotor current decays as the motor speeds up. The power
system experiences the starting current of large induction motors as an inrush current, similar to
the inrush current of large power transformers (see also Section 3.7 (Transformers)).

In the steady-state situation the induction motor develops a torque equal in magnitude but
opposite in direction to the mechanical load. The torque developed by the rotor needs a certain
magnitude of the rotor current (see e.g. Equation D.12). The magnitude of the rotor current needs
a certain value of the induced voltage in the rotor windings and this induced voltage requires in
turn a certain relative speed (this is the difference between the rotor speed and the speed of the air
gap flux). The steady-state speed of the rotor must always be sufficiently less than the
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Figure 4.5 A model for an induction motor as derived in Appendix D (Induction Machine Model),
Figure D.9.

synchronous speed to develop the torque needed to balance the load torque. This ‘lagging’ of the
rotor with respect to the rotating stator field is called the slip angular velocity (see Equation
D.17): ogip = 05 — ,,. The slip is larger for heavy-load torques and smaller for light-load
torques. A practical circuit model for the induction motor is depicted in Figure 4.5.
From Figure 4.5, we can derive an expression for the current /.
I = Von = Von (4.4)

T [ Wy
](DerG + Rr + Rr : ](DerG + Rr :
Wslip Wgslip

When we substitute this equation in the expression for the electromagnetic torque of an
induction motor (Equation D.62), we find:
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The maximum value of the torque is called the breakdown torque of the motor:
3 2
5 (V. 3 U2
T, = 2 <ﬂ) | (4.6)
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The slip angular velocity at the breakdown torque is:

R,

O = —1 4.7
b =1 @)
When we substitute Equations 4.6 and 4.7 in the expression of the electromagnetic torque

(Equation 4.5), the electromagnetic torque can be written as:
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(4.8)
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Figure 4.6 The electromagnetic torque of an induction motor as a function of the angular rotor speed.

The electromagnetic torque can be plotted as a function of the angular rotor speed, as is shown in
Figure 4.6.

Seen from the power system the induction motor is a rather tricky load. When under heavy-
load conditions the supply voltage decreases, also the electromagnetic torque initially reduces
but has to maintain the balance with the torque required by the mechanical load so the slip
increases. The increased slip enlarges the induced rotor current and to maintain the balance with
the mechanical load the current in the stator windings must increase. The induction motor
therefore has a negative load characteristic: when the supply voltage drops, the supply current
grows larger and causes an extra voltage drop that lowers the supply voltage further. When the
distribution feeders are heavily loaded with air conditioners (the compressor of an air condi-
tioner is driven by a squirrel cage motor) we have a situation that under circumstances can lead to
ablackout. When, after disconnecting because of overload tripping, the utility wants to bring the
feeder back to service again, the air conditioners are quite often still switched on and
the transient inrush currents can cause immediate tripping of the overcurrent relays that protect
the feeder.

4.2.2 Llight

One of the first applications of electricity was lighting. Voltage ratings of 110 Vand 220 V (see
Section 1.3.4 (Voltage Levels)), and the standardization of the power frequency at 50 or 60 Hz
(see Section 1.3.2 (50 Hz and 60 Hz frequency)) find their origin in electric lighting.

The oldest type of electric lamp that is still applied today is the incandescent lamp. The lamp
consists of a thin filament that conducts the current. When switched on, the current heats the thin
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Figure 4.7 Voltage and current waveforms of an incandescent light bulb (a) without a dimmer and
(b) with a dimmer (the grid voltage is shown as a dashed line).

filament which, in turn, radiates light. The incandescent light bulb produces a fairamount of heat
and is not a very efficient source of lighting. To prevent the oxidation of the hot filament by the
oxygen in the air, the filament is inside a glass bulb filled with an inert gas. An incandescent light
bulbis a pure resistance, i.e. the current through the lamp is in phase with the voltage applied (see
Figure 4.7 (a)), and the power consumption is used to differentiate between the numerous light
bulbs that are for sale. Dimmers can be used to control the brightness of the lamp, by changing
the RMS-value of the voltage applied to the lamp. Devices like adjustable transformers or
resistors can be used for this purpose, but they are expensive, voluminous and inefficient.
Nowadays, (power-)electronic light dimmers are used. They chop in fact the applied AC voltage
asis shown in Figure 4.7 (b). The current shape alters accordingly and the power supplied to the
lamp reduces as does the light output.

We can see from Figure 4.7 (b) that the application of a dimmer results in non-sinusoidal
currents in the grid. In Section 3.7 (Transformers), we already discovered that such a ‘distorted’,
periodic, current consists of a fundamental (50 Hz) sinusoidal current and higher harmonics
(sinusoidal current components with frequencies that are a multiple of 50 Hz). Therefore, the
dimmer causes harmonic currents in the grid. When there are a lot of loads bringing harmonic
currents into the grid, like DC equipment for example (see Section 4.2.4 (DC Electrical
Energy)), the voltage can become distorted as well. This means that the voltage supplied to
the customers deviates from the ideal sinusoidal voltage shape. Simply said, the load voltage is
the voltage that remains when we subtract the voltage drops across the series impedances in our
grid (caused by the load currents) from the ‘ideal’ voltage that is supplied by the generators.
When the loads introduce harmonic currents in the system, these harmonic currents cause
harmonic voltage drops across the series impedances in the supply and this leads to ‘distorted’
load voltages. When we realize that the (inductive) impedances in the system increase with the
frequency, it becomes apparent that the voltage drop caused by higher-order harmonics can be
considerable.

The halogen lamp is an ‘improved’ incandescent lamp. In an incandescent lamp, the metal
filament slowly evaporates and deposits on the glass bulb. Finally, the filament will break and the
lamp has to be replaced. The housing of a halogen lamp is filled with a halogen gas that reacts
with the evaporated metal and redeposits it on the filament again. Actually, a kind of self-repair
or filament regeneration takes place, so that the filament temperature can be higher than for
incandescent light bulbs. This results in higher luminosity.

Today the fluorescent lamp is the main source of lighting. In these lamps an electrical discharge
takes place where the electrons collide with mercury ions, resulting in ultraviolet radiation. The
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fluorescent material that covers the inside of the lamp turns the ultraviolet radiation into visible
light. Fluorescent lamps dissipate less heat and have a longer service life than incandescent lamps.
Where an incandescent lamp can be connected to its supply source directly, a fluorescent lamp
needs extra equipment. The fluorescent lamp is a gas discharge lamp and an inductor (also called
ballast) in series with the fluorescent lamp is required to limit the current flow. When switching a
fluorescent lamp on, the gas in the tube has to be ignited first. This is taken care of by an ignition
device called a ‘starter’. The ballast and the starter are usually located in the armature of the lamp.
Nowadays, electronic ballasts are available that control the power supply of the lamp and provide
the ‘starter’ function as well. Fluorescent lamps have an inductive nature, because of the current-
limiting ballast, and the current lags the supply voltage by almost 90 electrical degrees. Therefore,
fluorescent lamps consume a considerable amount of reactive power. In large office buildings the
fluorescent lamps are therefore compensated by capacitors, so that the capacitors supply the
reactive power and not the utility (see also Example 1.12 (p. 37) in Section 1.6.3 (Power Factor)).

Compact fluorescent lamps, usually called energy-saving lamps, have an integrated ballast in
their housing and are of such a design that they take the same space as incandescent lamps;
incandescent lamps can therefore easily be replaced by compact fluorescent lamps.

A light-emitting diode (LED), is a semi-conductor that emits light when a current passes
through. The main advantage of LEDs is their low energy consumption. In addition, LEDs have a
long lifetime. These qualities contribute to the fact that the application of LEDs, or clusters of
LEDs, steadily increases and that LEDs have the potential to gradually replace the previously
mentioned lighting techniques in the future.

4.2.3 Heat

Electricity is also applied for heating: the electric power is converted into heat by a resistor. We
find this conversion very often in our houses: in heaters to warm parts of the house, in water
cookers and in boilers for warm water, in the stove etc. The aluminium- and steelmaking
industry applies electric heating on a large scale as well as for their electric arc furnaces. A mid-
sized steelmaking furnace has an electrical rating of 60 MVA. It is in fact a transformer with a
secondary voltage of about 800 V and, in the case of a 60 MVA rating, a secondary current
of 44000 A. The melted metal short-circuits the secondary winding and the current heats up
the furnace.

4.2.4 DC Electrical Energy

The conversion of AC electrical energy into DC electrical energy is a necessary step to drive DC
appliances (almost all electronic equipment) from the AC grid. As such, it is not really a load
type, but an interface between the DC appliance and the AC grid. Two basic layouts of rectifiers
are shown in Figure 4.8. Those rectifier circuits are built up from diodes. A diode is a sort of
switch: as soon as the voltage across it becomes positive it conducts the current, and it isolates
when the current through it passes zero. The circuit symbol for the diode illustrates this behavior:
it conducts the current in the direction of the arrow, and the vertical line indicates that a current
coming from the other direction will be blocked. A more detailed graph of the way the single-
phase full-wave rectifier operates is shown in Figure 4.9.
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Figure 4.8 Single-phase half-wave (a) and full-wave (b) rectification.

We can see from Figure 4.8 that the output voltage is indeed a DC voltage (it does not change
polarity), but it is not yet a constant DC voltage. This can be achieved by putting a smoothing
filter across the DC output. The most simple filter is a capacitor at the DC output terminals, as
illustrated in Figure 4.10. The output voltage is close to a constant DC voltage and the capacitor
serves in fact as the supply source for the resistance. The diodes only conduct when the
instantaneous input voltage (Vj,) is higher than the output voltage (V,,) which is only the
case during a relatively small time interval (see Figure 4.10). This leads to a periodic, but non-
sinusoidal, current () and introduces harmonic currents into the grid (see also Section 4.2.2
(Light)).

Vout R Vout R

(a) (b)

Figure 4.9 Single-phase full-wave rectifier during the positive (a) and the negative (b) half cycle of V.
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Figure 4.10 Full-wave rectification with a capacitive filter.

The previously mentioned rectifiers are so-called uncontrolled rectifiers, as we have no means
to control the diodes. When we replace the diodes by thyristors, being diodes that require
(besides a positive voltage drop) a trigger signal before they become conductive, we have a
controlled rectifier as shown in Figure 4.11. The circuit symbol for the thyristor (or, more
generally, power-electronic switching device) is similar to that of the diode where the control
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Figure 4.11 Single-phase full-wave controlled rectification.
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Figure 4.12 Three-phase full-wave uncontrolled rectification.

possibility is indicated by means of the line with a right angle to the diode symbol. This gives us
the possibility to control the DC power output in a similar way as shown in Figure 4.7 (b) for AC
voltage and current.

Up to now, we only discussed single-phase rectifiers. A three-phase full-wave (uncontrolled)
rectifier is shown in Figure 4.12. We can see that the ripple in the DC output voltage (Voy) is
smaller than in the case of single-phase full-wave rectification (Figure 4.8 (b)).

4.2.5 Chemical Energy

A battery is a device in which chemical energy is directly converted into electrical energy, and —
in case of arechargeable battery — the other way around. When itis charging, the battery is aload
for the power system. Rechargeable batteries are widespread and can be found in electric
toothbrushes, laptop computers, mobile phones, cars and so on.

A battery is built up from one or more voltaic cells. Each voltaic cell has a positive terminal and
a negative terminal which are immersed in a solid or liquid electrolyte. The electrical potential
across the terminals of the battery that is neither discharging nor being charged is called the open
circuit voltage and is equal to the electromotive force (EMF) of the battery. The voltage produced
by a voltaic cell depends on the chemicals used. Carbon-zinc and alkaline cells have EMFs of
about 1.5V, lead-acid cells of about 2 V, while lithium cells can deliver 3 V or more.

Because of the chemical reaction inside the cells, the capacity of a battery depends on the
discharge conditions like the duration of the current, the current magnitude, the ambient tem-
perature and so on. Battery manufacturers rate their batteries with a voltage and an Ampere-hour
rating: the higher the Ampere-hour rating, the longer the battery will last for a certain loading.

Example 4.2 Ampere-hour rating

The well-known 1.5 V AA (or LR6, or penlite) battery has a typical capacity of 2000 mAbh.
When the battery is loaded by a device that draws 40 mA, the device will operate for
approximately 50 hours.
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4.3 CLASSIFICATION OF GRID USERS

In this section, the individual loads in the system will be clustered and classified as grid users
according to the following three categories:

e residential loads, comprising the domestic users;
e commercial and industrial loads, being the business users and factories;
e clectric railways.

4.3.1 Residential Loads

The electricity generated in power plants travels to our homes and offices through the
distribution grid. The voltage of the distribution grid is typically less than 20 kV. Voltage
ratings of 12kV, 11 kV, 10kV and 7.2 kV are quite common. The distribution grid is fed by
substations where step-down transformers make the connection with the transmission net-
work. The power goes from the step-down transformer to the distribution bus and smaller
distribution transformers bring the power down to a lower voltage level. A typical distribu-
tion transformer has a primary line-to-line voltage of 10kV and a secondary line-to-line
voltage of 400 V. The primary windings are connected in delta, while the secondary low-
voltage windings are connected wye. The low-voltage cable connected to the secondary
winding has four wires: three wires carry 230 V (in a 400 V system) and the fourth wire is
the neutral conductor which is connected to the star point of the transformer. Residential
loads are in general single-phase loads that are connected to the secondary of the distribu-
tion transformer in such a way that the total load seen by the distribution transformer can be
regarded approximately as a balanced three-phase load. The usual way of doing this is to
connect the residences alternately between one of the three phases and the neutral. Some-
times houses do have a three-phase low-voltage connection, when for instance cooking is
done electrically. The wiring layout of four houses or buildings connected to a three-phase
400 V/230 V supply is shown in Figure 4.13. The current flows through the phase conductor
to the electric load, and back via the neutral conductor. The energy consumption is
measured by the Watt-hour meter.

The electric system in the building is protected by fuses which are mounted on a distribution
panel directly behind the Watt-hour meter. Larger apparatus can be protected by fuses as well. In
afuse, a thin piece of foil or wire quickly vaporizes when a too high current runs through it. This
interrupts the power to the conductor immediately and protects the equipment or the load from
overheating. Fuses must be replaced each time they burn out. Quite often miniature circuit
breakers are used instead of fuses. A miniature circuit breaker uses the heat from an over load to
trip a switch and circuit breakers are therefore resettable. The grounding (also called earthing) of
the supply in a house or building serves as a protection for the users. It protects them from
electrical shocks when a piece of electric equipment has an insulation failure to ground. When
such an insulation failure occurs, a short-circuit current, which is many times higher than the
normal operating current, flows through the safety ground wire and via the earth back to the star
point of the distribution transformer. The fuse(s) of the electrical device will operate and
interrupt the power immediately. When the device is not fuse-protected the fuses, or miniature
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Figure 4.13 Wiring lay out of four houses or buildings connected to a three-phase supply.

circuit breakers, mounted on the distribution panel after the Watt-hour meter will operate.
Besides fuses (or miniature circuit breakers), one or more residual current circuit breakers are
installed on the distribution panel as well. Such a device measures the difference between the
current in the phase conductor and the current in the neutral conductor, and disconnects the
circuit as soon as an imbalance occurs that exceeds a certain threshold value. The imbalance can
be caused, for example, by a grounded person touching an energized part of the circuit so that the
current returns through the ground conductor instead of the neutral conductor.

Safety for human beings and animals is very important and therefore the safety earth and the
neutral conductor are connected to the basement of the building and preferably also connected to
the water supply, as long as the water board does not use PVC-pipes for its supply. A single-
phase current can flow through the buildings basement only when it can find itself a return path to
the grounding point of the delta/wye-connected distribution transformer. The conductivity of
the earth plays an important role. The DC resistivity of wet soil is in the order of 10 2m, butin a
dry sand area it becomes much higher: 1 kQm up to 10 kQm.
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When itis not easy to dig a trench because of rocky ground, which makes it very unattractive
to use an underground cable system, the electricity distribution is done at a higher voltage than
400 Volts. In North America for instance it is common practice that the distribution transformers
step the voltage down to a standard line-to-line voltage of 7.2 kV. This is a four-wire system,
three phases and a neutral. The 7.2 kV voltage has to be stepped down by smaller transformers
somewhere down the line, either underground or in the air. These transformers regulate the
voltage on the line to prevent under-voltage and over-voltage conditions.

4.3.2 Commercial and Industrial Loads

Large factories and industries get their electricity supply at distribution level (10-72.5 kV) or
are supplied at sub-transmission level (110-150 kV). The public utility brings underground
cables or overhead transmission lines to the premises of the company. The company itself takes
care of the supply to the different production facilities, office buildings, and so on, and it owns the
medium-voltage/low-voltage transformers.

The advantages of a medium-voltage distribution network over a low-voltage distribution
network are the much lower transmission losses and the lower voltage drops. A simple
calculation shows us what precisely influences the electrical losses. The simplified grid that
is shown in the line-to-neutral diagram in Figure 4.14 supplies the following amount of three-
phase active power to the load:

P =3|V||I| cos(p) (4.9)
The current through the grid equals:
P
Il =7—— 4.10
= 3V cos(e) (4.10)

Therefore, the three-phase active power losses in the grid can be written as:

PR

Pioss =3[ I[PR=——F———
o = 3R = S P (cos(e)

(4.11)

This teaches us that the transmission losses can be reduced by choosing for a higher transmission
voltage. Another option is to reduce the resistance of the conductors by increasing the conductor

"4 Load

Figure 4.14 Line-to-neutral diagram of a load that is supplied by a simplified grid.
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diameter (see also Equation 3.9 in Section 3.8 (Power Carriers)), but this is in general a costly
affair. A higher value of the power factor, i.e. cos(@) closer to one, gives us a reduction in the
transmission and distribution losses as well. The loads at the end of the feeders are in majority
inductive loads, in particular in factories because electrical machines convert electrical energy
in amechanical torque that does the work. Capacitor banks are applied on a large scale to provide
the inductive loads with reactive power. In this way, the reactive power does not come from the
distant supply but from a locally connected capacitor bank, which saves us the ohmic losses
caused by the reactive current. This so-called power factor improvement was illustrated in
Example 1.12 (p. 37) in Section 1.6.3 (Power Factor).

Quite often, large industries do not only consume electricity but also supply electricity to the
grid as an Independent Power Producer (IPP). The chemical and food industry, paper mills and
oil refineries require in their production process not only electricity but also heat, often in the
form of steam. When electricity is produced in a conventional thermal power plant, as we saw
already in Chapter 2 (The Generation of Electric Energy), only 40-50 % of the chemical energy
of the fossil fuels is converted into electrical energy and the rest becomes heat that is absorbed by
the environment. A combined production of electricity and heat can therefore be very profitable
for industries that also need heat. Most of the Combined Heat and Power (CHP) installations are
operated such that the steam generation is the dominant process and the electricity is the ‘by-
product’; the required amount of steam that is required for the production process varies with
time and so will the amount of produced electricity.

4.3.3 Electric Railways

Basically, electrified rail (or road) systems are power systems in themselves that supply traction
equipment like trains, trolley busses, trams and metros. In general, those electrified rail systems
don’thave their own power generation and are interconnected with the main grid for their power
supply. Therefore the electrified rail systems are grid users of the main grid, with rather specific
needs.

It all started with DC because DC series motors have excellent properties for traction
applications. Before the power-electronic converters became available, AC motors were less
suited for traction purposes. The DC systems currently in use have a relatively low voltage and
need thick conductors to supply the high power demanded by the traction equipment. The high
intensity of railway traffic and the introduction of high-speed trains have caused that AC systems
have become more widespread. High-speed trains like the TGV in France, the ICE in Germany
and the Shinkansen in Japan are supplied from a25 kVAC supply. A photo of the ICE is shown in
Figure 4.15; on the photo the train runs, non high-speed, on a Dutch 1500 V DC railway track.
Typical ratings are 600 Vand 750 V for DC overhead line and conductor rail systems (trams and
metros), and 1500 Vand 3000 V for DC overhead line systems (trains). For AC traction 15 kV,
16 2/3 Hz, and 25 kV, 50 Hz overhead line systems are the standard. These AC systems are all
single-phase systems.

An example of a DC system railway system is shown in Figure 4.16. The AC grid voltage is
transformed to alower voltage level and then rectified. The DC power supply is connected to the
overhead lines and the rails. The DC current flows from the overhead lines, to the train, and via
the rails back to the supply substation. The substations are equipped with three-phase rectifiers
(see also Section 4.2.4 (DC Electrical Energy)) and comprise a balanced loading for the grid.
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Figure 4.15 High-speed train. Reproduced by permission of TenneT TSO B.V.
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Figure 4.16 Supply principle of a DC railway system.
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Figure 4.17 Supply principle of an AC railway system.

Anexample of an AC system is depicted in Figure 4.17. The AC grid voltage is transformed to
a lower voltage level and connected to overhead lines and rails. The transformer can only be
connected to two of the three phases of the grid which leads to an asymmetrical load on the three-
phase grid. This effect can be overcome by cyclically connecting the transformers between the
different phases, as is illustrated in Figure 4.17. This, however, gives rise to a phase difference
between neighboring supply areas. For this reason, the different supply areas cannot be
connected with each other, and the train travels through small sections that are not supplied
by electric power.
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Power System Control

5.1 INTRODUCTION

Electrical power systems can be regarded as one of the most complex systems designed,
constructed and operated by humans. The consumers are supplied with the requested amount
of active and reactive power at constant frequency and with a constant voltage. Loads are
switched on and off continuously, and because electricity cannot efficiently be stored in large
quantities, the balance between the amount of generated and consumed electricity has to be
maintained by control actions.

The active power balance is controlled by the generators. There is also another option, and
that is to reduce the active power consumption by disconnecting parts of the load (this is
called load shedding), but this is merely an emergency measure and not common practice.
The reactive power balance can be controlled by rotating equipment (generators and motors) and
by static components (capacitors and inductors). The synchronous generator is the most
important component in the system for maintaining the active and the reactive power balance.

Let us look at what happens in a simple system, in which a generator is supplying a variable
load, when suddenly more active or reactive power is consumed and no control actions are taken.
When we neglect losses, we can write for the active power balance:

P, =P,+P, (5.1)

P,, the mechanical power supplied to the generator axis by the prime mover [W]
P, the electrical (active) power output of the generator [W]
P, the power accelerating (or slowing down) the generator [W]

We start from the situation where the generated and consumed power are in balance (i.e.
P, =P, and P, = 0), and a sudden increase of the active power consumption of the load
occurs (P, 7). When no control actions are taken, the mechanical power supplied to the generator
remains constant. In order to maintain the active power balance (Equation 5.1), a decelerating
power arises (P, | ): the rotation of the generator slows down and the frequency of the electrical
power output drops. Without control actions —in this case: increasing the mechanical power input
to the generator in order to restore the active power balance and thus the frequency — the
deceleration continues. The following numerical example illustrates this.

Electrical Power System Essentials Pieter Schavemaker and Lou van der Sluis
© 2008 John Wiley & Sons, Ltd
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Example 5.1 More active power consumption from a non-controlled generator

A generator is running on no-load with a frequency of /i = 50 Hz (3000 RPM). Assume that
the kinetic energy stored in the rotating parts of the generator and steam turbine equals
K; =200MlJ. Suddenly a 10 MW load is connected. Without control actions, the frequency
drop after one second can be computed as follows.

In one second of time, the load consumes 10 x 10° - 1 = 10 MJ of electric energy. As a
result, the kinetic energy of the rotating part of the generator reduces to K, = 190 M1J. The
kinetic energy of rotation equals K = (1/2)Jo? =2-J - n* - f%; with J the moment of
inertia relative to the axis of rotation. Therefore, the frequency after one second (f>) has
reduced to:

K 200 _f12 502

_ 200 fi 507 — 48.73H 52
K 190 2 72 - h - 5-2)

The influence of an increasing reactive power consumption of the load is illustrated in the
following example.

Example 5.2 More reactive power consumption from a non-controlled generator

Consider a generator that is connected to a variable load, as shown in Figure 5.1. In this 10 kV
system, the load consumes a three-phase active power of 2 MW with a power factor 0.9
lagging. The generator terminal voltage serves as a reference: V,=|V,|/0=
(10 x 10°/+/3)/0V, and the current can be calculated from P34 = 3|V,||I|cos(¢)
=3 (10 x 10°/v/3)- |I| - 0.9 = 2MW and equals: I = 128.3/-25.8°A. The reactance
of the generator is X = 3 {2 and the internal EMF of the generator can be calculated from:
E = |E|/8 = V; + jXI = 5951/3.3° V. The amount of reactive power consumed by the load
follows from cos()* = P2/(P2 4+ Q%) = 0.81 and is equal to Q = 968.6 kvar.

Starting from the above situation in which the power is in balance, the reactive
power consumption of the load suddenly increases to a value of Q = 1.5Mvar; the
amount of consumed active power remains the same. When no control actions are taken,
both the mechanical power supplied to the generator and the internal EMF remain constant.
The voltage angle at the load serves still as a reference: V, = |V;|/0. The power factor
has reduced:

P

cos(@) = \/ﬁ =

0.8 (5.3)

Figure 5.1 Generator connected to a variable load.
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and the angle between the voltage phasor V; and the current phasor /is ¢ = 36.9°. The current
can be determined from the following two equations (Equations 2.25 and 2.26 in Section 2.5
(The Synchronous Machine)):

P34 = 3|E||I| cos(¢ + &) = 3-5951 - |I| - c0s(36.9 + ) = 2MW (5.4)
03¢ = 3|E||I| sin(¢ + &) — 3X]1|? 55)
=3.5951 - ]1| -sin(36.9 + &) — 9|/ = 1.5 Mvar '
When these two equations are squared and added, the following equation results:
(35951 - |1])* = (2 x 10%)* + (1.5 x 10° + 9]1]*)* (5.6)

The current equals: I = |I|/—¢ = 146.8/—36.9° A. The voltage at the terminals of the load
can be calculated from:

Py = 3|V/|[I| cos(@) =3 - |V,| - 146.8 - 0.8 = 2MW (5.7)

and equals: V; = |V;|/0 = 5676.6/0 V. As aresult of the increased reactive power consump-
tion, the terminal voltage dropped with almost 100 V!

The internal EMF is E = |E|/d = V, 4 jXI = 5951/3.4° V. The voltage and current
phasors — before and after the increased reactive power consumption — are depicted in
Figure 5.2.

10/

Figure 5.2 Phasor diagram; (a) reactive power consumption Q ~ 1 Mvar; (b) reactive power con-
sumption Q = 1.5 Mvar.

It is clear from Example 5.1 (p. 140) and Example 5.2 (p. 140) that without the
appropriate control actions, both the power system frequency and the voltage would be far
from constant.
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5.2 BASICS OF POWER SYSTEM CONTROL

In the previous section, we observed that an increased active power consumption
reduces the frequency and that, in the example shown, an increased reactive power
consumption reduces the voltage. In the steady-state situation, the active power-fre-
quency control and reactive power-voltage control are approximately independent from
each other, as is shown in the following analysis. Consider the power transfer through
an impedance as shown in Figure 5.3. The current flowing from node 1 to node 2 can
be expressed as:

_ i[£81 — V2] 46, and I = [Vi[/(=81) — [Va|/(—52)

I
1Z|/p 1Z|/(—p)

(5.8)

The complex power at node 2 (which is transferred to a load or another part of the
network) is:

[Vi|/(=81) — [V2|/(=62)

S=P+j0O= VoI* = |V2|162 .

1Z[/(=p)
(5.9)
Vi|Va|£(82 = 81) = [Va[*20 _ [Vi]| V2 Vo
= = Ap+8—38) — /p
1Z| /(—p) | 1Z|
Accordingly, the active and reactive power component at node 2 are:
Vi[Val Va[*
P=Re(S) =———cos(p+0, — &) — cos(p)
1Z| 1Z|
(5.10)
VillVal Vol
0 =1Im(S) = sin(p + 8, — &1) — sin(p)
4 \Z|
Z=R+jX
=24p
|V1|481 |V2|482 —> S=P+jQ
(e, O

Figure 5.3 Power transport through an impedance.
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In transmission systems where most of the control actions take place, the following approxima-
tions can be made:

e because the resistance of transmission links is much smaller than the reactance values
(R < X), the resistance of the transmission link can be neglected: Z = |Z|/p = X/(n/2);

e because the difference between the voltage angles is rather small, we canreplace sin(6; — 6;)
by 8; — 6, and cos(8; — 9,) by the value 1.

When we substitute these approximations in the active and reactive power equations
(Equation 5.10), the following expressions for the active and reactive power are obtained:

P = RC(S) = Msin(& — 62) = M(Sl — 62)
Vil vE .
Q =1Im(8) =~ eos(8) — 8y) — - =2 (V| ~ [Val)

We can see that:

o the voltage depends on the reactive power (see also Example 5.2 (p. 140)),
e the angle of transmission depends on the active power.

This ‘decoupling’ between the active power and voltage angles and the reactive power and
voltage magnitudes is of great importance for power system computations as we will see in
Sections 6.2.3 (Decoupled Loadflow) and 6.2.4 (DC Loadflow).

Example 5.3 More reactive power consumption from a non-controlled generator
(revisited)

Consider again the generator thatis connected to a variable load as in Example 5.2 (p. 140). The
simplified reactive power equation (Equation 5.11) can be applied to determine the change in
voltage when the reactive power consumption of the load increases to 1.5 Mvar:

Vil

1.5x10° |V,
1O v vy = 2 (s0s1 - ua (5.12)

=73 T x
The voltage drops to |V;| = 5687.3 V. When we compare this voltage with the value that we
calculated in example 5.2 (p. 140): |V;| = 5676.6 V, the difference is not more than 11 V. This
shows that the approximating equations (Equation 5.11) can be fruitfully applied to get a quick
insight in the voltage changes due to deviations in the power balance.

There is an important difference between the coupling of the active power and the frequency and
the coupling of the reactive power and the voltage. The frequency is a common parameter
throughout the network: an increase of the active power consumption at a certain load point
results in a reduction of the system frequency. An increase of the reactive power consumption at
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acertain load point is noticed only locally, as the voltage drops at the particular load point and at
some nearby nodes.

5.3 ACITIVE POWER AND FREQUENCY CONTROL
5.3.1 Primary Conirol

A change in the balance between the generation of active power and the consumption of
active power changes the kinetic energy of the rotating mass of the generators, and alters the
system frequency. Without control actions — such as increasing (decreasing) the input of
mechanical power to the generator in order to restore the active power balance and thus the
frequency —the deceleration (acceleration) continues as is already explained in the introduction
of this chapter.

The active power balance is restored by a so-called speed governor, as is shown in
Figure 5.4. The speed governor can be set with a characteristic (frequency-power relation)
as is depicted in Figure 5.5 (a): the rotational speed (and thus the frequency) is independent
of the generator loading. Such a control becomes problematic when generators are con-
nected to run in parallel: when a frequency drop occurs, caused by an increased active
power consumption in the system, each speed governor will try to restore the original
frequency by increasing the power to the prime mover (in Figure 5.4 the steam valve will be
opened further to supply more steam to the turbine). The generators equipped with fast-
operating controllers will produce more active power than the generators with slow-
operating controllers and after a number of control actions, the active power to be produced
is distributed more or less randomly over the generators. This is an unwanted situation and
this problem can be resolved by changing the speed governor characteristic into a one-to-
one relation between frequency and power as shown in Figure 5.5 (b). This characteristic
has a negative slope and a higher (lower) active power output is established when the
frequency drops (rises). The slope of the frequency-power characteristic is called the droop
or regulation and can be expressed as:

R L, <13
§ = AP Pay (5.13)
gil T gir
steam valve
steam —» synchronous
generator grid
A rotating shaft
turbine o7 Q
reference speed |
speed governor measured rotational speed

Figure 5.4 The basic principle of the speed governor control system of a generating unit.
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o  the droop or regulation of generator i [pu]

Af  the frequency change in the system [Hz]

the nominal rated frequency [Hz]

AP, the change in active power of generator i [MW]
P, the nominal rated power of generator i [MW]

Inother words: the droop is the frequency drop, in per unit of the rated frequency, when the active
power output of the generator rises from no-load to full-load (being the rated power).

For the speed governor, three different cases can be distinguished.

A standalone generator

The load dictates the amount of active power to be supplied by the generator; the speed
governor determines the frequency. In Figure 5.5 (c), a standalone generator connected to a
load experiences a sudden change of the active power balance: the load suddenly requires
more active power P, = P; + AP.Tocope with this, the kinetic energy of the rotating mass of
the generator, and thus the frequency, drops. To restore the active power balance, the speed
governor increases the mechanical power of the prime mover with AP, in accordance with the
speed governor characteristic. The new frequency, for which the active power balance is
fulfilled, is lower than the original frequency: f> = fi — Af. See for the illustration of this
behavior Example 5.4 (p. 146).

A generator connected to an infinite bus

The infinite bus dictates the frequency; the speed governor determines the amount of active
power to be supplied by the generator. In Figure 5.5 (c), a generator connected to an infinite
bus experiences a frequency drop 5 = fi — Af. As aresult, the speed governor increases the
prime mover power according to the speed governor characteristic with an amount of
AP: P, = P; + AP. See Example 5.5 (p. 146).

Two generators in parallel

In this case two generators supply the load; the frequency is set by both the speed governors.
The active power generation is shared by the two generators. When suddenly more active
power AP isrequired by the load, the frequency drops with Af (see Figure 5.6). To restore the
active power balance, the speed governors increase the prime mover power according to the
respective speed governor characteristics: AP = AP, + APy (with APy = Pg1n — P11
and APy = Pgp — Py 1). See Example 5.6 (p. 147).

(a) (b) (©)

Figure 5.5 Speed governor characteristics.
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Figure 5.6 Speed governor characteristics of two generators in parallel.

Example 5.4 A standalone generator

A standalone generator feeding a single load supplies 50 MW at 50 Hz (indicated with ‘1’ in
the speed governor characteristic as shown in Figure 5.5 (¢)). The generator has anominal rated
power of 200 MW and its speed governor has a droop of R = 0.02 pu. The active power
consumption of the load suddenly increases to 100 MW and this event causes a frequency
drop of:

Af = =R f.- (AP/P,) = —0.02 - 50 - (50/200) = —0.25 Hz (5.14)

The power is balanced again in the new working point ‘2’ of the speed governor characteristic
(Figure 5.5 (c)) with a frequency f, = 50 — 0.25 = 49.75 Hz and a generator output power of
P, = 100 MW. Observe that the droop of a standalone generator is rather small in order to keep
the deviation in the frequency small.

Note that the generator, without a speed governor being present, would continuously
decelerate as described in Section 5.1 (Introduction). The speed governor takes care that the
active power balance is restored at a slightly lower frequency.

Example 5.5 A generator connected to an infinite bus

A generator connected to an infinite bus supplies 50 MW at the nominal rated frequency of
50 Hz (indicated with ‘1’ in the speed governor characteristic as shown in Figure 5.5 (¢)). The
generator has a nominal rated power of 200 MW and its speed governor has a droop of
R = 0.06 pu. When the system frequency drops to a value of f, = 49.5 Hz, the active power
supplied by the generator increases with:

_-Af/f L 0.5/50
- == 9.5/59

AP P, = £ 200 = 33.3MW (5.15)

0.06
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In the new working point, point ‘2’ in the speed governor characteristic of Figure 5.5 (c),
the generator supplies P, = 50 + 33.3 = 83.3 MW at a frequency of f, = 49.5 Hz. Observe
that the change in output power of the generator is smaller when the droop of the generator is
larger.

Example 5.6 Two generators in parallel

Consider a situation with two generators running in parallel. Generator 1 has a nominal rated
power P, , = 200 MW and its speed governor has a droop R,; = 0.02 pu. Generator 2 has a
nominal rated power Py, = 200 MW and its speed governor has a droop R, = 0.06 pu.
When the load suddenly consumes more active power AP, the frequency drops with an amount
Af. Torestore the active power balance, the speed governors increase the prime mover power
in accordance with the speed governor characteristics:

A/,
APy /Py, = — f /1)
Rq1 APy /Py, Re 5.16)
APy/Po, R '
Apfp 0 SPeTPe R
g2
AP, /200 0.06 APy,
T/ 200 D06 =3 5.17
AP,/200  0.02 AP, (5:17)

In words: the active power increase of the load will be distributed over the two generators
(AP = APy + APg) with a ratio 3:1, i.e. generator 1 takes 75 % of the load increase and
generator 2 25 %. When both generators have an equal droop, the load increase will be
distributed over the two generators according to the ratio of their nominal rated powers.

The case of two generators running in parallel, as described above, is in fact the most simple case
of a multi-generator system. In a large-scale power system, with a large number of generators
connected, it is the network power frequency characteristic that relates the difference between
scheduled and actual system frequency to the amount of generation required to correct the power
imbalance for that system:

AP

METAF

(5.18)

A the network power frequency characteristic [MW/Hz]
AP the amount of generation required to correct the power imbalance [MW]
Af the difference between scheduled and actual system frequency [Hz]

The network power frequency characteristic A is determined by the droop of the primary active
power controls and the nominal rated power of all the generators in the system. A change in
active power consumption is met by all the generators in the system (Equation 5.13 is



148 Power System Control

substituted; note that the change in frequency and the nominal rated frequency are the same
throughout the system):

R

F

AP:ZAPg, Z—; g”-Af (5.19)

«i  the droop or regulation of generator i [pu]

Af  the frequency change in the system [Hz]

I

the nominal rated frequency [Hz]

AP,; the change in active power of generator i [MW]

P

T

«i the nominal rated power of generator i [MW]

he network power frequency characteristic A can be written as:

Z g’ ! (5.20)

I

Example 5.7 The network power frequency characteristic of a system with two
generators

Consider again the two generators operating in parallel as in Example 5.6 (p. 147). Generator 1
has anominal rated power P, , = 200 MW and its speed governor has a droop Rg; = 0.02 pu.
Generator 2 has a nominal rated power P, , = 200 MW and its speed governor has a droop
R4 = 0.06 pu. The network power frequency characteristic of this system equals:

50 30 Tooe 30 = 2006 G (5.21)

Z—' Py, 1 200 1 200 MW
—~Ryi f, 002 50 006 50

This tells us that an increase of the active power consumption of 133.3 MW, which requires an
amount of generation AP = 133.3 MW to correct the power imbalance in the system, reduces
the system frequency with half a Hertz: Af = —0.50 Hz.

Motors cause the system load to be slightly frequency-dependent in practice. That means that
when the frequency drops, the load isreduced slightly too. This is referred to as self-regulation of
the load, which influences the network power frequency characteristic as follows:

u

Z—- Peir | “ P (5.22)
i gl

AP/ /P
Af

- 100 % (5.23)

the self-regulating effect of the load [%/Hz]
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AP the change in the power consumption of the loads because of the change in frequency
Af [MW]

P the value of the original load of the system plus the change AP at the original system
frequency (i.e. at the frequency before adding AP) [MW]

Example 5.8 The network power frequency characteristic taking the self-regulating
effect of the load into account

Let us consider once more the system with the two generators from Example 5.7 (p. 148): in
this example we calculated that an increase in active power consumption of 133.3 MW lowers
the system frequency with half a Hertz: Af = —0.50 Hz.

Now let us take into account the self-regulating effect of the loads in the system as well,
for instance p = 2 % /Hz. Assume that the load of the system rises from 100 MW to a value
of P =100+ 133.3 =233.3MW. The network power frequency characteristic equals
(Equation 5.22):

MW

A =266.6+0.02 - 233.3 =271.3 —
Hz

(5.24)

The increase of the active power consumption in the system with 133.3 MW reduces the
frequency with: Af = —133.3/271.3 = —0.49 Hz. The reduction of the system frequency is
less than in our previous example (—0.49 Hz instead of —0.50 Hz). This is because of the self-
regulating effect of the loads (n =2 %/Hz) that we have now taken into account. The
frequency drop causes a slight reduction of the active power consumption of the loads
(Equation 5.23):

AP = % CAf - P=002- 049 - 2333 = ~23MW (5.25)

Itisthisreduced active power consumption that makes the reduction of the system frequency to
be less (—0.49 Hz instead of —0.50 Hz) than in the case where the self-regulating effect of the
loads was not taken into account.

5.3.2 Secondary Control or Load Frequency Control (LFC)

When an imbalance between the active power generation and active power consumption
occurs, the primary control (being the speed governor) detects a frequency deviation and
increases or decreases the mechanical power supply to the generator in order to restore the
active power balance and to prevent the frequency from deviating further. As the speed governor
characteristics have a droop, the power balance is restored at a lower or higher frequency. The
LFC (load frequency control) is used to modify the setting of the speed governor in such a way
that the frequency is brought back to the original reference value. This isillustrated in Figure 5.7.
Let us assume that a standalone generator supplies a load (point ‘1’ on the I-characteristic).
When the load consumes more active power P, = P; + AP, the power balance is distorted and
the kinetic energy of the rotating mass of the generator, and thus the frequency, will decrease. To
restore the active power balance again, the speed governor increases the prime mover power, in
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Af T — i

AP P

Figure 5.7 LFC control action.

accordance with the speed governor characteristic, with the value AP. The active power
balance is restored (point ‘2’ on the I-characteristic) at a frequency that is lower than the
original one: f, = fi — Af. The LFC brings back the original frequency by increasing tempora-
rily the prime mover power that raises the kinetic energy (and thus the frequency) of the
generating unit. In the graph of Figure 5.7, this action is equivalent to shifting the I-characteristic
in upward direction to the level of the II-characteristic (note that the power output of the
generator remains constant during this action so that the horizontal position of working point ‘2’
remains fixed).

An interconnected power system is divided into control areas. ATSO (Transmission System
Operator) is responsible for maintaining the power balance in a specific control area. The
balance in a control area is reached when the scheduled power exchange with the neighboring
control areas equals the actual power exchange. The TSO takes the necessary control actions in
order to maintain or restore the power balance.

Inlarge interconnected power systems, a frequency drop occurs throughout the system and is
not a measure that can be used to indicate where in the system an imbalance occurred. In other
words: from the value of the frequency alone it cannot be determined which control area is
responsible for the frequency drop. Additional information is necessary and can be obtained by
determining the control area’s unbalance, i.e. a comparison of the actual and the scheduled
power exchange of a control area to its neighboring control areas. Note that the effect of the
primary control action in the control area must be subtracted from the control area unbalance so
that the secondary control action does not neutralize the primary one:

ACE; = (Pa; — Psi) + Mi(fu — f5) = AP + MAS (5.26)

ACE; the Area Control Error of control area i [MW]

P,; the actual power export of control area i [MW]

Py the scheduled power export of control area i [MW]

Ai the network power frequency characteristic of control area i [MW/Hz]
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f.  the actual frequency [Hz]
fs  the scheduled frequency [Hz]

The Area Control Error (ACE) is an indication of the surplus or the lacking amount of power in a
particular control area. A negative ACE shows that the control area generates too little power to
exchange the scheduled amount. A positive ACE means that the control area produces excess
power and exchanges more than the scheduled amount. The ACE must be brought back to zero in
order to establish the scheduled power exchange at the nominal frequency.

Example 5.9 Area Control Error (ACE)

Consider anetwork thatis divided in three control areas as drawn in Figure 5.8 (a) [10]. Control
area Cimports a scheduled amount of power (500 MW) from control area B; note that 100 MW
flows via the intertie connections with area A, which has a zero-level scheduled import/export.
The network power frequency characteristics of the three control areas are:

Area A: A4 = 13000 MW/Hz
Area B: Az = 16000 MW/Hz
Area C: A¢c = 11000 MW/Hz

For the whole system, the network power frequency characteristic amounts:

XZ_EZ 1 Peir

Af f Rgi fr

= M4 + A + Ae = 40000 MW /Hz (5.27)

When suddenly a400 MW generator is lost by a forced outage in control area B, the frequency
in the whole system drops by 0.01 Hz:

AP 400

Af = = —0.01Hz (5.28)

A 40000

Figure 5.8 Power exchange between three control areas; (a) original (scheduled) situation;
(b) incremental generation after losing 400 MW of generation in control area B and the resulting flows.
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Governed by the primary control, the generators in the three control areas increase their power
output as follows (note that the sum of the increased generator power output equals the lost
generating power of 400 MW in area B):

AP, = =M Af = 13000 - 0.01 = 130 MW
APp = —AgAf = 16000 - 0.01 = 160 MW (5.29)
APc = —AcAf = 11000 - 0.01 = 110MW

This effects the power flows through the intertie connections as depicted in Figure 5.8 (b), and
the Area Control Error (ACE) for each area equals (Equation 5.26):

ACE, = (130 — 0) + 13000(—0.01) = 0 MW
ACEg = (260 — 500) + 16000(—0.01) = —240 — 160 = —400 MW (5.30)
ACE¢ = (=390 — (—500)) + 11000(—0.01) = 0 MW

Based on these ACE-values, only secondary control actions have to be taken in area B: the
generation in area B is increased to compensate for the loss of 400 MW of power and to bring
back the frequency to its original value. The areas A and C then automatically return to their
original operating conditions.

5.4 VOLTAGE CONTROL AND REACTIVE POWER

The frequency is sometimes called the system frequency: in an interconnected power system the
frequency has the same value everywhere in the system; in other words, it is independent of the
location. A similar ‘system voltage’ does not exist: the voltage amplitude depends strongly on
the local situation in the system. As a consequence, voltages in the power system can only be
controlled locally: either at generator buses by adjusting the generator voltage control or at fixed
points in the system where tap-changing transformers, capacitor banks or other reactive power
consumers/producers are connected.

5.4.1 Generator Control (AVR)

The Automatic Voltage Regulator (AVR) is the basis of the generator reactive power control. A
simplified block diagram of an AVR is shown in Figure 5.9. The main task of the AVR is to keep
the value of the voltage at the synchronous generator terminals at a specified level.

The principle of operation of the AVR is rather straightforward. When the terminal voltage of
the generator decreases (increases), the voltage regulator magnifies (reduces) the excitation
which results in a higher (lower) internal EMF and terminal voltage. The same result can be
obtained by increasing (decreasing) the reference voltage that is offered to the voltage regulator
(see Figure 5.9). When we consider a generator with a fixed terminal voltage, the effect that the
reactive power output rises when the internal EMF increases, is easily understood from the
phasor diagram as depicted in Figure 5.10 (see also Section 2.5 (The Synchronous Machine),
Figure 2.28).
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Figure 5.9 Simplified AVR diagram.
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The AVR can be tuned such that the generator terminal voltage remains constant and that it is
independent of the generator loading as is shown in Figure 5.11 (a). But, such a voltage control
would cause problems when generators run in parallel for two reasons. When a voltage drop
occurs, for instance, each controller will separately try to restore the terminal voltage and
increases the excitation. As a result, the generators equipped with fast-operating controllers
will supply more reactive power than the generators with slow-acting controllers. After a number
of control actions, the reactive power is distributed randomly amongst the generators. Further-
more, if two generators run in parallel, one having a voltage controller setting that is slightly
above the common setpoint and the other one with a setting that is slightly below the common
setpoint, both the controllers will react in an opposite way. The busbar voltage will settle at a value
between the two settings, which is, however, too low for the first and too high for the second
controller. Now, one controller will try to increase its voltage and starts to boost the generator’s
reactive power output, but the other controller does just the opposite and consumes reactive
power. In this way an unwanted reactive power exchange between the two generators is the result.

Figure 5.10 AVR control: increased internal EMF resulting in a larger reactive power generation
(dashed).
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Figure 5.11 AVR characteristics.

For this reason, the generator AVR is equipped with a voltage droop characteristic as shown in
Figure 5.11 (b) in order to avoid these problems. The droop characteristic of the generator AVR
should be declining in order to give a higher excitation when the voltage drops and a lower
excitation when the terminal voltage increases.

InFigure 5.11 (c) two generators with slightly different AVR settings run in parallel and share
the same terminal voltage; the controllers are in an equilibrium state. The AVR settings can
be tuned in such a way that the reactive power generation is proportional to the nominal power of
the generators. For example: generator 1 in Figure 5.11 (c) supplies more reactive power to the
system than generator 2 does. When the voltage declines, the controllers of both generators
increase their excitation in order to adjust the terminal voltage to a (slightly lower) value as
required by the droop characteristic.

5.4.2 Tap-changing Transformers

Tap-changing transformers usually have a mechanically-tapped high-voltage winding as is
schematically shown in Figure 5.12. The high-voltage winding is chosen because less current
flows through the high-voltage winding, compared to the low-voltage winding, and a lower
current is switched by the tap changer under operating conditions. In this way the transformer
ratio can be adjusted and the voltage at the low-voltage terminals can be kept more or less

»
»
|

Figure 5.12 Tap-changing transformer.
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constant. The voltage can usually be adjusted between £10 % and 20 % of the nominal
rated values by using about 10 to 30 taps.

Let us examine a tap-changing transformer under no-load conditions. In this case the relation
between the voltage at the primary side and the voltage at the secondary side is:

2] _l (5.31)

n

n  the turns ratio: the number of windings at the primary side divided by the number of
windings at the secondary side

‘When we make a small change in the parameters of Equation 5.31, we get:
A|Vy| = nA|V,| + |V2|An (5.32)
Three cases can be distinguished:

e Theturnsratioisa fixed number (An = 0): voltage changes are directly coupled to each other
similar to the ideal transformer, without taps.

e Anincrease (decrease) of the turns ratio while the primary voltage is fixed (A|V;| = 0): the
voltage at the secondary side will drop (rise).

e Anincrease (decrease) of the turns ratio while the secondary voltage is fixed (A|V,| = 0): the
voltage at the primary side will rise (drop).

A tap-changing transformer does not solve a voltage problem, it only moves the problem to the
higher voltage levels. This is illustrated by the following example.

Example 5.10 Tap-changer operation

Let us consider again the generator connected to a variable load from Example 5.2 (p. 140).
This situation (Figure 5.1) is in fact similar to the network shown in Figure 5.13; the (ideal) tap-
changing transformer has a turnsration = 1 in that case. When the reactive power consumption
of the load increases from Q ~ 1 Mvarto Q = 1.5 Muvar, while the active power consumption
remains fixed at P = 2 MW, we calculated already in Example 5.2 (p. 140) that the increased

X I
N

»> »
L >

@E Z ET\E >4 &

Figure 5.13 Generator connected to a variable load by means of a tap-changing transformer.
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reactive power consumption causes the voltage at the load terminals to drop by almost 100 V.
Now the tap-changing transformer can adjust the voltage level at the load terminals.

Seen from the terminals of the generator, the tap-changing transformer does not change the
power flow: the same amount of power is consumed and therefore the generator terminal
voltage and current stay the same: V; = 5676.6/0V and I = 146.8/—36.9° A.

The relations between the voltages and currents at the primary side and at the
secondary side of the ideal tap-changing transformer are (see also Appendix B.2 (The Ideal
Transformer)):

Vil
v, =4
Vil == (5.33)
1] = nlI|

When the turns ratio of the transformer is set to n = 0.983, the voltage at the load terminals is
brought back to the nominal value again: |V,| = 5676.6/0.983 = 5773.5 V. The value of the
current becomes |I| = 0.983 - 146.8 = 144.3 A.

5.4.3 Reactive Power Injection

At the beginning of this chapter we already learned that there is a tight relation between reactive
power exchange and voltage level (Examples 5.2 (p. 140) and 5.3 (p. 143)): reactive power
consumption (by an inductive component) at a network node results in a lower node voltage but
reactive power injection (by a capacitive component) gives a higher node voltage.

Static shunt capacitors and reactors

Static shunt capacitors (capacitor banks), shown in Figure 5.14, are applied in the network to
inject reactive power into systems with a lagging power factor, and inductors are applied to
consume reactive power from the system when it is operated with a leading power factor, for
instance a system with lightly loaded cables. A drawback of static shunt capacitors is that their
influence reduces when they are needed most, because the reactive power produced by a shunt
capacitor becomes less when the node voltage drops:

14 2
0= = oC|V| (5.34)

Synchronous compensators

A synchronous compensator is a synchronous machine running without amechanical torque. By
varying the excitation, the machine consumes or generates reactive power (see also Section 2.5
(The Synchronous Machine)). The excitation is controlled by means of an automatic voltage
regulator (AVR). This method for voltage control is rather costly.
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Figure 5.14 Capacitor banks. Reproduced by permission of TenneT TSO B.V.

Static Var Compensator (SVC)

In Figure 5.15, the principle of a Static Var Compensator (SVC) is shown. It is in fact a variable
reactance connected to the system in shunt. The reactance consists of one or more capacitors
and/or reactors; the control actions are done by power-electronic devices (thyristors). Depend-
ing on the switching mode of the thyristors, the SVC can inject reactive power into or absorb
reactive power from the system.

The basis of an SVC is the thyristor-controlled reactor (TCR): an inductor in series with two
back-to-back connected thyristors (a thyristor valve). A conventional thyristor is a power
semiconductor that conducts current in one direction only; in the other direction it blocks the
current. Itis turned on and brought in the conductive state by applying a trigger signal to the gate
of the thyristor and it turns off (the blocking state) at the next current zero crossing. A back-
to-back set up of the thyristors makes conduction possible in both the positive and negative half
cycle of the supplying AC voltage. The current through the inductance can, in this way, be
controlled from its maximum value to zero by changing the firing angle of the thyristor trigger
signal between o0 = 90° and oo = 180°, as illustrated in Figure 5.16. Itis obvious that the current
flowing through the reactor does not have a nice sinusoidal-shaped waveform (this is only the
case when the thyristors are fully conducting). This means that the current contains a first
harmonic component or ground wave of 50 Hz and several higher-order components, the so-
called higher harmonics. In practice, filters are connected to remove the harmonics. The
fundamental component is generally the dominant part of the current and its amplitude gets
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TSC TCR

Figure 5.15 Static Var Compensator (SVC). TSC — Thyristor-switched capacitor. TCR — Thyristor-
controlled reactor.

smaller when the delay angle changes from 90 to 180 degrees. This fundamental current
component lags the voltage by 90 degrees and by varying the delay angle one controls in fact
the value of the inductance:

L
L(a) = 5.35
() 21 — 200 + sin(2a) (5:35)
o the firing angle of the thyristor trigger signal which can vary between n/2 and =

radians (or in electrical degrees, between 90 and 180 degrees)
L(a) the effective inductance of the TCR [H]
L the nominal rated inductance of the TCR [H]

A capacitor cannot be controlled in the same way, by point-on-wave switching, as the
reactor, because firing angles larger than 90 degrees can not be used. For firing angles of
more than 90 degrees, the thyristor could face steep inrush currents caused by the difference
between the system voltage and the voltage of opposite polarity on the capacitor (i.e.
trapped charge). Therefore, the thyristor valve is not used to control the value of the
capacitance, but is used only to turn on or turn off the capacitor, and that is why this
combination of a thyristor valve and a capacitor is referred to as the thyristor-switched
capacitor (TSC).

A parallel connection of TSCs and TCRs gives a range of smooth control from capacitive to
inductive currents as illustrated in Figure 5.17. By a continuous tuning of the TCR-branch in
combination with the pulsed effect of the capacitor banks being turned on or off in the TSC-
branch, a smooth variation of reactive power exchange over the whole operating range can be
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Figure 5.16 Current (solid line) through a TCR as a function of the delay angle o and its first harmonic
component (dotted line); v — the system voltage; i — the lagging current through the reactor.
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~ |/
1 capacitive inductive I

Figure 5.17 SVC V-I characteristic; V — the phasor of the system voltage; I — the phasor of the first
harmonic current.
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Figure 5.18 Voltage source (PWM) converter; upper graph — Pulse-Width Modulation (PWM) control
signals; lower graph —the AC voltage (solid line) at the output and its first harmonic component (dotted line).

achieved. Note that the droop line of the SVC V-I characteristic enables automatically sharing of
reactive power between compensators operating in parallel.

Static synchronous compensator (STATCOM)

A gate turn-off thyristor (GTO) is a more advanced type of thyristor: it not only can be turned on
but also turned off by means of control signals. With GTOs it becomes possible to build a
voltage-source converter (VSC); VSCs are power-electronic devices that can serve as an
interface between DC and AC systems. The principal layout of a single-phase VSC is shown
in Figure 5.18. The power flow in the device is bidirectional: from DC to AC but also from AC to
DC. The amplitude and the frequency of the AC output is controlled by means of Pulse-Width
Modulation (PWM).

A static synchronous compensator (STATCOM) is based on the operating principle of the
VSC. The basic scheme of a static synchronous compensator (STATCOM) is shown in
Figure 5.19. The exchange of reactive power between the STATCOM and the grid is controlled
by the amplitude of the STATCOM output voltage, as illustrated in Figure 5.20. A STATCOM
produces the reactive power by exchanging the instantaneous reactive power between the phases
of the power system. The capacitance is needed to provide a circulating current path as well as a
voltage source.

5.5 CONTROL OF TRANSPORTED POWER
5.5.1 Controlling Active Power Flows

Apart from the phase shifter, which is described hereafter, there are other options to control the
active power flows in the system. When HVDC-links are part of the grid, see also Section 1.3.1
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Figure 5.19 Principle layout of a STATCOM.

(AC versus DC systems), the active power flowing through the DC links can be influenced; this is
an additional advantage of HVDC-links. Another piece of equipment that is able to control
active power flows is the Unified Power-Flow Controller (UPFC); as this device can serve other
purposes as well it is treated separately in Section 5.5.3 (Unified Power-Flow Controller
(UPFQ)).

The phase shifter

The phase shifter or phase-shifting transformer is shown in Figure 5.21. The windings drawn in
parallel to each other are on the same iron core and are magnetically coupled. Therefore, a tapped
winding is on the same magnetic core as the winding whose voltage is 90 degrees out of phase
with the line-to-neutral voltage that is connected to the center of the tapped winding:

AV, x (V, — V)
AV, x (V. — V,) (5.36)
AV,  (V, — V)

. Ve=V,
no reactive  power 9
exchange between the
/ X STATCOM and the grid:
> Vs Vg
+ + STATCOM  consumes —)a
i : J:
Vi(ria) Vs(tatcom) reactive power /
STATCOM  produces /
reactive power: Vg Vs
-
jXl

Figure 5.20 Reactive power exchange between the STATCOM and the grid.
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Va o

o V + AVa
Vb Vb + AVb
Vc o ° VC + AVc

Figure 5.21 The phase shifter [10].

The result of this ‘phase shifting’ is demonstrated by the phasor diagram in Figure 5.22. By
altering the tap position, the length of the AV-phasors changes (and can become negative too)
but the orientation of the phasors remains fixed. The resulting phasors, corresponding with the
voltages at the transformer terminals, move along the dashed lines of the outer triangle, and can
be leading or lagging the primary voltage. Note that the voltage amplitude remains almost
constant for small phase corrections.

Figure 5.22 Phasor diagram of the phase shifter.
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In the following example, we will see how a phase shifter can be applied to control the active
power flow in the system.

Example 5.11 Phase shifter operation

Let us take the situation that a generator is connected to a load via two parallel transmission
lines and transformers as shown in Figure 5.23 (a). The current is / = 1/—30° pu and the
voltage V, = 1/0° pu. The values of the per unit base quantities are chosen such, that the
ideal transformer in the single-phase representation of transformer 7; can be left out from
the equations and only the series reactance of the transmission line plays a role (see
also Section 1.8 (Per Unit Normalization)). The single-phase equivalent circuit is shown in
Figure 5.23 (b).

When transformer 7, has the same turns ratio as 77, the ideal transformer in the single-phase
representation of transformer 7, can be left out too, and only the two parallel reactances
remain. The current flowing through these reactances is I, = I, = 1/2 = 0.433 — j0.25 pu
and the complex power supplied by each transformer is equal to:

Sr, = Vo] = 0.433 +j0.25

; : (5.37)
Sy, = VoI; = 0.433 4 j0.25

In case the power rating (or the transportation capacity) of the two transmission lines is
different, a phase shifter can be used to control the active power flows. Assume that transformer
T, establishes a phase shift of 3° (it has a complex turns ratio of n:1 withn = 1/—3°, see also
Appendix B.5 (Three-phase Transformer)), and that the current and voltage remain constant:
I =1/-30° puand V, = 1/0° pu. Then, the following equations must apply:

L+05L=1/-30°

o ) o K} o (538)
Vi=1/0°+j0.1-1, =1/=3°+j0.1 - I,/—3

T
@ jo.1 | |/
. n: =‘ =

—>
T s D

(a) (b)

Figure 5.23 Phase shifter application in case of two parallel connections; (a) the single-line diagram;
(b) the single-phase equivalent circuit.
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The currents /; and I, can be calculated from these equations: /; = 0.1646 — j0.2613 pu and
I, = 0.7014 — j0.2387 pu. The complex power supplied by each transformer is:

St, = VoIf = 0.1646 + j0.2613

\ : (5.39)
Sy, = VoI§ = 0.7014 + j0.2387

When we compare Equation 5.39 with Equation 5.37, we see that the active power flows
through the transformers have changed drastically, while the reactive power flow remains
more or less unchanged.

5.5.2 Controlling Reactive Power Flows

Reactive power flows in the system can be influenced by making use of series-compensation: the
effective series reactance of a transmission line is reduced in order to reduce the voltage drop
across the line and the reactive power ‘loss’ in the transmission line.

Static series capacitors

Capacitors can be put in series with the conductors of a long transmission line in order to reduce
the line reactance:

1 1
Z=R+jX=R+joL —=R+j| oL —— 5.40
+ +j +ij ﬂ( mC) (5.40)

R the total series resistance of the transmission line [€2]
L the total inductance of the transmission line [H]
C the series capacitance [F]

When the series impedance of the transmission line is reduced, the voltage drop between the
receiving and the sending end of the line decreases, as is illustrated in Figure 5.24.

X, X |
Vs v, v,
(e} 0

Figure 5.24 A transmission line with a series capacitor; V, — the voltage at the receiving end of the line
without a series capacitor; V/ — the voltage at the receiving end of the line with a series capacitor.
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Figure 5.25 Thyristor-Controlled Series Capacitor (TCSC).

Thyristor-Controlled Series Capacitor (TCSC)

The Thyristor-Controlled Series Capacitor (TCSC) consists of a series capacitance in parallel
witha TCR, as drawn in Figure 5.25. When the thyristor valve blocks the current, the TCSC is in
fact only the series capacitor. When the thyristor valve is fired, the TCSC becomes a con-
tinuously controllable capacitor or a continuously controllable inductor. A smooth transition
between the capacitive and the inductive mode is not allowed because of the resonance interval
between the two modes, as shown in Figure 5.26 (the resonance interval lies around the 135
degrees).

This graph can be drawn when we realize that the equivalent impedance of the TCSC is
equal to:

1 . 1

Zeg =7 r -/

1/GaC)

(5.41)

JoL(a) o€ - oL(o)

C  the fixed capacitor [F]
L(a) the effective inductance of the TCR [H]

Xeq! Xe |

3

angle [degrees]

Figure 5.26 The variation of the TCSC reactance as a function of the firing angle of the thyristor.
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The reactance of the capacitor is larger than that of the inductor (e.g. X¢c =~ 8 - X}).

When o = 90°, the effective inductance of the TCR reaches its minimum value, L(a) = L,
and the equivalent reactance of the TCSC is a parallel combination of the capacitor and the
reactor. As the reactance of the capacitor is larger than that of the reactor, e.g. X¢c =~ 8 - X;, the
current through the TCSC module is dominantly inductive. When oo = 180°, the effective
inductance of the TCR becomes infinite, L(o:) = oo, and the TCSC is now a series capacitor:
the current through the TCSC module is capacitive.

Static Synchronous Series Compensator (SSSC)

The Static Synchronous Series Compensator (SSSC) is depicted in Figure 5.27 and looks like
the STATCOM (see Section 5.4.3 (Reactive Power Injection)). The SSSC is a device that can
change the effective impedance of a transmission line by injecting a voltage AV that is in
antiphase with the voltage drop across the transmission line. The output voltage AV is controlled
such thatitlags the current /by 90° and thus behaves as a series capacitor. As the injected voltage
can have any magnitude in between zero and maximum voltage, a continuously degree of series
compensation is obtained. The phase of the injected voltage AV can be reversed too, thus
increasing the overall line reactance, in order to limit fault currents.

When the SSSC is equipped with an energy-storage device of suitable capacity (in parallel to
the capacitor), the active power exchange can be controlled by adjusting the angle between the
SSSC output voltage and the current 7 see also Section 5.5.3 (Unified Power-Flow Controller
(UPFC)); only when the angle is 90°, the active power exchange is zero.

5.5.3 Unified Power-Flow Controller (UPFC)

The unified power-flow controller (UPFC) is in fact an SSSC (see Section 5.5.2 (Controlling
Reactive Power Flows)) which, additionally, has an active DC source. The UPFC is equipped
with two converters (VSCs) operated from acommon DC link as shown in Figure 5.28. The basic

Figure 5.27 Static synchronous series compensator (SSSC).
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Figure 5.28 Unified power-flow controller (UPFC).

operating task of the first converter (VSC 1) is to supply and absorb the active power demanded
from the second converter (VSC 2) at the DC link. The second converter (VSC 2) injects a
voltage with a variable amplitude (from 0— AV},.«) and a variable phase angle (from 0-360°)
into the transmission line. Therefore, the injected voltage AV can take any position inside the
circle shown in Figure 5.29 (a).

The UPFC has a large number of system applications, such as voltage regulation, series
compensation and phase shifting:

e Voltage regulation is achieved when the voltage AV is in phase with the voltage Vi, as shown
in Figure 5.29 (b).

AV

vVik Vs,

(@) (b) () (d)

Figure 5.29 Phasor diagrams illustrating the operation of the UPFC.
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e In Figure 5.29 (c) a combination of voltage regulation and series compensation is demon-
strated. The voltage AV consists of two components: one that is in phase with the voltage V;
(voltage regulation) and another component that lags the line current I by 90° (series
compensation).

e InFigure 5.29 (d) acombination of voltage regulation and phase-angle regulation is pictured.
The voltage AV consists of two components: one that is in phase with the voltage V; (voltage
regulation) and another component that shifts the resulting voltage by o degrees (phase
shifting).

It is also possible to combine the three functions simultaneously, and this makes the UPFC a
universal device for power flow control. The UPFC is, however, a rather expensive piece of
equipment, which is the main reason that the UPFC has been installed in only a few places in the
world.

5.6 FLEXIBLE AC TRANSMISSION SYSTEMS (FACTS)

In the power system, the power flow follows the laws of physics. In the past, the possibilities to
control the power flows in the system were limited; they were mainly based on mechanical
devices, such as transformer tap changers and turbine governors. These mechanisms automa-
tically introduce a limitation to the speed of control. Nowadays, FACTS devices are available
that enable a greater flexibility in the operation of AC power systems (FACTS is an acronym for
flexible AC transmission systems) [11,22,23,24,25]. FACTS devices are large power-electronic
controlled devices and can do control actions at a considerable higher speed. Some of these
devices are operated in a shunt configuration for reactive power and voltage control, whereas
others are put in series to control the power flow. This gives the system operator flexibility and a
certain degree of freedom in operating the system, which is of great value in the present-day
market environment (see also Chapter 7 (Electricity Markets)).

In the previous sections we explained the operating principles of the most common FACTS
devices:

e SVC — Static Var Compensator (Section 5.4.3 (Reactive Power Injection))

e STATCOM - Static synchronous compensator (Section 5.4.3 (Reactive Power Injection))

e TCSC — Thyristor-Controlled Series Capacitor (Section 5.5.2 (Controlling Reactive Power
Flows))

e SSSC - Static Synchronous Series Compensator (Section 5.5.2 (Controlling Reactive Power
Flows))

e UPFC - Unified Power-Flow Controller (Section 5.5.3 (Unified Power-Flow Controller
(UPFQ))).
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Energy Management
Systems

6.1 INTRODUCTION

In the control centre, the transmission and distribution of electrical energy is monitored,
coordinated and controlled. The Energy Management System (EMS) is the interface between
the operator and the actual power system.

An indispensable part of the EMS is the SCADA system: the Supervisory Control and Data
Acquisition system. The main functionalities of the SCADA system are to collect real-time
measured data from the system and to present it to the computer screen of the operator, and to
control actual components in the network from the control centre. The actual network status is
stored in the ‘real-time telemetered database’, which is used as input for the other EMS
functions.

The EMS isin fact an extension of the basic functionality of the SCADA system. This includes
tools for the analysis and the optimal operation of the power system. In the next paragraphs some
of these software tools are highlighted. The state estimator (Section 6.4 (State Estimator)) serves
asa ‘filter’ of the real-time database; it determines the state of the power system that matches best
with the available measurements (some of them can be erroneous). The state estimator runs at
regular time intervals (typically every five minutes) because its output is the necessary input for
the other analysis programs, e.g.

loadflow (Section 6.2 (Loadflow or Power Flow Computation));
optimal powerflow (Section 6.3 (Optimal Powerflow));
controlled switching;

contingency analysis;

short circuit computations;

stability analysis.

These analysis programs operate in the so-called ‘extended real-time’ mode, this means that the
actual power system state is the starting-point from where (possible) future situations are
investigated.

Electrical Power System Essentials Pieter Schavemaker and Lou van der Sluis
© 2008 John Wiley & Sons, Ltd
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6.2 LOADFLOW OR POWER FLOW COMPUTATION

The word loadflow or power flow computation is self-explanatory: the flows of power in
the network are computed. Later on we will see that the name is rather misleading as first
the node voltages in the network are computed before the power flows can be calculated. The
loadflow is the most important network computation, as it allows insight into the steady-state
behavior of the power system. In the following, some of the applications of the loadflow are
described.

When a transmission line is taken out of service temporarily, for planned maintenance for
example, the power originally flowing through the transmission line will find itself a new path to
the loads. The operators want to be certain, in advance, that other transmission lines and/or
cables in the vicinity are not overloaded after taking the particular line out of service. A loadflow
computation of the network configuration in which the transmission line is taken out of service
gives insight into the new power flows and indicates possibly overloaded connections or
components.

Afterablackout has paralyzed a part of the network, the utilities put alot of effort in finding the
cause and want a reconstruction of the phenomena that eventually caused the blackout. A
loadflow calculation gives the state of the network for a certain steady-state situation. A blackout
is a longer process — of multiple more or less steady-state situations —in the course of time, so a
consecutive series of loadflow computations gives information about the system behavior
preceding to the blackout.

The node voltages in the network should be kept within close limits, during normal operation
between 1.1 and 0.9 pu. A loadflow computes the voltages in the network and visualizes the
effect of tap changing transformers, capacitor banks and load shedding on the voltage profile in
the system.

The system operation should be robust and therefore the power system is operated n-1 secure.
This means that a system component may fail without overloading other components or without
violating the voltage limits. A list with transformers, transmission lines, cables, generators, and
soonis available from which the components are taken out of service in a simulation one by one,
and each time a loadflow is computed. When a loadflow calculation shows an overloaded
connection or transformer, preventive actions can be taken in the real network to prevent that
particular situation. This analysis, based on a large number of loadflow computations, is called
the contingency analysis. The contingency analysis is performed in the control centre of the
utilities on a regular time basis.

6.2.1 Loadfiow Equations

The loadflow computation needs of course input data and, after performing the necessary
calculations, generates the output as shown in Figure 6.1. The input data consists of the network
topology and the parameters, so that the admittance matrix of the network can be built (see
Example 6.2 (p. 172)), and node information. A network node is fully described (electrically) by
four parameters:

e the voltage phasor magnitude: |V/|
o the voltage phasor angle: &
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network topology and [— node voltages
network parameters ™ = branch currents

loadflow —— branch powers
computation L= power losses

node information —— generator reactive power

—— slack node power

Figure 6.1 Loadflow computation: input data and computational results.

o the injected active power: P
e the injected reactive power: Q

Three types of network nodes can be distinguished and only two of the four parameters are
known for each node, as shown in Table 6.1. The following is a short explanation of the three bus

types.

e The load bus
Loads are modeled as constant power sinks instead of impedances. The reason for this is that
the loadflow is usually computed for the higher voltage levels (50 kVand above). The voltage
deviations, that would result from changes in the load, are cancelled out by changing the tap
position of regulating transformers, and the system ‘sees’ a load of constant power.

e The generator bus
The generator has two controls: the active power control and the voltage control. A wind
generator, however, does not have these controls and is treated in the loadflow as a load bus.

e The slack node
The loadflow computation needs one network node to be addressed as slack node. The slack
node serves as a reference for the other nodes: it is the only node of which the angle of the
voltage phasor is specified. The actual value of this reference voltage angle is not of
importance, because the other voltage angles are relative to this value. It is common practice
to take as voltage angle 8 = 0. Another characteristic of the slack node is that the power
injection at the node is not prescribed. This is a necessary requirement as becomes clear from
the following. Let us consider a network of only load buses and generator buses. That would
implicate that at all nodes, the active power injection is known (see Table 6.1), and as a
consequence, that the active power losses (|/|*R) in the network are prescribed. This is not
possible: the loadflow needs to compute the unknown node voltages first, before the line

Table 6.1 Network node types.

Number of
Node type nodes Specified Unknown
slack node (i = 1) 1 [Vl .6 P; Q;
generatorbus (i =2...N, + 1) N, P; |V Q:9;

loadbus (i = Ng +2...N) N-N;—1 P;Q; |V 8
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currents and the losses can be calculated. The difference (the slack) between the total active
power input and total active power output plus the computed total |7 |2R losses is balanced by
the slack node. Similarly for the reactive power: the difference (the slack) between the total
reactive power input and total reactive power output plus the calculated total |/ |2X ‘losses’ is
balanced by the slack node. In the considered network with only load buses and generator
buses, one of the generator buses must be assigned as slack node.

Example 6.1 Node types

Nodes where no loads or generator stations are connected, for instance substations in the
system, are treated in the loadflow as load buses with P = Q = 0.

A node can also have both a generator and a load connected. The (negative) power injected
by the load (Pjoad and Qioaq) is known as well as the Py, and | V| gen of the generator. Because the
voltage magnitude is a common parameter, the node can be modeled as a generator bus with:
[V]| = |V] en a0d P = Pgen + Pload-

gen

In order to find arelation between the four quantities that electrically describe a network node, as
specified in Table 6.1, the so-called loadflow equations are derived below.

The admittance matrix Y describes the relation between the current injected at the network
nodes and the node voltages:

I Yu Yo . . Yw Vi
L Yor Yo . . Y Va

I=YV < - (6.1)
Iy Yvi Y2 - . Yww ]| [ Vn

N  the total number of network nodes
The admittance matrix Y can be built up as follows:

o the element on the main diagonal Y;; equals the sum of all admittances directly connected to
node i;

e the off-diagonal element Yj; equals the negative value of the net admittance connected
between node i and node j (note that the off-diagonal element Yj; has the same value, as the
net admittance connected between node j and node i is the same as the net admittance
connected between node i and node j).

This is illustrated in the following example.

Example 6.2 Elements of the admittance matrix Y

Consider the example admittance network shown in Figure 6.2. The node voltages are
measured with respect to the reference node (node 0 in Figure 6.2). For all the nodes, apart
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Figure 6.2 Example admittance network for building the admittance matrix Y.

from the reference node, we write down Kirchhoff’s current law that states that the current that
is injected into node i by a current source must equal the sum of all currents leaving node i:

L=VY,+Vi—=V)Yp+ (Vi — V3)Y,
0= (V2 — V])Yb + (V2 — V3)YC (62)
I3 = (V3 — Vl)Yd + (V3 — VQ)YC

This equation can be written in the matrix notationI = YV:

I (Ya+Yb+Yd) -Y, Yy Vi
0] = -Y, (Yb + Yc) -Y, Vs (6.3)
L =Yy =Y. (Yc + Yd) V3

When we compare this admittance matrix with the circuit in Figure 6.2, we see that the
admittance matrix ¥ canindeed be built up easily by looking at the circuit and applying the two
before-mentioned rules for the diagonal and off-diagonal elements.

The elements in the admittance matrix Y can be written as (see also Section 1.4 (Phasors)):

Yy = |Y;y[ 20 = |Yjjl(cos 0; + jsin0;) = Gy +jB;; (6.4)
G;; the conductance
Bj; the susceptance
The voltages of the network nodes can be expressed as follows:
Vi = |Vi|£8; = |Vi|(cos §; + jsin &;) (6.5)
From Equation 6.1 the injected current at node i can be obtained:

N
I; = i1V1+Y52V2+---+YiNVN:ZYmVn (6.6)

n=1
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The complex power injected into node i is:
Si = Vil = P; +jO; (6.7)

Substituting the equations for the voltage at node i (Equation 6.5) and the injected current at node
i (Equation 6.6), gives us:

N N
Si = Vi8> YV = IViViaYiul (=i — 8, + 87)
n=1 n=1

|ViV,Yin|[cos(—=0;, — 8, + 8;) +jsin(—6;, — 5, + J;)] (6.8)

M- 1

|ViVnYin|[COS(ein + 6;1 - 61) _jSin(ein + 611 - 61)]

n=1

For the injected active and reactive power at node i, we can write:

N
P,’ = Z |ViVnYin| COS(ein + 8” - 8’)

n=1

, (6.9)
= |Vi|2Gii =+ Z ‘ViVnYin‘ cos(@,»,, + 5,, — 6,)
rz;il
N
Qi = - Z |ViVnYin| Sin(ein + 8;1 - 6[)
n=1
(6.10)

N
= *|Vi|23n' - Z |ViV,Yin| sin(6;, + 8, — &;)
n=1

#i

Both Equations 6.9 and 6.10 compose the loadflow equations. They represent the computed
active and reactive power injection at a node i, as a function of — in principle — all the node
voltages in the network.

The loadflow problem can now be formulated as: determine the voltages (V;, §;) in the column
labelled ‘unknown’ in Table 6.1 such that, when all the voltage values are inserted into the
loadflow equations (Equations 6.9 and 6.10), the computed active and reactive power injections
at the specific nodes correspond with the values as given in the column labelled ‘specified’ in
Table 6.1. Or in equations:

APi = Pzﬁ,specified - Pi,computed =0 (611)

AQi = Qi,speciﬁed - Qi,computed =0 (612)
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The loadflow computation will be demonstrated by the following numerical examples.

Example 6.3 Loadflow equations

As an example the two-node network in Figure 6.3, will be analyzed. Despite the fact that the
network is rather simple, it is not possible to ‘see’ or estimate what the value of the voltage at
node 2 is. Therefore, a loadflow computation has to be done. The network has two nodes: one
with a generator connected to it, which is taken as the slack node, and a node with a load
connected, which is a load bus. The nodes are interconnected by a short transmission line (see
Appendix E.4 (The short transmission line)).

@ @

| Z = 0.025 +0.25 |
vV =1.0£0 @ P S =06+,0.3

(V1=‘V1‘481) | | (82=P2+j02)

Figure 6.3 Example loadflow network.

In the example network (Figure 6.3), the voltage at node 2 is unknown whereas the power
injections P, and O, are specified, and thatis why only the corresponding loadflow equations at
node 2 need to be derived (Equations 6.9 and 6.10, with N = 2 and i = 2):

P2 = |V2|2G22 + |V2V] Yz] | COS(ezl + 61 - 62) (613)
0> = —|Va*Byy — [VaV1 Yoy | sin(0y + 81 — 8,) (6.14)

The admittance of the line is ¥ = 1/Z = 0.396 — j3.96 and the admittance matrix for the
network of Figure 6.3 is:

| 0.396—;3.96 —0.396+j3.96

Y= —0.396+j3.96  0.396—j3.96 (6.15)
The elements in the admittance matrix can be denoted as:
Yy = Gy +jBj = [Y;|/6; (6.16)

Thus, the following terms in the loadflow equations are obtained from the admittance matrix
(angles in radians):

Yar = |Y21]/02 = 3.98/1.6705

: . (6.17)
Y2 = G + jBa = 0.396 — j3.96
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Substitution of these admittance values and the voltage dataatnode 1 (|V;| = 1.0 and &; = 0)
into the loadflow equations (Equations 6.13 and 6.14) results in the following set of equations:

Py = |V2]20.396 + 3.98| V| cos(1.6705 — 8,) (6.18)
0, = 3.96|Va|* — 3.98|V, | sin(1.6705 — 5,) (6.19)

The unknown voltage quantities in the network, i.e. |V,| and &,, must be determined such
that the calculated power injections at node 2 equal the specified power injections at
node 2:

Py = 0.396|V,|* + 3.98|V,| cos(1.6705 — &,) = —0.6 (6.20)
0, = 3.96|V5|* — 3.98|V,|sin(1.6705 — &,) = —0.3 (6.21)

The minus sign of the specified power values is caused by the fact that in Figure 6.3 the power
consumed at node 2 is given instead of the injected power.

The loadflow problem of the example two-node network has been reduced to a set consisting
of two non-linear equations (Equations 6.20 and 6.21) and two unknowns (|V»| and 6,). How
this system can be solved is demonstrated in the following examples.

Example 6.4 Solving the loadflow equations directly

Consider again the two-node network in Figure 6.3. Although the example network is simple,
calculating the unknown voltage quantities |V,| and 9, is not so easy, as can be seen in the
following direct calculation. First, Equations 6.20 and 6.21 are rewritten:

—0.6 — 0.396|V5|?
1.6705 — &,) = 22
cos(1.6705 — §,) XTIA (6.22)
. 0.3 +3.96|V,|*
1.6705 — 8)) = ————2 6.23
sin( 2) 3.98[V;| (6.23)

When these two equations are squared and added, the following equation results:

3.982 . |Va)* = 0.6° 4 0.3 +2(0.6 - 0.396 + 0.3 - 3.96)|V»|* + (0.3967 + 3.96%)|V,|*
(6.24)

This system gives two possible values for |Va|: |Va2| = 0.1904 pu and |V»| = 0.8853 pu
(see also Figure 8.4 in Section 8.6.1 (Non-linear Phenomena and Chaos)). The corre-
sponding values for &, can be obtained from Equations 6.22 and 6.23: 6, = —0.8458 rad
and &, = —0.1617 rad.

It becomes clear from this exercise, that it is not so easy to solve the non-linear loadflow
equations by means of straightforward arithmetic, noteven for atwo-node network. Therefore,
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an iterative method is applied to solve the non-linear loadflow equations as demonstrated with
the Newton-Raphson method in the following example.

Example 6.5 Solving the loadflow equations iteratively

Consider again the loadflow equations as determined in Example 6.3 (p. 175). We call the exact
solution of the voltage at node 2:

I T

[Val 8 (6.25)

Because we don‘t know this exact solution yet, we start the calculation by making a guess:
V2|, 8% (6.26)
The difference between the exact solution and our guess is:
AV = o] V@, 480 = 5] — & (627)

For the exact solution point, we can write:

T

Py(|Val', J') Po([Va] @ + A 80 + A8Y) = —0.6 (6.28)
T

0(|Vs| ,51) = 0 (IVa|@ + AV, @8 + AsY) = —0.3 (6.29)

The next step is to determine the dlfference between the exact solution and our initial guess,
being the corrections, by solving A| V2|( AB from the following first order Taylor expan-
sion of Equations 6.28 and 6.29:

Po(valT, 81) = Po(1va]© + AV ©@ 5 4 AS(O)) — 06

| op op,|© (6.30)
~ Po(|V2]®,8)) + AV a|v2| 2%,
0:(Ivalf,8]) = Qu(1Va| @ + AV, @ 60 + A5(2°>) — 03
d 0)0 (6.31)
zQ2<|v2|<°>,5§°>>+A|v2|<°>a|§j| +ABY agj

The notation (./0.)|'”) indicates that the partial derivatives are evaluated based on our initial
guess for the voltage values: |V2| 0 8&0 .
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The terms of order higher than one in the Taylor expansion have been neglected: in this way a
linearrelation between the corrections and the other terms results, so that the corrections can be
computed from the following matrix equation:

0P, aP, 1

35, 3|Vs| AP | (AP _ [—06—pro(val@, 50 (6.32)
00: 80> | [AW[ | [AQY | [-03 - 0a(1V2”,5))

35, Vs

Jacobian corrections mismatches

The mismatches are the difference between the prescribed power injected at node 2 and the
injected power at node 2 as computed with the loadflow equations, based on the guess for the
voltage at node 2.

The corrections can be calculated by inversion or factorization of the Jacobian matrix.
When the corrections are added to the initial guess, we find an approximation of the exact
solution:

AV @ 4+ Vo] @ = 113D 2 v, 480 4+ 50 = 8 6] (6.33)

That we don’t find the exact solution after one computational step is because we truncated
the Taylor expansion in Equations 6.30 and 6.31 after the first order term. Therefore, the
iterative process has to be repeated until the mismatches become smaller than a certain
predefined value.

Letus now make an initial guess for the unknown voltage at node 2. The easiest thing to do, is
to choose the voltage equal to that of node 1:

Vo =1.0,8%" =0 (6.34)
Substitution in the loadflow equations (Equations 6.18 and 6.19), gives us:

P, = 0.396|Va|* + 3.98| V| cos(1.6705 — &,)

(6.35)
=0.396-143.98-1-cos(1.6705) =0
0> = 3.96|V,|* + 3.98|V;|sin(1.6705 — &) (6.36)
=3.96-1-3.98-1-sin(1.6705) = 0 ‘
For the elements in the Jacobian matrix, we find:
oP .
6—82 = |V2V1 Y21| sm(ezl + 81 — 52)
oP, ) (6.37)

— 2| =1-1-3.98sin(1.6705) = 3.96
35,
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oP,
6|V | = 2|V2|Ga + |V 21| cos(02 + &1 — 32)

o (6.38)

opP
— 2| =2.1-0396+1-3.98-cos(1.6705) = 0.396
o|Va|
opP;
6|V | |V2V1Y21|C0S(621 + 6 —62)
op (6.39)
2
—_— =1-1-3.98-co0s(1.6705) = —0.396
S (1.6705)
0 .
|‘Q/2| = 2‘V2|Bzg — |V1 Y21| sm(921 + 61 — 62)
o (6.40)
00, .
= —2-1--3.96—1-3.98 - sin(1.6705) = 3.96
oV,

Substitution of the obtained values in the matrix equation (Equation 6.32), gives us the
following set of equations:
A | [-06-0 (6.41)
A|V2|(0) T 1-03-0 '

The corrections can be computed with Equation 6.41:

396  0.396
—0.396  3.96

ASY)

(6.42)
A|V;| (0)

—0.09

0]

Adding these corrections to our initial guess, results in an approximation of the voltage at
node 2:

8" =0 —0.1425 = —0.1425rad (6.43)
V2|V =1-0.09=091pu (6.44)

These values are used as anew ‘guess’ for the voltage at node 2 and the computational process
is repeated with this new ‘guess’.

The consecutive iterations are shown in Table 6.2. The iterative process (in this example) is
stopped when the absolute values of the power mismatches become smaller than 1.e-3.

This answer corresponds to the one that we found earlier by solving the system directly in
Example 6.4 (p. 176). In that example we also found a second solution, that we can calculate
here as well, by choosing a very awkward initial guess for the value of the voltage at node two:

V5@ =0.1,60 =0 (6.45)
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Table 6.2 Consecutive iterations with initial voltage: V, = 1/0.

Iteration |V2| [pul 8o [rad] AP, [pu] AQ> [pu]
0 1.0000 0.0000 —0.6 —-0.3

1 0.9100 —0.1425 —0.0594 —0.0634

2 0.8863 —0.1610 —0.0021 —0.0024

3 0.8853 —0.1617 —0.3140e-5 —0.3754e-5

angles are set to zero values (e.g.|V>
computation.

| (0)

The consecutive iterations are shown in Table 6.3.
It is unnecessary to mention that this last solution is far from realistic, because the load is
supplied at a very low voltage and, therefore, a high current (see also Section 8.6 (Blackouts
and Chaotic Phenomena)).
It is common practice to choose a flat start, i.e. voltage magnitudes equal to one while the

_ 0 _ D
= 1.0,8,’ = 0), as initial guess for each loadflow

Table 6.3 Consecutive iterations with initial voltage: V, = 0.1/0.

Iteration |V2| [pu] 8y [rad] AP, [pu] AQ> [pu]
0 0.1000 0.0000 —0.5644 0.0564
1 0.1000 —1.4250 —0.2064 —0.3213
2 0.1572 —0.5295 —0.2416 0.1080
3 0.1761 —0.9242 —0.0136 —0.0583
4 0.1895 —0.8419 —0.0045 0.0016
5 0.1904 —0.8458 0.0319e-4 —0.1796e-4

6.2.2 General Scheme of the Newton-Raphson Loadflow

The loadflow computation is in fact the calculation of the voltage magnitude and angle at each
bus of the power system under specified conditions of system operation. Other system quantities
such as the current values, power values and power losses can be calculated when the voltages
are known. Speaking in mathematical terms, the loadflow problem is nothing more than a system
consisting of as many non-linear equations as there are variables to be determined.

The unknown voltage quantities, or state variables, can be combined in a single vector:

T DJ -

5,

dy

L [VIy

.

(6.46)

Note that the subscript of the voltage angles starts from 2, as only the voltage angle of the
slack node, being node 1 in the network, is known. The subscript of the voltage magnitudes
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starts from N, + 2, as only the voltage magnitudes of the load buses are unknown (see also
Table 6.1).

The loadflow equations at node i represent the computed active and reactive power injection
(at node ) as a function of — in principle — all the node voltages in the network:

N
P[ = |Vi|2Gii -+ Z |V,'VnYm‘ cos(Om + Sn — 6,) (647)
n;il
N
Qi = —|Vil’Bi = > |ViVa Y| sin(8, + 8, — 3;) (6.48)

n=1

#i

The unknown voltage magnitudes and angles must be determined such that, when all the voltage
values are entered into the loadflow equations (Equations 6.47 and 6.48), the computed active
and reactive power injections at the specific nodes correspond with the specified power
injections. In other words: the state variables must be determined such that the power mis-
matches, being the difference between the specified and computed power injections, are equal to
Zero:

P2,specified — P, (x)
AP(x) = : =0 (6.49)

PN,specified - PN(x)

QN8+2,specified - QNg+2 (x)
AQ(x) = : =0 (6.50)

QN,specified - QN (x)

The power mismatches can also be combined in one vector:

h(x) = [ﬁggﬂ =0 (6.51)

When for a particular state vector x the power mismatches are not equal to zero (h(x) # 0), a
correction Ax must be determined such that i (x + Ax) = 0. Application of a first order Taylor
approximation, results in the Newton-Raphson iterative formula:

HAx = —h(x) (6.52)

H the Jacobian of the power mismatches h
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When J is defined as the Jacobian of the loadflow equations, it holds that J = —H and the
Newton-Raphson iterative formula can be written as:

JAx = h(x) (6.53)
J  the Jacobian of the loadflow equations

The iteration process of the Newton-Raphson method is graphically illustrated in
Figure 6.4 for a one-dimensional case. The general scheme of the Newton-Raphson load-
flow is listed in the flowchart in Figure 6.5. The Jacobian terms, i.e. the partial derivatives
of the injected active and reactive power to the voltage angles and magnitudes, are found
with Equations 6.47 and 6.48 as:

oP; _ in(0;, + 8, — 8
68,‘ = ; |V1VnYm| SIH( in + On — i) (654)
#i
oP; _ —| ViV, Y| sin(8; + 5, — &) (6.55)
35
0 _ O + 8, — 5
% = ;|V5VnYm|cos( in + 8y — 8)) (6.56)
#i
A
h(x)
h(x°)
h(x"
h(x?)
X3 X2 X XX x
— ] |<->|<—>|<—>|
AX® Ax2 Ax'

Figure 6.4 The Newton-Raphson method.
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C make an initial guess for the unknown voltages: \Vi\(o), 650) >
T
k=0
N
k) k) 2
PV 8 = VTG, + z |V:V, Y., cos(8;, +8,-8)
K ki compute the D
K= K+ 17 Joadflow equations: "
k) k) 2 .
0V, &) = |V 'B;; - 2 [V:V,Y,,|sin(8;, +8,-35)
n=1,n#i

'

(k) (k) (k)
. AP =P speciﬁed_Pi(lvil 8
compute the power mismatches:

(k) (k) (k)
A Ql‘ Qi, specified — Qi(lvil ’ 6i )

are the absolute values of the mismatches
smaller than a predefined value €?

< compute the Jacobian terms )
/ solve the corrections from the following system: \
Jacobian-corrections = mismatches
r 1k
ap, ap, | op, ap, |“
95, T ddy a|VNg+2‘ 0V ) o .
. . . . k k
Jn : : Jis : Aﬁ; ) A P(2 )
oPy oPy | oPy oP, : 1
3/, By |V A a® || apy
3QNK+2 aQNK+2 aQNK+2 aQ1\1&,+2 A |VN +2|(k) A Q%()”
95, 7 9oy a|ng+2‘ Yy : :
I : : Jy A |VN‘(k) A Qﬁf)
90y 90y 90y 90y ) o )

\ S mf-‘—/; y

add the corrections to the previous value:

50D = 61 g

i = v ea v @

Figure 6.5 Flowchart of the Newton-Raphson loadflow computation.
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00;
ag = —|ViV;Y;i| cos(8; + & — &) (6.57)

J
oP; —2|V~\G~+XN:|V Yin| cos(03, + 8, — &) (6.58)
a|vl| - l i - n+in cos m n 1 .

#i
oP;
6|Vj| = ‘V,YU| COS(e,'j + Sj — 6,) (659)
00 _ 2|V;|B ZN:WY | sin(0;, + 8, — &) (6.60)
a|vl| - l 12 - ntin mn n 1 .
#i

00 .
v~ —|V,;Y;| sin(0; + &; — &) (6.61)

6.2.3 Decoupled Loadflow

InSection 5.2 (Basics of Power System Control) we found out that there is a kind of ‘decoupling’
between the active power and voltage angles on the one hand and the reactive power and voltage
magnitudes on the other, when some specific properties of power systems under normal
operating conditions are taken into account:

e the resistance of the overhead transmission lines is much smaller than its reactance;
o the differences between the voltage angles are small.

This ‘decoupling’ can be recognized in the Jacobian matrix, as the elements of the off-diagonal
submatrices J |, and J;; (the off-diagonal elements in Equation 6.62 (Example 6.6 (p. 184))) are
rather small.

Example 6.6 Decoupling between active and reactive power

Consider again the two-node network in Figure 6.3. In the iterative computation of this
loadflow (Example 6.5 (p. 177)), the following equation (Equation 6.41) was derived:

Pz,speciﬁed - P2(|V2|(0)7 5§0))
O specified — Q2(| V2| o, 550))

{ 3.96 0.396“ Ay (6:62)

—-0.396 3.96 A|V2|(0>

The off-diagonal elements in the Jacobian matrix are relatively small and therefore, changesin
the voltage angles have a strong impact on the active powers. Changes in the voltage
magnitudes, however, influence strongly the reactive powers. This ‘decoupling’ between
the active and reactive power equations occurs only when the resistance of the transmission
link is much smaller than the reactance ((R = 0.025) < (X = 0.25)), and when the difference
between the voltage angles is small (§; — 3, = 0.1617 rad = 9.2647°).
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Therefore, the Jacobian matrix can be simplified by making the elements in the off-diagonal

submatrices J, and J»; zero, so that the following two equations result:

0%, ooy | [ Ad2 AP,
coJn S :
00, 0oy |
0On,2  O00n2]

OV, 12| d| V| AlV 42| AQN,+2
E J2 : 5 - ;
o0y ... 90y A|Vy| AQn

0|V, 42| o[Vn |

(6.63)

(6.64)

Those equations seem to be decoupled as the real power mismatches are used only to calculate
the voltage-angle corrections, whereas the reactive power mismatches are applied only to
calculate the voltage-magnitude corrections. But, the elements in the matrices J;; and J, still
depend on both the voltage magnitude and the voltage angle. In order to obtain an efficient
computational procedure, further simplifications can be made in the matrices J; and.J,,, when

we take into account that during normal system operation [10]:

e the line susceptances are much larger than the line conductances: Gjsin(5; — &)

< Bjjcos(8; — &);

e the differences between the voltage angles are small: sin(d; —§;) =8, —9; and

cos(d; — ;) = 1;

o thereactive power injected into anode is much smaller than the reactive flow that would result

if all lines connected to that bus were short-circuited to reference: Q; < |V,~|2B,-,~.

The elements in the matrix J; can now be simplified as follows:

0P, & .
3. = Z |VanYm| Sln(ein + 6n - 61)
n:i]
= —0i— [Vil’Bi = —|Vi'Bi
OP; .
5= —|ViV;Y;| sin(8;; + 8; — &;)
j

= —|V;V;Y,|[sin(0;) cos(8; — ;) + cos(0;;) sin(d; — ;)]
—|ViV;|[Bjj cos(8; — 8;) + Gy sin(8; — 8;)] = —|V;V}|By;

(6.65)

(6.66)



186 Energy Management Systems

For the elements in the matrix Jy,, it is convenient to multiply the partial derivatives with the
voltage magnitude:

00; 2 N )
Vil == = —2|Vi|"Bii — |ViVu Y| sin(8;, + 6, — &;)
BVl Z; (6.67)
=0;— |Vi|zBii = _|Vi|2Bii
00; :
|Vj|—a|vj| = —|ViVj||¥y| sin(6; + &; — &;) = —[V;V}|By (6.68)

When we fill in those simplified partial derivatives in Equations 6.63 and 6.64, we obtain the
following system of equations:

—|Va*Byy -+ —|VaVy|Bay ] [ A8, AP,
. . = (6.69)
—|VaVy|Bya -+ —|Vw[*Bay ] [ ASN APy
—|Vn2lBysans2 0 —|VasalBy,an ] [AI Vi1l AQy, 2
: : : =1 (6.70)
—|Vn|Byn, 2 e —|Vn|Byn AlVy| AOx

When we divide each row in this system of equations by the voltage magnitude thatis common in
this row, and make the remaining voltage magnitudes in the left-hand side of Equation 6.69 equal
to 1.0 per unit, we actually obtain a decoupled system of equations:

AP,
—By» -+ —By A%, [Val
: : = : (6.71)
—Bya -+ —Bnnv | [ Ady APy
\2%
AQn, 42
—Bygonq2 0 —Bygan] [A|Va,4 |VNg«g+2|
—Bwvn,+2 0 —Bwyw A|Vy]| AQy

V|
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Both matrices are constant and depend on the grid parameters only. This means that the matrices
have to be calculated and factorized only once, and this results in a faster loadflow algorithm
despite the fact that more iterations may be needed to reach zero mismatches. It is important to
realize that all approximations are made in the Jacobian matrix only, while the power mis-
matches are evaluated without approximation. Therefore, only the speed of convergence is
affected, but not the final result. This becomes clear from Figure 6.6, in which the iteration
process of the Newton-Raphson method is visualized for a one-dimensional case in which the
Jacobian matrix is kept constant: more iterations are needed than in Figure 6.4, but the final
solution is the same.

The decoupled loadflow is solved as follows. The procedure starts with an initial guess for the
unknown voltages. Furthermore, the matrices in Equations 6.71 and 6.72 are built and inverted
or factorized, followed by an iterative procedure:

calculate the active power mismatches: APi(\V,-|(k>, 651‘)) /| Vi|<k);

solve the voltage-angle corrections from Equation 6.71;

update the voltage angles: SEHI) = Sgk) + Aﬁfk);

use the wupdated voltage angles to calculate the reactive power mismatches:
AQ([Vil™, 55 /i ®);

solve the voltage-magnitude corrections from Equation 6.72;

e update the voltage magnitudes: |V;|“™" = |v;|® 4 A|v;|¥);

e repeat this iterative procedure until the absolute values of the active and reactive power
mismatches are smaller than a predefined value.

This procedure will be illustrated in the following example, by solving the loadflow of the two-
node network in Figure 6.3.

A
h(x)
h(x°)
h(x")
h(x?)
T T X3 X2 X1 XO XV
I

Figure 6.6 The Newton-Raphson method with a fixed Jacobian.
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Example 6.7 Decoupled loadflow

Consider again the two-node network in Figure 6.3. The loadflow of this network will now be
computed by a decoupled loadflow.
We first choose the unknown voltage of node 2 to be equal to the voltage of node 1:

V5|9 =1.0,8%" =0 (6.73)
The active power mismatch amounts:

AP, (o], 85)  =0.6 = Pa(|va|”,8)") _ —0.6—0 _
|V2|(0) |V2\(0) 1

—0.6 (6.74)

Now we can calculate the voltage-angle correction (the value of By, can be read from the
admittance matrix in Equation 6.15):

_APy(v2[”,59)

—BpASY - 3.96A8)) = —0.6 (6.75)
| V2 ‘ (0)
This gives us for the voltage-angle correction ASgn = —0.1515 rad, so that we can update the
voltage angle:
58 =5 + ASY) =0 —0.1515 = —0.1515rad (6.76)

This updated voltage angle is applied when we determine the reactive power mismatch:

AQ (V2| 85") =03 = 0s(|v2”,85") _ ~0.3 —0.1051

= —0.4051 6.77
V| V| ! e

Now we can calculate the voltage-magnitude correction from:

_ A (2|, 8"

— 3.96AV,|% = —0.4051 6.78
0
V,|©

—Bng|V2|(0)

|(0) _

This gives us for the voltage-magnitude correction: A|V,|"” = —0.1023 pu, so that we can

update the voltage magnitude:

VoD = V4| @ + AV, = 1+ (—0.1023) = 0.8977 pu (6.79)

The iterative process (in this example) is stopped when the absolute values of the power
mismatches become smaller than 1.e-3. As this is not the case yet, the updated voltage
magnitude will now be applied when determining the active power mismatches and so the
procedure continues. The consecutive iterations are shown in Table 6.4.
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Table 6.4 Consecutive iterations of a decoupled loadflow.

Iteration [Va| [pu] 8o [rad] AP, [pu] AQ [pu]
0 1.0000 0.0000

1 0.8977 —0.1515 —0.6 —0.4051

2 0.8868 —0.1603 —0.0346 —0.0430

3 0.8855 —0.1615 —0.0048 —0.0053

4 0.8853 —0.1616 —6.3506e-4 —6.7891e-4

A comparison with Table 6.2 shows that the same solution of the loadflow problem is
obtained.

In power system analysis, the so-called fast-decoupled load flow is frequently used
[32,36]. The fast-decoupled load flow is closely related to the algorithm that we derived
here.

6.24 DC Loadfiow

In situations where a lot of loadflow computations have to be made, as is for instance the case
for reliability computations or for security analysis, a linear approximation of the loadflow
problem can be made to save computation time: this is called the DC loadflow. The DC
loadflow is principally different from the decoupled loadflow. In the DC loadflow the non-
linear loadflow equations are linearized to ease the calculation and to speed up the computa-
tion of the unknown voltages; this means that the actual model of the power system is altered
and this affects the final solution of the loadflow. In the decoupled loadflow the non-linear
loadflow equations are solved iteratively (the model of the power system remains unchanged)
and approximations are made to the Jacobian matrix only; therefore only the speed of
convergence is affected, but the final result remains the same.

The DC loadflow can also be applied to find a fairly good approximation of the unknown
voltages that can be used as initial values in a Newton-Raphson/decoupled loadflow
calculation.

Active power equations

The following approximations are made:

e the node voltage magnitudes are 1 pu;

e the resistances of the transmission lines are neglected: Y; = Gj; + jB; = |Y;|/0; with
G;j = 0and 0; = /2 rad;

e the differences between the voltage angles are small: sin(d; — ;) =&, —9; and
cos(6; — &;) = L.



190 Energy Management Systems

Under these assumptions, the active power loadflow equation (Equation 6.47) can be written as:

N
P = [Vi’Gii + Y _ ViV Vin| cos(8n + 5, — &)
n=1

#i
N

N T
=3 Wlcos (5 +8, = &) = > [Yaulsin(~5, + &) (6.80)
o

n=1

£i
N

= - Z |Yin|(6n - 6!’)
n;i]

Now, a linear relation is obtained between the active power injections and the busbar voltage
angles.

Example 6.8 DC loadflow computation of the voltage angle

Consider again the two-node network in Figure 6.3. In the DC loadflow approximation the
resistance of the transmission line is neglected, so that the admittance of the line equals
Y =1/Z =1/j0.25 = —j4 S, and the admittance matrix of the network can be written as:

—j4 4
Y:[ji 11'4} (6.81)

The unknown voltage angle &, will be approximated by means of the DC loadflow computation
(Equation 6.80):

P, = *|Y21|(51 — 52) =48, = —0.6 (6.82)

8, = —0.15rad (6.83)

The exact value is 8, = —0.1617 rad (Example 6.4 (p. 176)).

Reactive power equations

The following approximations are made:

o the resistances of the transmission lines are neglected: Y; = G + jB; = |Y;;|£0; with
G;j =0and 0;; = m/2rad;

e the differences between the voltage angles are small: sin(; — ;) = &; — 9; and
cos(d; — ;) = 1.



Loadflow or Power Flow Computation 191

With these assumptions, the reactive power loadflow equation (Equation 6.48) can be written as:

N
0; = *|Vi|2Bii — Z |ViVnYin‘ Sin(ein + 8 — 6’)

=
#i

N
m
= —|Vi’Bii = Y _ [ViVaYiu|si (- 5n—5i)
Vi = | rlsingz

#i

(6.84)
= —|Vi|’B;; —Zwv Y| cos(=8, + &)

i

N
= —|Vi’Bii = ) |ViVYal
n=1

#i

The relation between the voltage magnitudes and the reactive power injections is still non-linear.
This equation can be linearized when instead of the actual voltage magnitudes, the variations of
the magnitudes around a 1 pu voltage are taken into account. In that case the voltage magnitudes
can be approximated by [5]:

1
Vi=1+AlV d ——=1-A|V 6.85
VI=1HAV] and Vi (6.:5)
Rewriting Equation 6.84 gives:
9 -
—=—|V|Bi — VaYin 6.86
vi = VB3 VT (6.86)

Substitution of Equation 6.85 leads to the following expression:

N Ng+1
Qi(1 = AlVi)) = —=(1+ A[Vi)Bi — > Yl (1 + A|V,])— Z\vm (6.87)
n=Ng+2,7#i n=1,#i

The summation has been split in two parts: the first summation is taken over all the load buses, of
which the voltage magnitudes are unknown, and the second summation is done over all the
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generator buses and the slack node, of which the voltage magnitudes are known. Bringing all the
knowns to the left-hand-side and the unknowns to the right-hand-side gives:

N Ny+1 N
Qi+ Bii + Z |Yin|+z VY| = AlVi|(Qi — Bit) — Z | Yin| Al V] (6.88)
n=Ng+2,#i n=1,#i n=Ng+2,#i

We now have obtained a linear relation between the reactive power injections and the deviations
of the unknown voltage magnitudes from a 1 pu voltage level.

Example 6.9 DC loadflow computation of the voltage magnitude

We take again the two-node network in Figure 6.3, of which the admittance matrix under the
DC loadflow approximations is given in Example 6.8 (p. 190), Equation 6.81. The unknown
voltage magnitude |V;,| will be approximated by means of the DC loadflow computation
(Equation 6.88):

Q> + By + |ViYai| = A|V,|(Q2 — Bn)
03— 444 = AV|(—0.3 +4) (6.89)
AlVa| = —0.0811 pu

[Va| = 1+ A|Va| = 0.9189 pu (6.90)

The exact value is |V,| = 0.8853 pu (Example 6.4 (p. 176)).

6.3 OPTIMAL POWERFLOW

The loadflow or powerflow computation solves the node voltages in a given network under
specified load conditions and a selected generation. Besides the generator power, also the
injected power (e.g. reactive power from capacitor banks), the transformer tap ratios and the
phase-shifter settings can be chosen. It is this freedom of choice that makes it possible to
optimize the system for certain criteria. An optimal powerflow is a loadflow computation, in
which the calculation of the node voltages and the optimization of the controllable variables are
carried out simultaneously.
The optimization problem can be defined as follows:

minimize flx,u)
subject to h(x,u)=0
gmin < g(x7u) < gmax
umin < u < ymax

(6.91)
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X the vector with the state variables; this is the vector with the unknown voltage
quantities for the loadflow computation (see Equation 6.46);
u the vector with the controllable variables; these are the injected power, the

transformer tap ratios, and the phase-shifter settings.

f(x,u) the function to be minimized; the goal of the optimization can serve many
purposes: minimization of the generating costs, minimization of active power
loss or reactive power loss etc.;

h(x,u) the vector with the equality constraints: these are the power mismatches from the
loadflow computation (see Equation 6.51);

g(x,u) the vector with the inequality constraints; these equations contain all limitations of
technical or institutional kind other than the loadflow equations, such as: maximum
values for node voltages / power flows / currents, restrictions regarding power
exchanges, fuel restraints etc., the constraints imposed on the controllable variables
are treated separately.

In mathematical terms this is a constrained optimization problem. For a more extensive
treatment of these kind of problems, the reader is referred to the mathematical literature on
this topic.

6.4 STATE ESTIMATOR

The operator of a power system must be able to observe every part of the system at all times. The
system view should be coherent; there should be no gaps, no incongruities and no misinforma-
tion. The SCADA (Supervisory Control And Data Acquisition) system, which collects real-time
measurements from the power system, cannot fulfil all of these requirements. Some measure-
ments may not be available, other measurements may be corrupted because of hardware failures
or communication problems, redundant measurements of the same quantity are rarely the same,
and even some measurements could be totally wrong. The combination with the state estimator
overcomes the deficiencies of the SCADA system. In effect, the state estimator enhances and
maintains the integrity of the real-time database, thus making it possible for the control centre
software to support the operator with a complete, consistent and accurate system overview.

The state estimator requires input data and, based on this, generates the output as shown in
Figure 6.7. The input data consists of the network topology and the values for the network
parameters. Furthermore, measurement data is supplied. The measurements can be divided into
three classes:

network topology and
network pparar%)étersg' —— state (node voltages)

state

estimator [ quality of the estimation

measurements ————

virtual measurement and

B e [ CE———Y

measurements topology errors

Figure 6.7 State estimator: input data and computational results.
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e telemetered measurements: on-line telemetered data like bus voltages, branch currents and
current injections, real power flows and injections, reactive power flows and injections;

e pseudo-measurements: manufactured data, such as guessed MW generation or substation
load demand based on historical data;

e virtual measurements: not real measurements, but data generated in the control centre; a
substation with only one incoming feeder and two outgoing feeders, for instance, has a zero
injected active and reactive power; this is ‘measurement’ data that we can generate in the
control centre and that we are absolutely certain of.

The state of the power system is described by the bus voltage magnitudes and phase angles. The
number of state variables amounts 2N — 1 (with N the number of nodes in the network), as one
phase angle serves as a reference and is not included in the state vector:

S

Oy

v, (6.92)

LIVIy ]

In practical state estimation, the measurement set is redundant: the number of measurements (1)
is much larger than the number of state variables that has to be determined (m > 2N — 1).
Therefore, the state estimation problem is an optimization problem: determine the unknown
state variables such that they correspond best with the redundant measurement set. Or in
mathematical terms: solve a system consisting of more equations than there are variables to
be determined (m > 2N — 1). In the case that there is no redundancy, i.e. the number of
measurements equals the number of state variables (m = 2N — 1), the state estimation transfers
into aloadflow problem: a system with as many equations as there are variables to be determined.
When the number of measurements is smaller than the number of state variables (m < 2N — 1),
the system cannot be solved.

Example 6.10 State estimation in a DC network

Take as an example the DC network that is depicted in Figure 6.8. The voltage x of the DC
source is not measured and must be estimated based on the three measurements:
yi1 =2A,y; =3Vand y; =4 V. What we do not know is that measurement device number
2 is malfunctioning and gives an incorrect reading of y, = 3V instead of y, = 2V (which
would correspond to the true value of the state variable x = 6 V).

Based on the current measurement y; only, a voltage of x = 2 - 3 = 6 V is computed, while
based on the voltage measurement y;, only, a voltage of x/3 = 3 — x = 9 V results. The state
estimator calculates the voltage x such that this value corresponds best to all of the measure-
ments. The difference between the measured value and the computed value of the same
quantity, as a function of the voltage x, is called the residue. The residues of the three
measurements in this example are:
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V1

10 V) »

2Q 0 Va

Figure 6.8 DC circuit with two Voltmeters and one Ammeter.

r ZZ—X/?)
rn=3-—x/3 (6.93)
ry =4 —2x/3

The voltage x must be calculated such that the residues are as small as possible. This can be
done by applying the least-squares method. The function to be minimized is the sum of squared
residues:

., 2, 26
Jx)=>r; =30 =S x+29 (6.94)

The value of the voltage x where the sum of squared residues J is at its minimum can be
found by differentiating the function J to x and determining for what value of x the 0J/0x
equals zero:

o] 4 26
=i =0 — x=65V (6.95)

Avoltage x = 6.5V corresponds best with the three measurements in the circuit.

Besides an estimate of the state of the system, the state estimator provides an indication on
the quality of the estimation too. This quality can be read from the value of the sum of squared
residues for the estimated voltage x. In the ideal case, i.e. no erroneous measurements, the
value of the sum of squares equals zero. This value deviates from zero as soon as the residues
have a value other than zero:

J(6.5) = % (6.5)* — 23—6 (6.5) +29 = % (6.96)

Inspection of the residue values at the estimated voltage x = 6.5 V makes it clear that the
second measurement shows the largest deviation from the zero value:
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r(6.5)=2-1(65)/3=-1/6
r(6.5) =3 — ( 5)/3=5/6 (6.97)
r3(6.5) =4 —2-(65)/3=—1/3

From these residue values, it is obvious why the sum of squared residues is minimized instead
of a sum of residues. A sum of residues could equal zero, while the individual residues are far
from zero, because positive and negative residues cancel each other out.

6.4.1 General Scheme of the State Estimator

Between the true values of the measurements and the true values of the state variables, the
following relation exists:

¥, =f(x) (6.98)

y, the true values of the measurements (m X 1)
x; the true state variables 2N — 1 x 1)

f  the measurement functions (m x 1)

m  the number of measurements

N  the number of network nodes

As instead of the true values of the measurements, only with random noise corrupted values are
available, the relation is rewritten:

y=f(x)+e (6.99)

y  the measurements (m x 1)

¢  the measurement noise terms (m X 1); each term ¢; has an expectation E(g;) = 0 and a
variance E(g?) = o7

Because the noise terms are known by their statistical quantities only, this model cannot be used

to obtain the true state variables, and the model is adjusted:

y=f(x)+r (6.100)
x  the state variables to be estimated 2N — 1 x 1)
r  the residues (m x 1)

The state is determined by solving the unconstrained weighted least-squares minimization
problem of the form:
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Jx)=> wi? =r"Wr (6.101)
i=1

J  the function to be minimized
W  the diagonal matrix with the measurements weight factors w;(m x m); each weight
factor is taken as the inverse of the measurements noise variance w; = 1/07

Example 6.11 Weighting factors

It is logical to relate the weighting factors to the accuracy of the measurements. An accurate
measurement gets a high weighting factor while a less-reliable measurement gets a lower
weighting factor. The relation between an analog measurement and the true measurement
value y; is:

Yanalog = (1 + d)))’r (6102)
Analog to digital conversion also introduces a small error:
Ydigital = (1 £ \lj)yanalog (6103)

The deviation of the analog measurement is for instance 1 %, while the error introduced by an
eight bit A/D converter amounts |y = 1/2% ~ 0.004. Aweighting factor that corresponds with
the accuracy of the measurement, can be defined as follows:

1 1

T (6.104)

w; =

As virtual measurements are data generated in the control centre of which we are absolutely
certain, the weighting factors of these measurements can be set to high values.

The minimum of Equation 6.101 is found when the gradient equals zero:

J:(x)=0 (6.105)

J. the gradient of the function J (2N — 1 x 2N — 1)

This set of non-linear equations is solved in the same way as we did with the loadflow calculation
(Section 6.2.2 (General Scheme of the Newton-Raphson Loadflow)). When for a certain state
vector x the gradient is not equal to zero (J(x) # 0), a correction Ax must be found such that
J:(x + Ax) = 0. A first order Taylor approximation, results in the Newton-Raphson iterative
formula:

Ju(X)Ax = —J(x) (6.106)

J,. the Hesse matrix of the function J (2N — 1 x 2N — 1)
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The element expression and the matrix expression of the gradient J, are given by:
m

ax] Z A——ZZW,V, : (6.107)

=1
Ji(x) = —2ATWr (6.108)

A the Jacobian matrix of the measurement functions f (m x 2N — 1)

The element expression and the matrix expression of the Hesse matrix J,, are given by:

o’ OO of;
ax,-axk Z 6xj axk ; Wit 0Ox;0xy (6.109)
Jue(x) = 24TWA = 2> " wir;H; (6.110)

i=1

H; the Hesse matrix of the measurement function f; (2N — 1 X 2N — 1)

When this is substituted, the Newton-Raphson iterative formula (Equation 6.106) becomes:

(ATWA - Z w,~r,~H,~> Ax =ATWr (6.111)

i=1

Instead of this iterative equation, in practice often the following equation, in which the Hesse
matrices are neglected, is used:

ATWAAx = A"Wr (6.112)

Solving this iterative formula is basically the same as solving the iterative equation of the
Newton-Raphson loadflow.

6.4.2 Bad Data Analysis

In the context of power system state estimation, bad data are measurements that are much more
inaccurate than was assumed when the measurement errors were modeled. Bad data are caused
by a variety of factors, such as failing communication links, defective meters and so on.
Flagrantly erroneous data are rejected by prefiltering the measurements.

The presence of bad data among the observations processed by a least-squares estimator is, as
arule, detrimental to the performance of the estimator and usually results in poor state estimates.
Therefore, a procedure is needed to check whether abnormally erroneous measurements are
present in the measurement set. Moreover, it is also necessary to identify the faulty observations
so that they can be removed from the measurement set.
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Bad data analysis is normally done in three steps:

1. the detection procedure to determine whether bad data are present;
2. the identification procedure to determine which data are bad;
3. the elimination procedure to eliminate the influence of bad data on the state estimate.

The statistical properties of the measurement errors facilitate the detection and identification of
bad data. These properties are described in Section 6.4.3 (Statistical Analysis of the State
Estimator).

Statistical theory shows that the weighted sum of squared residues has a chi-square distribu-
tion withm — (2N — 1) degrees of freedom (as demonstrated in the next section). However, this
is no longer the case if a measurement which is erroneous enough to violate the normality
assumption of the measurements noise vector is present. Therefore, bad data can be detected by
means of a chi-square test, that can be outlined as follows. After each state estimation run, the
weighted sum of squared residues is computed. This value is compared with a critical value from
a chi-square distribution with m — (2N — 1) degrees of freedom and a specified probability o,
which is the probability that the sum of weighted squared residues exceeds the critical value (see
Figure 6.9). If the weighted sum of squared residues is larger than this critical value, one
concludes that bad data are present, and an identification procedure can be invoked to find out
which measurements are erroneous. Otherwise, the state estimates are accepted on the ground
that there is not enough evidence to indicate the presence of bad data.

Locating the bad data requires the individual examination of the estimation residues. A
possible identification strategy could be to find the maximum residue and then to conclude that
the corresponding measurement is the faulty one. However, this is not necessarily true, for two
reasons:

o the residues are, in general, correlated among themselves so that an error associated with a
measurement can spread over other residues;

e Meters (for different quantities) can have different accuracies and the variances of the
corresponding measurements can be significantly different.

Asdifferent types of meters can have different variances, aresidual value which is an outlier for a
specific measurement could be very well acceptable for another one. Therefore, a normalization
of the residues is necessary to make up for that unbalance. A convenient and simple way to

2
0 de, o X

Figure 6.9 Probability density function of the chi-square distribution for df degrees of freedom. The
black areais equal to a. xﬁm indicates the value from a chi-square distribution (with df degrees of freedom)
which has a given area o above it; those critical values can be read from Table 6.5.
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Table 6.5 ? critical values.

df o= 0.05 a = 0.025 a=0.01 o = 0.005
1 3.841 5.024 6.635 7.879
2 5.991 7.378 9.210 10.597
3 7.815 9.348 11.345 12.838
4 9.488 11.143 13.277 14.860
5 11.070 12.833 15.086 16.750
6 12.592 14.449 16.812 18.548
7 14.067 16.013 18.475 20.278
8 15.507 17.535 20.090 21.955
9 16.919 19.023 21.666 23.589
10 18.307 20.483 23.209 25.188
11 19.675 21.920 24.725 26.757
12 21.026 23.337 26.217 28.300
13 22.362 24.736 27.688 29.819
14 23.685 26.119 29.141 31.319
15 24.996 27.488 30.578 32.801
16 26.296 28.845 32.000 34.267
17 27.587 30.191 33.409 35.718
18 28.869 31.526 34.805 37.156
19 30.144 32.852 36.191 38.582
20 31.410 34.170 37.566 39.997
21 32.671 35.479 38.932 41.401
22 33.924 36.781 40.289 42.796
23 35.172 38.076 41.638 44.181
24 36.415 39.364 42.980 45.559
25 37.652 40.646 44.314 46.928
26 38.885 41.923 45.642 48.290
27 40.113 43.195 46.963 49.645
28 41.337 44.461 48.278 50.993
29 42.557 45.722 49.588 52.336
30 43.773 46.979 50.892 53.672
40 55.758 59.342 63.691 66.766
50 67.505 71.420 76.154 79.490
60 79.082 83.298 88.379 91.952
70 90.531 95.023 100.425 104.215
80 101.879 106.629 112.329 116.321
90 113.145 118.136 124.116 128.299
100 124.342 129.561 135.807 140.169

make a comparison of residues is to normalize them with respect to their standard deviations.
After this normalization, the measurement that corresponds to the maximum normalized
residue is, most likely, the bad measurement.

The general scheme of the state estimation is illustrated by the flowchart in Figure 6.10.
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0
make an initial guess for the state variables: x( )

T
k=0

k
compute the vector with residuals: r( )

'

. . k
compute the Jacobian of the measurement functions: A( )

solve the corrections from the following system:
—k=k+1 k k
A"wa)“ax® = aTwr™

'

add the corrections to the previous value: x

'

compute the vector with residuals: r

'

compute the Jacobian of the measurement functions:

(k+1) _ x(k)+Ax(k)

(k+1)

A

AK+D

T (k+1)
absolute values of (A" Wr)

smaller than a predefined value €2

k+1
< compute the weighted sum of squares: J(x(kJr 1)) = (rTWr)( ) >

'

is there bad data involved?

(k+1) 2
J(x )> X (m-(2N-1)),

C derive the normalized residue vector: r%” b )
~m=m-1 { remove the measurement with the largest normalized residue )

Figure 6.10 Flowchart of the state estimator computation.
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Example 6.12 State estimation and bad data detection in a DC network

Consider again the DC network that is depicted in Figure 6.8. The voltage x of the DC source is
not measured and must be estimated based on the three measurements: y; = 2 A,y, = 3 Vand
y3 = 4 V. What we do not know is that measurement device number 2 is malfunctioning and
gives anincorrectreading y, = 3 Vinstead of y, = 2 V (which corresponds to the true value of
the state variable x = 6 V).

Measurement device 1 has an inaccuracy of ; = 0.14 A, measurement device 2 has an
inaccuracy of 6, = 0.082 V and measurement device 3 has an inaccuracy of 63 = 0.14 V. As
it is beneficial to give the more accurate measurements a higher weighting factor in the
estimation, the weighting factors are defined as follows: w; = 1/o?. Therefore, the matrix
with the weighting factors is:

50 0 0 100
W=1|0 150 0[=50-|0 3 0 (6.113)
0 0 50 00 1

The measurement functions, as a function of the voltage x, are:
yi=2=x/34+n
»=3=x/3+n (6.114)
yi=4=2x/3+r;

The Jacobian matrix of the measurement functions A is obtained by differentiating the
measurement functions to the state variable (0y; /0x):

A=t (6.115)
312

The residue vector can be easily obtained from Equation 6.114:

2—x/3
r=|3-x/3 (6.116)
4 —2x/3

The voltage x must be determined such that the residues are as small as possible. This is
accomplished by applying the weighted least-squares method. The function to be minimized is
the weighted sum of squared residues:

Jx) =Y wir? =r"Wr (6.117)
i=1

The Newton-Raphson method gives the iterative formula for the state estimation problem
(Equation 6.112):

ATWAAx = ATWr (6.118)
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First an initial guess of the state variable is made, e.g. x = 1 V. The correction Ax can be
computed from Equation 6.118 that is evaluated atx = 1 V:

1 00 1 1 00 5
%.[1 1 2-]0 3 0 1 -Ax:%.[l 1 2|0 3 0 8
00 1| |2 00 1 10

(6.119)

The correction amounts Ax = 6.125V and the final state estimate is obtained
x=x+Ax=1+46.125=7.125V. In this example a DC system is considered and the
equations involved are linear. Therefore, the final state estimate is obtained after a single
iteration. A next iteration, Equation 6.118 evaluated at x = 7.125 V, results in a correction
Ax=0V.

An indication on the quality of the estimation is given by the value of the weighted sum of
squared residues for the estimated voltage x = 7.125V:

1 0 0] [-3

_ 375
[-3 5 —6]-|10 3 0|-| 5 T =9375 (6.120)
00 1

—6

50

T
Jx)=r er64

A test on the presence of bad data can be performed by means of the chi-square test. In this
example, the chi-square distribution has two degrees of freedom, namely the number of
measurements (3) minus the number of state variables (1). The critical value of the chi-square
distribution with 2 degrees of freedom and a probability o = 0.01 is (see Table 6.5):

X001 =9:210 (6.121)

The weighted sum of squared residues s larger than this critical value (J (x) > x3 ;) anditcan
be concluded that bad data is present. Identification of the bad data based on the residues only
(Equation 6.116 with x = 7.125 V), could give an incorrect identification:

-3/8
r=| 5/8 (6.122)
—3/4

In this case the measurement with the largest (absolute value of the) residue, i.e. measurement
3, would be falsely identified as being bad data.

Instead of the residues, the normalized residues are applied for bad data identification. The
normalized residue can be calculated (see also Equation 6.149 in Section 6.4.3 (Statistical
Analysis of the State Estimator)) from:

r

\/dlag (cov(r \/dlag (ATWA) lAT)

rn =

(6.123)
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The normalized residues are:

—2.8347
rv=| 9.6825 (6.124)
~7.5000

The measurement with the largest absolute value of the normalized residue is identified as bad
data: measurement 2. This is indeed the faulty measurement and it will be removed from the
measurement set (or the weighting factor is set to zero). The state estimation procedure is now
repeated with measurement 1 and 3 only. The new state estimate is x = 6 V and the weighted
sum of squared residues equals J = 0. Despite the fact that the weighted sum of squared
residues equals zero and no bad data can be present, again a test on the presence of bad data is
performed by means of the chi-square test. In this example, the chi-square distribution has one
degree of freedom, namely the number of measurements (2) minus the number of state
variables (1). The critical value of the chi-square distribution with 1 degree of freedom and
a probability o = 0.01 is (see Table 6.5):

Xio001 = 6.635 (6.125)

The weighted sum of squared residues is smaller than this critical value (J(x) < X%o.o 1) and
it can be concluded that no bad data is present. Now, the state estimation procedure is
ready: the state variable has been determined (x = 6 V) and measurement 2 has been
identified as bad data.

6.4.3 Statistical Analysis of the State Estimator

Between the measurements and the state variables, the following relations exist (estimates of
quantities are indicated with a circumflex):

ye =f(x) (6.126)
y=f(x)+se (6.127)
y=f(x)+r (6.128)
y=rfx) (6.129)

the true values of the measurements (m x 1)
the measurements (m x 1)

the estimated measurement values (m X 1)
the true state variables 2N — 1 x 1)

the estimated state variables (2N — 1 x 1)
the measurement functions (m x 1)

the measurement noise terms (m x 1)

the residues (m x 1)

the number of measurements

the number of network nodes

ZI Yo SR o=
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The statistical analysis is based on the assumption that the measurement noise terms are
independent, normally distributed random variables &; ~ N(0, 7). Therefore, the mean value
equals E(g;) = 0, the variance equals E(g?) = o7 and the covariance equals E(g;€;) = 0.

Properties of the estimates

The differences between the true and estimated values of both the state vector and
the measurement vector are analyzed. For the estimated state vector, the following equation
holds:
J.(x)=24TW(y —f(x)) =0 (6.130)
Linearization of f (x,) around the value of the estimated state vector gives:
Slx) =f(x) +Ax, — x) (6.131)
Using Equations 6.127 and 6.131, Equation 6.130 can be written as follows:
J (%) = 24TW(f(x,) +e—f(x;) +A(x, — %)) = 24"W(e +A(x, — X)) =0 (6.132)
As a result, the difference between the estimated and the true state vector is:
x—x, = (ATWA) 'ATWe = Be (6.133)
The expected value of the difference between the estimated and the true state vector is:
E(x—x,)=EXx)—E(x;,) =E(X)—x, =E(Bg) =BE(s) =0 (6.134)
Thus, the expected value of the estimated state vector is equal to the true state vector:
E(x) =x, (6.135)
The difference between the estimated and the true measurement vector is:
Y=y =f&) —f(x) = AR —x;) (6.136)

The expected value amounts:

Ey—y,)=Ey)—EQy,)=EYy) -y, =AE(x —x,) =0 (6.137)

Thus, the expected value of the estimated measurement vector equals the true measurement
vector:

EG) =y, (6.138)
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Bad data detection
To analyze the properties of the weighted sum of squared residues, first the properties of the

residues need to be examined. The residues, evaluated at the estimated state, can be written as:

r=y—fx =fx)+e—fx)=Ax,—x)+e=(I—AB)t =Re (6.139)

R  the residual sensitivity matrix (m X m)

The residual sensitivity matrix is idempotent (R*> = R):

R*=(I—-AB)> = (I-AATWA)'ATW)(I —A(ATWA)'ATW)
=I1—24(ATWA) 'ATW + A(ATWA) 'ATWA(ATWA)'ATW (6.140)
=I—-AA"WA) 'ATW=1-AB =R

Using Equation 6.139, the weighted sum of squared residues evaluated at the estimated state, can
be written as:

J(x) =r"Wr = e"R"WRe (6.141)

The necessary and sufficient conditions for a quadratic form in independent standard normals to
have a chi-square distribution are as follows. Let ul = (uy,uy ..., u), where the u; are
independent standard normal variables. Let V = V! denote a symmetric matrix with real
constants as entries. Then the non-negative quadratic form u” Vu has a chi-square distribution
if, and only if, V> = V. In this case the number of degrees of freedom equals rank
(V) = trace(V).

Rewriting the weighted sum of squared residues gives:

J(%) = e"R"WRe = e VW(VWW'RTVW)(VWRW ™ 'VW)V/We

=u'Vivu =u"Vu (6.142)

First, let us verify that the vector u is standard normal distributed. The matrix W is a diagonal
matrix with the measurements weight factors w;:

/o2 0 - - 0
0 1/a2 - - 0

w=| . o (6.143)
o 0 - - 1/

As the noise terms g; ~ N (0, G,-z) are normal distributed, the variables u; = ¢;/c; are standard
normal distributed u; ~ N(0, 1).
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Now, we need to verify that the matrix V in Equation 6.142 has the following properties:
v=vTl (symmetric) and Vi=v (idempotent):
VI = VWWIRTVW = VWW (I - BTAT)VW
= VW(W™' —AATWA) TAT)\WVW = VW(I — AATWA) TATW)YWIVW (6.144)
=VW(I - AB)W 'VW = VWRW 'WVW =V
V2= VWRW 'VWVWRW VW = VWR*W VW = VWRW 'VW =V (6.145)

Thus, the weighted sum of squared residues is chi-square distributed with m — (2N — 1)
deg:ree§ of freedom X%mf(ZNfl)),qc' As this is no lqnger the case if a measurement is pres;nt
which is erroneous enough to violate the normality assumption of the measurements noise
vector, bad data can be detected by means of a chi-square test.

Bad data identification

For bad data identification, the normalized residues have to be computed:

TN = = — (6.146)

r;n the normalized residue of measurement i
D  the diagonal matrix with the variances of the residues (m x m), the diagonal elements of
the covariance matrix of the residue vector: D = diag(cov(r))

In order to compute the normalized residue, the variance of the residues must be analyzed.
For the residues, the following expression was derived (Equation 6.139):

r=(I —AB)t = Rg (6.147)
The covariance matrix of the residues equals:

cov(r) = E{(r — E(r)(r — E(r))"} = E{(Rs — E(R))(Rs — E(Rs))"}

6.148
= RE(sg")R" =RW 'R" = RW™! ( )
Therefore, the normalized residues are defined as:
r r
o (6.149)
vD diag(RW™)
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Electricity Markets

7.1 INTRODUCTION

The concept behind the world of competition, and the free choice of the consumer to choose its
electricity supplier, is that it is possible and even desirable to separate transportation as a means
from the commodity that is transported. In other words, electric energy as a product can be
commercially separated from transmission as a service. The drivers for restructuring the
electricity sector in the different countries, traditionally under the rule of federal and state
governments, are:

e the introduction of competition to reach more efficiency in the operation of the power-
producing industry;
e the possibility for the customers to choose a supplier

The main measures that are taken to achieve this are:

e the vertical unbundling to separate monopolistic activities from competitive ones, such as the
separation of generation from the transmission and distribution of electricity;

e the horizontal unbundling to stimulate competition in competitive fields, for instance the
creation of different generation companies.

In essence, the electricity market is similar to any other economic market: buyers and sellers
agree on a price. But, there is one big difference: electricity cannot be stored in large quantities.
That means that the cost conditions for the provision of electric supply vary constantly under the
influence of the continuously changing demand and the possible drop out of generating units. In
other markets similar phenomena do play a role, but then the ability to store the traded product
mitigates this effect. There are some factors that complicate ‘electricity as a product’. First of all,
electric energy cannot be labelled or traced back with regard to its source or sink; electricity
produced by a windmill, for example, cannot be distinguished from electricity that is produced
by a nuclear power station. Furthermore, power flows cannot be controlled by financial
instruments; they obey the laws of physics.

Electrical Power System Essentials Pieter Schavemaker and Lou van der Sluis
© 2008 John Wiley & Sons, Ltd
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7.2 ELECTRICITY MARKET STRUCTURE

The ‘electricity market’ is arather broad concept that covers all aspects between the production/
import and the consumption/export of electricity. Electric energy as a product can be separated
commercially from transmission as a service and this leads to a ‘market’ structure as shown in
Figure 7.1: production and supply are organized as a market, whereas the transmission and
distribution of electricity are monopolistic activities. The square entitled ‘market’ at the left-
hand side of Figure 7.1 refers to a market in the economical context: a ‘market place’ where
trading takes place.

Transmission and distribution

The entities involved in the transmission and distribution of electricity (the square at the right-
hand side of Figure 7.1) are now briefly described.

Grid companies own parts of the transmission and/or distribution networks and facilitate the
transmission and/or distribution of electricity efficiently, at low operating cost and with a high
reliability. They have the duty to operate, maintain, renew and extend the network if this is
necessary. Also, the handling of congestions, and taking care of the power quality are included in
their service. The transmission and distribution of electricity are monopolistic activities: there is
only one (interconnected) electric infrastructure of which the various parts are owned by
different network companies. This makes a regulatory authority (being a governmental body)
necessary to watch over the independence of the grid companies and to protect the customers.
This body approves the tariffs of the grid companies as well.

Maintaining a continuous power balance and constant frequency, assuring adequate voltage
support, and keeping operations within rigid security limits are essential to maintain a safe and

production and import

A4

transmission
market and
distribution

consumption and export

Figure 7.1 Organization of the electricity market; solid arrows: power flows; open arrows: commercial
relations.
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reliable system. This requires a centralized coordination. All modern power systems, whether
they support competitive markets or not, have a central ‘grid operator’ to perform these duties:
they have either an independent system operator (ISO) or a transmission system operator (TSO).
The main difference between those two is that the ISO does not own network assets.

Market architecture

The market can be organized in several ways. Three basic models are:

e Poolco model
A poolcois nothing more than a spot market (PX —Power eXchange) that clears the market for
buyers and sellers. Generating companies compete for the right to supply energy to the grid
and not to a specific customer. From their side, customers compete for the right to consume
energy from the grid and not from a specific generating company. Based on the bids, the spot
price for the electricity is determined (see also Section 7.3 (Market Clearing)).

e Bilateral contracts model
Bilateral contracts are deals between two traders, one on the supply side and on the demand
side.

e Hybrid model
The hybrid model is a combination of the poolco and the bilateral contracts model. Itis up to
the market participants to decide to what extent they use either type of trading.

Although agreements are made independent of the ISO/TSO, the ISO/TSO verifies whether the
transmission capacity of the network is sufficient to facilitate the negotiated transactions.

Worldwide experience has shown that there is no market that functions exclusively through
spot trading without a form of bilateral trading arrangements. Neither has a strictly bilateral
model been implemented. Every market provides for both spot market trading coordinated by a
grid/market operator and for bilateral contract arrangements scheduled through the same entity,
according to the hybrid model. Therefore we can state that, at a broad conceptual level, such a
thing as a ‘common market model’ exists. This is because of the universal desire to promote
competitive principles like efficiency, transparency, ease of entry, nondiscrimination, effective
price signals and so on.

7.3 MARKET CLEARING

In most electricity markets a day-ahead forward market is implemented: hourly contracts for
physical delivery on the following day are traded. An hourly-ahead forward market or adjust-
ment market can be implemented too in order to give market participants the possibility of
avoiding imbalances.

The electricity market is based on a two-sided auction model: both the supply and demand
bids are sent to the Power eXchange (PX). Market equilibrium occurs when the aggregated
supply and aggregated demand curve intersect; this intersection represents the Market Clearing
Price (MCP) and the Market Clearing Volume (MCYV). This market clearing algorithm is shown
in Figure 7.2. The demand curve has a negative slope, indicating that as prices fall, the demand
increases (‘the first law of demand’). The supply curve has a positive slope. This illustrates the
increased costs of providing an additional unit of electricity. Sale bids that are less than or equal
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Price

Demand

Supply

MCP + ——— — — — — —
(Market Clearing Price)

MCV Volume

(Market Clearing Volume)
I

accepted bids ! non-accepted bids

Figure 7.2 Market clearing algorithm.

to the MCP will be accepted. The settlement price will be the same as the MCP for the bidding
quantity. Purchase bids that are higher than or equal to the MCP will be accepted. The settlement
price will be the same as the MCP for the bidding quantity.

Example 7.1 Market clearing

Consider a market with two producers and two consumers. The two producers submit sale bids
to the market for one specific hour of the day ahead as listed in Table 7.1. The first bid of
producerl indicates that it is willing to sell a volume of 20 MWh for a minimum amount of
10 €/MWh.

The two consumers submit purchase bids for the same hour of the day ahead as listed in
Table 7.2. The first bid of consumer1 indicates that it is willing to buy a volume of 40 MWh for
a maximum amount of 60 €/MWh.

In order to clear the market, the PX determines the aggregated supply and demand curves
(see Table 7.3). The aggregated supply and demand curves are depicted in Figure 7.3. The
MCP and the MCV can be obtained from the graph easily: MCP =45 €/MWh and the
MCYV = 150 MWh. According to this market clearing, the two producers and two consumers
are assigned trading volumes and have the ensuing revenues/expenses as given in Table 7.4.

Table 7.1 The producers’ sale bids.

Producerl Producer2
Price [€/MWh]  Volume [MWh] Price [€E/MWh]  Volume [MWh]
10 20 5 15
30 30 15 30
50 40 30 40

70 60 45 50
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Table 7.2 The consumers’ purchase bids.

Consumerl Consumer2
Price [€/MWh] Volume [MWh] Price [€/MWh] Volume [MWh]
60 40 80 45
55 30 60 35
40 20 40 25
35 10 20 15

Table 7.3 Aggregated supply and demand.

Aggregated supply

Aggregated demand

Price [€/MWh] Volume [MWh] Price [€/MWh]

Volume [MWh]

5 0-15 80 0-45
10 15-35 60 45-120
15 35-65 55 120150
30 65-135 40 150-195
45 135-185 35 195-205
50 185-225 20 205-220
70 225-285
Price [&/MWh] 4
80
704 Demand Supply
€01
MCP ——= + — — — — — e
(45 €/MwWh) 401
30 ‘
201 }
101 |
50 100 1§° 200 250 300
MCV Volume [MWh]

accepted bids 1 non-accepted bids

Figure 7.3 Market clearing example.

Table 7.4 Trading volumes and revenues/expenses.

Revenues (producers)

Market actor Trading volume [MWh]

expenses (consumers) [€]

producerl 50
producer2 100
consumerl 70
consumer?2 80

2250
4500
3150
3600
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Producerl only supplies 50 MWh of the 150 MWh (MCV) totally traded. As the MCP
amounts to 45 €/MWh and two bids of producer] are above this price, these bids are not
accepted. Only the bids below or equal to the MCP are accepted. The market price equals the
MCP = 45 €/MWh and therefore the revenues of producerl amount to 50 - 45 = 2250 €.

7.4 SOCIAL WELFARE

In the two-sided auction, market equilibrium occurs when the aggregated supply and aggregated
demand curve intersect; this intersection represents the Market Clearing Price (MCP) and the
Market Clearing Volume (MCV). At this market equilibrium, the benefits for society, called ‘the
social welfare’, is at its maximum value. The social welfare is defined as follows:

social welfare = consumer surplus + producer surplus (7.1)

In Figure 7.4, the social welfare is the hatched area in between the supply and the demand curve.
After all, the consumers are prepared to pay the price illustrated by the demand curve, whereas
they only need to pay the MCP. The area between the MCP and the demand curve is the consumer
surplus. The producers are willing to sell for the price given by the supply curve, but they receive
the MCP. The area between the MCP and the supply curve is the producer surplus. Social welfare
is the sum of both the consumer and producer surplus.

The market equilibrium represents the point where the economic balance among all parti-
cipants is satisfied. To illustrate the fact that this is indeed an equilibrium, consider a trading
volume that is below the MCV. In this case, the producers are prepared to sell for a price that is
lower than the price the consumers are willing to pay for it, and an increase in the trading volume
will occur till the MCVis reached. The trading volume will not grow higher than the MCV, as no
suppliers can be found that are prepared to sell for the price that the consumers are willing to pay.
To summarize: there are no incentives for a seller or a buyer to deviate from the market
equilibrium characterized by the MCP and MCV.

Price
Demand

Supply

MCP

Producer
urplus’

>
>

Volume

Figure 7.4 Consumer and producer surplus.
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Example 7.2 Social welfare

Let’s derive the social welfare of the two-sided auction of which the aggregated demand and
supply are tabulated in Table 7.3 and visualized in Figure 7.3. The consumer surplus can be
calculated by determining the area in between the demand characteristic and the MCP for a
volume from zero up to the MCV:

consumer surplus = 45 - (80 — 45) + (120 — 45) - (60 — 45)

7.2
+ (150 — 120) - (55 — 45) = 3000€ (7.2)

The producer surplus is the area in between the MCP and the supply curve for a volume from
zero up to the MCV:

producer surplus = 15 - (45 —5) + (35 — 15) - (45 — 10)
+ (65 — 35) - (45 — 15) + (135 — 65) - (45 — 30) (7.3)
+ (150 — 135) - (45 — 45) = 3250 €

The social welfare is the sum of the consumer surplus and the producer surplus: social welfare
= 3000 + 3250 = 6250 €.

7.5 MARKET COUPLING

The ‘electricity market’, of which a general structure was depicted in Figure 7.1, can be
organized on a state level, a national level, or an international level, which we refer to as a
market area. The MCP in such an area depends on a number of factors, one of which is the fuel-
mix thatis used by the bulk of the production facilities. An area with alot of nuclear power plants
will have alower MCP than an area with mainly gas turbines installed. But the power system is a
large interconnected system, and these areas — ‘electricity markets’ with their own character-
istics, specific implementations and MCPs — are physically interconnected with others as
illustrated schematically in Figure 7.5. This facilitates the export of electricity from a low-price
area to a high-price area.

Consider two areas named A and B. Each area has a power exchange (PX) that operates a day-
ahead market (DAM). The aggregated demand and supply curves in both areas are shown in
Figure 7.6. The MCP in area B (MCPg) is higher than in area A (MCP,). Because the two areas
are interconnected, import and export between the two areas are possible and desirable. The
consumers in area B like to buy power from area A, as the price in area A is lower than what they
are prepared to pay for it. Practically, this means that the demand in area A increases (i.e. the
already existing demand in area A plus the demand coming from area B) and that the demand
characteristic in area A shifts to the right as shown in Figure 7.7. Because of the higher price in
area B, the producersin area A are willing to sell power to the consumers in area B. In essence, the
supply in area B increases (i.e. the already existing supply in area B plus the imported power
from area A) so that the supply characteristic in area B shifts to the right as shown in Figure 7.7.
As aresult of the power exchange between the two areas, the price goes up in the low-priced area
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Figure 7.5 Two interconnected areas.
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Figure 7.6 A low-price and a high-price area.
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Figure 7.7 Import (Area B) and export (Area A). The dotted lines indicate the situation without import/
export between the two areas.



Market Coupling 217

(area A) and goes down in the high-priced area (area B). The new market equilibrium is the point
where the economic balance among all participants is satisfied; this is the case when one
common price (MCP* in Figure 7.7) isreached in both areas. There are no incentives for market
players to deviate from this new market equilibrium.

In the following text, we will make clear that the total social welfare increases when import
and export takes place between two areas with different prices. To do so, we first introduce the
Net Export Curve (NEC) which relates the market price in an area to the import and export
volumes.

Example 7.3 Net Export Curve (NEC)

In this example we want to investigate what the impact of import and export is on the market
clearing price that we calculated in Example 7.1 (p. 212). Let us focus first on a situation where
the area under consideration exports 50 MW. Practically, the demand in this area increases
with the amount that is demanded by the area to which the export takes place. In case of the
50 MW export situation, the demand in the area under study becomes 50 MW higher, and the
aggregated supply (unaltered) and demand (previous volume + 50 MW) as shown in
Table 7.5 result. The aggregated supply and demand curves are depicted in Figure 7.8. The
MCP and the MCV can be obtained from the graph easily: MCP = 50€/MWh and the
MCV = 200 MWh.

Table 7.5 Aggregated supply and demand.

Aggregated supply Aggregated demand
Price [€/MWh] Volume [MWh] Price [€/MWh] Volume [MWh]
5 0-15 80 0-95

10 15-35 60 95-170

15 35-65 50 170-200

30 65-135 40 200-245

45 135-185 30 245-255

50 185-225 20 255-270

70 225-285

Price [€/MWh] 4

80
70] Demand Supply
60 —1_

MCP =50+ — — — — — — — —

40
30 !
L
101 \

50 100 150 290 250 300
MCV Volume [MWh]

Figure 7.8 Market clearing example with 50 MW export.
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Again we can calculate the social welfare in this 50 MW export situation by adding the
consumer surplus and the producer surplus:

consumer surplus = 95 - (80 — 50) + (170 — 95) - (60 — 50) (7.4)

+ (200 — 170) - (55 — 50) = 3750€

producer surplus = 15 - (50 — 5) 4+ (35 — 15) - (50 — 10)
+ (65— 35) - (50 — 15) + (135 — 65) - (50 — 30) (7.5)
+ (185 — 135) - (50 — 45) = 4175 €

The social welfare = 4175 + 3750 = 7925 € and has increased compared to the non-export
situation.

We can find the NEC curve of the area that we consider by altering the amount of export
(shifting the demand characteristic) or import (shifting the supply characteristic) and by
connecting the resulting MCP-MCYV values by a line. At zero import/export we found an
MCP = 45 €/MWh, whereas in the 50 MW export situation an MCP = 50 €/ MWh was
the result; those are already two points (both are indicated by a dot) on the NEC shown in
Figure 7.9.

Price [€/MWh]
A

150 100 50 0 50 100 150
Import volume [MWh] Export volume [MWh]

Figure 7.9 Net export curve (NEC).

The NEC curves of alow-price area A and ahigh-price area B are givenin Figure 7.10. In this two
area model an export from area A is equivalent to an import into area B, so that we can put the
NEC curves of the two areas in a single figure. We can achieve this by swapping the x-axis (and
NEC) of area B in Figure 7.10. In this way we have obtained the same variable along the x-axes of
the two NECs. Both NECs can now be combined into a single figure as shown in
Figure 7.11.

The point where the two NECs intersect indicates the market equilibrium of the two coupled
market areas; acommon area price P* results when a volume Q* is exported from area A to area B
asisshowninFigure7.11. The hatched area in the figure, enclosed in between the two NECs and
the price (zero volume) axis, is the increase in social welfare when power exchange takes place



Market Coupling

219

Price Price
A A
|
\w_. | .»
\
\
MCPg
/ ~
MCP, - = -
Import Export Import & __ N » Export
Area A Area B
Figure 7.10 NEC curves of a low-price and a high-price area.
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Figure 7.11 NEC curves of alow-price and a high-price area combined in a single graph and a close-up.

Hatched area: gain in social welfare.

between the high-price and the low-price area. This situation holds as long as the physical
interconnection capacity of the transmission links (the transmission lines and tower structures in
Figure 7.5) between the two areas is sufficient. We have already noticed in Section 3.1
(Introduction), that the capacity of the tie lines is ‘limited’ as they were originally designed
for mutual support only and not for the exchange of large volumes of power between areas.
Congestion of the interconnection capacity is therefore not unlikely, and a price difference
between the two areas will remain. This is illustrated in Figure 7.12, in which ATC stands for the

Price
NEC,
Ps
P*Bf NECg
A
_— L ATC
T
Import ATC Export
A from B AtoB

Figure 7.12

Congestion of the interconnection capacity and a close-up. Hatched area: market surplus.
Grey area: utility surplus (congestion rent). Black area: market efficiency loss (deadweight loss).
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Available Transmission Capacity between the two areas. The hatched area represents the market
surplus. The grey area in the figure is the utility surplus or congestion rent; it is the cost that the
market actors have to pay so that they can make use of the scarce transmission capacity. The total
gain in social welfare obtained by the market coupling is given by the hatched and grey area
together. The black area indicates the market efficiency loss, or deadweight loss; it is the
difference between the social welfare that would exist in the uncongested case and the social
welfare that exists in the congested case.
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Future Power Systems

8.1 INTRODUCTION

Electrical power systems can be regarded as one of the most complex systems designed,
constructed and operated by man. Of course it is a fact that the majority of the hardware that
makes the generation, transmission and distribution of electricity possible, has not changed in
essence since their first appearance more than a hundred years ago. In the design and construction
of transformers, motors, generators, cables and transmission lines it is better to speak of evolu-
tion rather than revolution. But a lot of advanced technologies and techniques are applied in
today’s power system. Some examples of recent developments are described in the following
text.

The fundamental design of the transformer has not altered much over the years, but the
efficiency of the larger modern power transformers is now better than 99 %! Anti-sound is
sometimes applied to reduce the noise level of power transformers in densely populated areas.
The mechanical tap changer for adjusting the voltage level will be gradually replaced by power-
electronic voltage controllers.

Developments in the field of generators can also be mentioned, as one of the leading multi-
nationals in power technology introduced the ‘powerformer’ to the market [1]. This generator
unit is in fact a combination of a generator and a transformer. The generator produces power at a
higher voltage level, making a step-up transformer unnecessary.

For the transmission and distribution of electricity in urban areas, the application of under-
ground cables is the trend. In particular in larger cities like New York and Tokyo, the demand for
electricity is steadily increasing and the transmission and distribution voltages should be raised
to higher voltage levels to prevent high ohmic losses. Underground cables, with voltage ratings
up to the 500 kV level, are applied and field experiments with super-conductive cables are
carried out.

In most countries the demand for electricity grows a few percent annually. The energy
consumption in the UCTE (the Union for the Coordination of Transmission of Electricity)
system increased by 1.4 % in 2006 [33]. Every year the power system is operated closer to its
limits and FACTS (see Section 5.6 (Flexible AC Transmission Systems (FACTS))) devices will
play a more dominant role in the future in order to maintain stability [4]. The application of
FACTS devices, however, does increase the complexity of the power system even further and
one can not exclude the possibility that chaotic phenomena might occur in the near future (see
also Section 8.6 (Blackouts and Chaotic Phenomena)).

Electrical Power System Essentials Pieter Schavemaker and Lou van der Sluis
© 2008 John Wiley & Sons, Ltd
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Apart from technical developments, economical changes also take place. In the majority of
the developed countries, the generation companies and the utilities are now restructured under
the legal force of deregulation and liberalization. The market is the playing field and the utilities
have to operate on an international scale and make strategic alliances to survive these open
markets. A parallel with the earlier-liberated telecom market may be considered but with the big
difference that the mobile telephone infrastructure has no counterpart in the electrical power
system. The daily practice is nowadays that industrial companies and individual customers can
choose their supplier of electricity.

Power systems evolve continuously. This is not only driven by technical developments,
but also by politics: governments have a steering role in certain tendencies/trends within
the branch. Of course, the liberalization of the electricity companies was initiated by the
government. But also in the field of alternative energy sources, and emission/pollution restric-
tions, the government sets out the direction in which the branch has to develop. In addition,
public opinion and rejection/acceptance of certain technologies, such as nuclear energy, have
their impact on the system and its operation too. Action committees, raised by environmental-
ists, villagers and/or other involved parties, cause tremendous delays in case of network
expansion, installation of power plants, and have quite some influence on the network operation
and planning.

In the following sections some of the foreseen developments, which originate from the
complex technological-ecological-sociological and political playing field, and their possible
consequences on the power system are highlighted. But, of course, nobody knows what the
future and the future power systems will look like . . .

8.2 RENEWABLE ENERGY

Concern on the change in the Earth’s climate, formalized in the Kyoto Protocol in 1997,
stimulates research, promotion, development and increased use of renewable energy. In power
systems, the application of electricity generation based on renewable sources is not new, but a
future large-scale implementation of these renewable energy sources will cause structural
changes in the existing distribution and transmission networks. This is for the following reasons:

e Mostrenewable energy generators are connected to the distribution network. For example the
solar panels on the roofs of houses, small wind farms and individual wind mills. This is in
contrast with the current layout of the system, where most of the generation is connected to the
transmission system (see also Section 8.3 (Decentralized or Distributed Generation)).

e Most renewable energy generators are connected to the grid by means of power-electronic
interfaces. This gives quite a different behavior compared with synchronous generators (see
also Section 8.4 (Power-electronic Interfaces)).

e Mostrenewable energy generators depend on natural and uncontrollable sources, such as the
wind and the sun, and the electrical power output cannot be controlled. If there is no wind, the
windmill does not deliver energy. However, most renewable energy generators are connected
to the grid by power-electronic interfaces, which offer the possibility and flexibility to control
the power output — given a certain power input —in some way. In case of photovoltaic systems
for example, the converter of a solar panel is programmed to maximize the energy yield (by
means of a maximum power point tracker).
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e Many renewable energy generators, e.g. wind turbines and photovoltaic systems, have an
intermittent character. A large-scale implementation of this type of generators can lead to
strong power fluctuations in the grid.

8.3 DECENTRALIZED OR DISTRIBUTED GENERATION

Most of the power plants are large industrial sites located at strategic locations, nearby ariver ora
lake for cooling water, and close to energy resources or supply routes. These large power plants
are connected to the transmission network by step-up transformers and are controlled in order to
take care of the voltage and frequency stability of the power system. This is what we call
‘centralized generation’. Until now, the power system is for the greater part supplied by this
centralized generation and we therefore say that the system s ‘vertically’ operated, asillustrated
by Figure 8.1 (a). We can see from the system layout that there is a ‘vertical’ power flow in the
system: at the top, power is generated by a (relatively small) number of large power plants and,
via the transmission and distribution systems, power finds its way down to the consumers
connected at the lowest voltage levels.

Nowadays, the trend is to integrate more and more decentralized generation (DG, also called
distributed or dispersed generation) into the system, by means of connecting small-scale gen-
erators at the lower voltage levels. Examples of DG units are windmills, solar panels or combined
heat-power units (producing steam for industrial processes and electricity as aby-product). When
this trend continues, a large-scale implementation of these DG units will lead to a transition from
the current ‘vertically operated power system’ (Figure 8.1 (a)), into a ‘horizontally operated
power system’ in the future, as shown in Figure 8.1 (b). Because of the increasing amount of DG,
the most uneconomical and/or aged power plants are taken out of service, and this leaves a power
system with the bulk of the consumption and the generation connected to the distribution
networks so that a more or less ‘horizontal power flow’ through the system results.

Possible developments and/or consequences of the transition from the current ‘vertically
operated power system’ into a future ‘horizontally operated power system’ for the power system
are [29]:

transmission network

S
! vy bl lololoel oirol ol o
(@) (b)

Figure 8.1 A ‘vertically-operated power system’ (a) and a ‘horizontally-operated power system’ (b).
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o When most of the large power stations have vanished and the ‘horizontal’ power system is a
fact, the transmission network has lost one of its main purposes, namely to facilitate the bulk
transport of electrical energy from the centralized generators to the distribution networks.
Although the import and export functionality is still present (indicated by the open arrows in
the transmission network in Figure 8.1), a rather ‘empty’ transmission network is the result,
the main purpose of which is now to interconnect the various ‘active’ distribution networks.
Such a situation requires different control and operating strategies in order to keep the system
operation within safe margins. The voltage, for example, will no longer be imposed by the
large (centralized) power stations, and voltage stability of the system becomes an issue.

e Traditionally, the distribution network is a passive network, that depends totally on the
transmission network for energy delivery, frequency control and voltage regulation. In a
future ‘horizontally operated power system’, the power is not only consumed by but also
generated in the distribution network. Therefore, the distribution network needs to change
into an active and intelligent network, which is able to control and regulate the system
parameters, without strong support from the transmission network.

o In the ‘vertical’ power system, the direction of the power flow is more or less predictable:
centralized generation — transmission network — distribution network — consumers. In
the ‘horizontal’ power system, with its active distribution networks, the situation is different:
(centralized generation — ) transmission network « distribution network <+ consumers.
The direction of the power flow in the network is not predictable any more: one-way traffic
becomes two-way traffic. This has a fundamental impact on the protection of the system.

e Autonomous networks could be developed. When the total amount of power generated in a
certain part of the distribution network is sufficient to supply the local loads, the network
could be operated autonomously, by disconnecting it from the rest of the grid. From an
operational point of view, this gives a system that can be controlled more easily. However, we
saw in Section 3.1 (Introduction) that interconnection of networks offers quite some advan-
tages too. An important one is that the operation can be supported by others if there is a
problem, for example with the local supply because of unexpected loss of generation.
Therefore, such autonomous operating systems will have to be equipped with a connection
to the main transmission grid, or to neighboring autonomous distribution systems, to safe-
guard the supply in case of a sudden emergency situation. This is not so easy as it looks: both
systems operate in practice at a slightly different frequency and usually have a different
voltage angle at the instant in time we would like to make the interconnection. Anotherissue is
thatboth systems have their own frequency control, and the question arises: which system will
act as the master and which system will be the slave? These problems can be avoided by
having a DC-link connecting the systems; in this way, the systems have the possibility for
power exchange but are frequency-wise and voltage-wise uncoupled.

8.4 POWER-ELECTRONIC INTERFACES

There are a number of different DG technologies, based on distinct energy sources, such as
cogenerating plants, wind turbines, small hydro plants, photovoltaic systems, fuel cells and
microgeneration. DG units, especially the ones powered by renewable energy sources with
intermittent characteristics (like wind and solar), are quite often connected to the distribution
network by means of power-electronic interfaces. When arenewable energy generator produces



Energy Storage 225

DC output power, as is the case with photovoltaics and fuel cells, the main task of the power-
electronic interface is to do the DC-to-AC conversion. An additional task of the power-
electronic converters is to maximize the energy yield, as accomplished by the maximum power
point tracker in photovoltaic systems. In variable speed wind turbines the converter is necessary
to make variable speed operation of the electrical machine possible as it leads to a higher energy
output from the wind. When a DG unit is connected to the power system through a power-
electronic interface, no extra inertia is added to the system when:

e the DG-unit itself has no rotating mass and generates DC power, as is the case with
photovoltaic systems and fuel cells (schematically drawn in Figure 8.2 (a)).

o the inertia of the DG-unit of which the prime mover does have rotating masses is separated
from the grid by the power-electronic interface as it decouples the mechanical rotor speed of
the DG-unit from the grid frequencys; this is for example the case for wind turbines with either
a doubly fed induction generator or a direct-drive synchronous generator (schematically
drawn in Figure 8.2 (b)).

Thus, in the above-mentioned cases, the DG does not contribute to the frequency oscillations of
the synchronous generators in the grid, in case of a disturbance in the balance between
generation and load in the system. So when the grid frequency drops, the mechanical frequency
of a variable speed wind turbine with a doubly fed induction generator does not change because
the power-electronic interface is in between, and no energy stored in the rotating mass is
supplied to the grid (as would be in the case of a conventional synchronous generator coupled to
the grid via a transformer).

8.5 ENERGY STORAGE

When (renewable) DG comprises a substantial part of the power production, energy storage can
giveus an extra and valuable degree of freedom for the operation and control of the system and is
sometimes even indispensable. In a traditional vertical power system, the inertia of the rotors of
the synchronous generators cover a possible mismatch between power production and con-
sumption. Inahorizontal power system, with arelatively small amount of centralized generation
and a considerable contribution of (renewable) DG, the total inertia of the rotating mass in the
system is strongly reduced. This is because of the lower inertia of the DG units and/or because
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Figure 8.2 Power-electronic interfaces.
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generators are separated from the grid by power-electronic interfaces. In consequence, the total
inertia in the system may become insufficient to compensate adequately for disturbances of the
power balance, resulting inrelatively large frequency deviations and in adynamically less stable
system in case of system disturbances and faults. Energy storage can help to compensate for this
and help to maintain the power balance; energy can be stored when there is a surplus of energy,
and subsequently it can be delivered in the case of a temporary deficiency. Energy storage can
also be of help to level out large power fluctuations when the power is generated by renewable
energy sources.

Large-scale energy storage is still behind the horizon, but some promising techniques have
already been developed: Superconducting Magnetic Energy Storage systems (SMES, electrical
storage of energy), Battery Energy Storage systems (BES, electrochemical storage of energy),
fuel cells (electrochemical storage of energy), flywheels (electromechanical storage of energy)
and Compressed Air Energy Storage systems (CAES).

There are already several utility-scaled battery plants in operation, and they are applied for
load leveling and dynamic applications; one of the largestis a 10 MW, 40 MWh plant operated
by Southern California Edison in Chino (California, USA).

8.6 BLACKOUTS AND CHAOTIC PHENOMENA

Expansion of the power system is expensive and takes a long time; the erection of anew overhead
transmission line requires years of negotiation with the landowners, discussions with envir-
onmentalists, and — last but not least — it takes time to actually build it. This time-consuming
process, in combination with the annual growth of the electricity consumption, means that the
power system is operated closer to its limits. Network congestion becomes an important issue
and FACTS (see section 5.6 (Flexible AC Transmission Systems (FACTS))) devices are
installed to keep the operation of the system within safe margins. FACTS devices, in turn,
increase the complexity of the power system. The same applies to the growing penetration level
of (power-) electronic interfaces in the system; many domestic loads are connected to the supply
by converters (take a PC for instance) and distributed generators, especially the ones powered by
primary energy sources with arather unpredictable behavior, are generally connected to the grid
by a power-electronic interface. The converters introduce harmonics in the system and reso-
nance at certain harmonic frequencies can happen. Power electronics also introduce nonlinear
behaviorin the system and chaotic phenomena might occur in the near future. Accordingly, large
system blackouts will probably happen more often.

8.6.1 Nonlinear Phenomena and Chaos

The alteration of the number of solutions of a dynamic system, as a result of a parameter change
orachange of aninitial condition, is called a bifurcation. There are two types of bifurcations. Itis
called a static bifurcation when there is a change in the number of equilibrium points. The other
category is called the dynamic bifurcations, such as the Hopf bifurcation, the cyclic fold
bifurcation and the period doubling bifurcations. The static bifurcation and the Hopf bifurcation
are local bifurcations; they always take place in the vicinity of an equilibrium. Cyclic fold and
period doubling bifurcations are global bifurcations, that occur outside the boundaries of the
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equilibria. Chaos emerges from a global bifurcation. Chaos is aperiodic time-asymptotic
behavior in a deterministic system with a sensitive dependency on the initial system conditions.
Or in other words: a small deviation of a certain state can cause the system to show a completely
different behavior. Chaos can (in theory) occur in adynamic system that is described by a system
of first order differential equations, when the following necessary conditions are met:

e the system is described by at least three independent variables;
e the equations have nonlinear terms that relate at least two of the independent variables;
e the trajectories described by the system are unambiguous.

For three or more independent variables (n > 3) and at least one nonlinear function f;, a system
like this can be written as:

d
%:fl(xlv-xZa ...,.Xn)
dx
d_2:f2(x17x2a "'7xn)
! (8.1)
dx,
dt :fn(xl,xz, ...,xn)

In this book, we focus on steady-state behavior of the power system only; a dynamic analysis of
the system and the possible occurrence of chaos is beyond our scope (interested readers are
referred to the literature in this field, e.g. [14]). However, we encountered an example of a static
bifurcation earlier in this book, when we treated the power flow equations. In Example 6.4
(p. 176), we learned that the power flow equations have multiple solutions, and this is a typical
example of a static bifurcation. The existence of this static bifurcation makes that a small
deviation of the working point of the system can lead to a voltage collapse, as explained in the
following paragraphs.

In Figure 8.3, the two-node network used to demonstrate the load flow computation in
Section 6.2 (Loadflow or Power Flow Computation), is shown. In Example 6.4 (p. 176), we
calculated that the voltage at node two can have two values: |V,| =0.1904pu and
|V2| = 0.8853 pu. In Figure 8.4, the voltage at node two is drawn as a function of the active
power consumption, and the two possible working points of the system for apower consumption
of S, = 0.6 + j0.3, being the situation as shown in Figure 8.3, are A and B. To draw this so-called
PV-curve, we assumed that the voltage at node one remains constant and that the load has a
constant power factor cos(¢) = 0.6/1/0.36 + 0.09 ~ 0.9. The PV-curve has two traces: an

® ®
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Figure 8.3 Example network.
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Figure 8.4 PV-curve and load characteristic.

upper trace starting at a voltage |V,| = 1.0 pu (the no-load situation), and a lower trace that has
its origin at a voltage |V,| = 0.0 pu (the short-circuit state). When the power consumption
increases, the upper and lower part of the characteristic meet each other at a point where only one
solution exists; this is the static bifurcation point.

In case of a static load both the working points A (‘high’ voltage and ‘small’ current) and B
(‘low’ voltage and ‘high’ current) are stable working points, but point B is most probably
nonviable because of the low voltage and the high current. Point B can therefore become an
unstable working point; this is for instance the case when the load is supplied by a tap-changing
transformer. Assume that the system operates in working point B. The tap changer will try to
raise the voltage at the load side, which leads to an increased line current and an even higher
voltage drop across the line. This leads to a progressive reduction of the voltage, which is called
voltage collapse. In such a case, the static bifurcation separates the stable solutions from the
unstable ones.

A necessary condition for a stable system operation is the existence of an equilibrium point; a
point where the PV-curve and the load characteristic intersect. When this equilibrium point
disappears, voltage collapse becomes a fact. An equilibrium point can disappear when the load
demand increases such that the dashed line in Figure 8.4 shifts to the right, passing the ‘nose’ of
the PV-curve. Also a change in the power factor can be a cause for an equilibrium point to
disappear. In Figure 8.5, the PV-curves are drawn for a number of different power factors. When
we operate the system at full load and at a power factor cos(@) = 1, a sudden change to a power
factor of cos(@) = 0.95 lagging will cause the voltage to collapse.

The voltage stability problem, as described above, is not an example of what we call chaos, but
itillustrates one of the mechanisms that we encounter with chaos: a small deviation of a certain
state can cause a system to show totally different behavior.
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Figure 8.5 PV-curves at various power factors.

8.6.2 Blackouts

Major blackouts are usually caused by cascading contingencies, such as a short circuit, an
overloaded component, a generator outage, etc., with complicated interactions. The vulner-
ability of the system to (in itself) low-probability incidents that expand to a cascading outage
(which is also called the domino effect) increases when the system is already stressed by other
causes, such as for instance congested transmission corridors when there is a bulk exchange of
power between parts of the system. Quite often, a cascading outage is initiated by forces of
nature or by weather conditions: (thunder) storms, extreme temperatures, geomagnetic storms,
forest fires, and so forth. The sequence of events leading to a blackout are usually diverse, but the
result is always the same: an interruption of the power supply for a certain period of time.

In the next examples, two major blackouts are analyzed to show what can cause such a
disastrous event and on what time scale it takes place. The first example describes the major
blackout in the Northeastern part of the United States and Canada, on 14 August 2003; the
blackout affected approximately 50 million people and it took more than 24 hours to restore the
power supply in New York City and other areas. The second example describes the sequence of
events leding to the blackout of Italy, on 28 September 2003. The blackout affected approxi-
mately 57 million people, and it took 5-9 hours to restore the power to Rome and the major cities
of the country.

Example 8.1 Blackout in Northeast United States and Canada (14 August 2003)

The blackoutin Northeast United States and Canada has been investigated and documented by
the North American Electric Reliability Council [26] and the US—Canada Power System
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Outage Task Force [35]. Here follows a short description of the sequence of events that led to
the blackout in Northeast United States and Canada (see Figure 8.6).

On 14 August 2003, there were voltage problems in the border area between the United
States and Canada. The scenario that led to the actual blackout in New York and wide
surroundings at 4.13 p.m., started around noon. Shortly after 12 o’clock a 375 MW unit in
the Conesville power station in mid Ohio was disconnected from the grid, followed by
785 MW of the Greenwood power station in northern Detroit (Michigan) 1 hour 10 minutes
later, and 597 MW of the Eastlake power station in northern Ohio 18 minutes later. The loss of
these three generating units caused a change in the power flow in the power pool around the
great lakes, the so-called Eastern Interconnection.

At2.02 p.m., animportant 345 kV transmission link from the southwest to the north of Ohio
was taken out of service. There was a forest fire close to the transmission lines and there was
fear that the heat would ionize the air surrounding the lines and would cause a short circuit.
Between 3.00 p.m. and a 3.45 p.m., three other 345 kV links were taken out of service and an
important connection in the transport capacity between east and north Ohio had at that moment
disappeared. The power flow divided up over the remaining connections, such as connections
at the 138 kV level. These connections got overloaded. Because of the large voltage drop,
600 MW industrial consumption was disconnected in Ohio, as well as consumers at the 138 kV
and 69 kV network.

Quebec
28 £ (Canada)
; : .-‘_\w -
4 eorgia
Bay ; Vermont
) Lake ’
Huron Ontario
(Canada) _1
New York M .
Michigan assachusetts
L Conhnecticut
Pennsylvania
Jersey
Ohio
Indiana )
elaware
;WestVirginia e ‘
Kentucky s, Atlantic

Virginia X Ocean

Figure 8.6 The area around the great lakes.
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Because of the loss of the 345 kV connections Canton Central-Tidd and Sammis—Star, the
power could flow to the north of Ohio by means of three routes only (see Figure 8.7, I). The
north of Ohio, that normally provided the east of Michigan with energy, became a weak point;
the large industrial town Detroit depended on southeast Michigan for its power supply.
Subsequently, the connections Galio—Ohio, Central-Muskingun (Figure 8.7, II) and East
Lima—Fostoria Central (Figure 8.7, II1), all 345 kV lines, were taken out of service, and the link
between north Ohio and the east of Michigan was formed mainly by two 345 kV connections at
the southside of Lake Erie. The power flows from Indiana and the lines in southwest Michigan
in the direction of east Michigan and north Ohio increased, but were insufficient to meet the
demand, so that the voltage in north Ohio dropped.

Shortly after that, a number of large power plants were disconnected from the grid in north
Ohio and west Michigan. It was4.10 p.m. The increased power flows overloaded the remaining
connections in service, and they were taken out of service (Figure 8.7, IV). The problem got
worse and, when at a certain moment in time, the 345 kV line Perry—Ashtabula—Erie West was

[1] 16:05:57 | [ ] 16:05:58

16:09:25 | [1v] 161037

G

Figure 8.7 Cascade sequence [35]. The arrows indicate the power flows. Black lines represent
separations between areas within the Eastern Interconnect. Regions affected by the blackout are high-
lighted by the dashed areas.
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taken out of service, the area covering east Michigan and north Ohio had hardly any production
left and the voltage collapsed.

Subsequently, the line at the southside of Lake Erie was taken out of service, and the power
flow changed its direction and flows, with a wide curve, from Pennsylvania, to New York, to
Ontario and Michigan, around the northside of Lake Erie (Figure 8.7, V). This also drew
Pennsylvania, New York, Ontario, and Quebec into the sequence of events. Two 345 kV and
two 220 kV lines between Pennsylvania and New York were disconnected within four seconds
of each other (Figure 8.7, VI and VII), due to the suddenly increased power flows. As a result
Pennsylvania and New York were no longer interconnected in a direct way, and large power
flows appeared on the New York—New Jersey connection (Figure 8.7, VIII). At the same time,
more generation was lost in north Ohio and also the Fostoria Central-Galion 345 kV connec-
tion was idle. The disconnection of the Beaver—David Besse 345 kV line cut Cleveland (Ohio)
off from the Eastern Interconnection. Michigan was still connected to Ontario in Canada, but
two 230kV connections became inactive, and Ontario was connected to Manitoba and
Minnesota only (Figure 8.7, IX).

Around that time, the last link between the Eastern Interconnection and the area of New
Jersey, the 500 kV connection Branchburg—Ramapo went out of operation. As a consequence
the supply area around Greater New York was split in two parts: New England (except for
southwest Connecticut) and The Maritimes. Large areas were islanding now and tried to
reestablish the power balance. Also Ontario tried to balance the power and shed 2500 MW of
load. The direct interconnection via the Niagara Falls between Ontario and New York was
taken out of service and the power flows were now heading for New York from Ontario, via
Quebec, through the 765 kV lines. The recovery of the connection between Ontario and New
York failed and 4500 MW of generation was disconnected in Ontario.

Now, the power supply in the largest part of Ontario was interrupted. Problems in main-
taining the power balance in the islanded parts of New York had as a result that the power
supply also failed there. A major part of the Eastern Interconnection, the area in the US around
the great lakes, was now without electricity by which time it was 4.13 p.m. (Figure 8.7, X).

Example 8.2 Blackout in Italy (28 September 2003)

The blackout in Italy has been investigated and documented by an investigation committee of
the UCTE [34]. There follows a short description of the sequence of events that led to the
blackout of the entire Italian peninsula. An overview of the Italian cross-border connections is
shown in Figure 8.8.

The blackout in Italy was initiated by the loss of the Swiss 380 kV transmission line
connection between Mettlen and Lavorgo. This high-voltage overhead line was 85 % loaded
at that time. The line was taken out of service after a short circuit between the line conductors
and the branches of a tree that came too close to the line.

Such a short circuit could disappear spontaneously when the arc (a lightning-like conduct-
ing path, in this case between the conductor and a branch of the tree) extinguished by itself
because of the cooling by the surrounding air. Probably this was not the case here, as the
automatic reclosure of the high-voltage transmission line failed a number of times. Also by
means of a manual reclosure command, seven minutes after the disturbance, the line could not
be brought back into service. The phase angle between the voltages at the ends of the line was
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Figure 8.8 The Italian interconnectors [34].

too large: 42 degrees whereas 30 degrees is the maximum allowed phase difference between
two points that are to be connected.

When this happened, the Italian electricity import from Switzerland was 540 MW more
than scheduled and the import from France 440 MW less than scheduled. At the same time, the
remaining transmission links took care of the power transport, as dictated by the laws of
physics; the major part of the transport capacity was taken over by the lines nearby. This
resultedina 110 % loading of the Swiss 380 kV link Sils—Soazza, the so-called San Bernardino
link. This overload is permitted, but may not last longer than 15 minutes.

Ten minutes after the start of the problems with the line Mettlen—Lavorgo, a discussion by
phone was held between the ETRANS control centre in Laufenburg, which is located at the
border between Germany and Switzerland, and the GRTN control centre in Rome, Italy.
GRTN was asked to take measures in the Italian area in order to reduce the overload on the
Swiss transmission lines and bring back a safe system operation. The measure that had to be
taken was in fact the reduction of the Italian import by 300 MW, because that was the surplus
amount of imported power at the time of the disturbance. The 300 MW import reduction was a
fact 10 minutes after the telephone conversation and the power balance in Italy was restored
again. Also the Swiss took their measures and, together with the Italian import reduction of
300 MW, the transmission lines in Switzerland were normally loaded again.

But four minutes later, another short-circuit occurred between a tree top and a transmission
line conductor; this time on the circuit Sils—Soazza, the connection that had been overloaded
for 10 minutes. Because of the overload, the aluminum conductors were heated and the line sag
became larger. As aresult, the line conductors came closer to the tops of the trees, as illustrated
in Figure 8.9. The connection Sils—Soazza also had to be taken out of service. The loss of these
two interconnections resulted in dangerous overloads on the other system components and
connections in the system (four seconds after the disappearance of the line Sils—Soazza, the
220 kV line from Airolo to Mettlen in Switzerland was overloaded and taken out of service),
and therefore, 12 seconds after putting the line Sils—Soazza idle, the Italian network was
isolated from the rest of Europe in order to reduce the affected area. During these 12 seconds,
large power fluctuations in combination with severe transient voltage instabilities occurred.
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Figure 8.9 Increased sag of overloaded lines can cause a short circuit; dashed: the ‘normally’ loaded
line; solid: the overloaded line.

The voltage drop in the northern part of Italy caused a number of power plants to disconnect
automatically from the grid. The power balance was disturbed again and, because Italy was
now isolated from the rest of Europe, the frequency dropped to 49 Hz (see Figure 8.10). The
primary frequency control halted the drop in the frequency by load shedding and by stopping
the pumps that elevate river water to reservoirs (for energy storage). But this was already too
late: the protection of turbines, underfrequency relays and temperature relays operated. The
shedding of even more load did not help any more and, two and a half minute after the isolation
of Italy from the European network, the frequency reached the absolute lower limit of 47.5 Hz
and the lights went out throughout Italy . ..
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Figure 8.10 The Italian frequency (line only) and total active power imbalance (line + area) [34]; the
dotted line at a frequency of 47.5 Hz is the critical treshold.
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A

Maxwell’s Laws

A.1 INTRODUCTION

All macroscopic electromagnetic phenomena are described by Maxwell’s equations. The
equations express the distributed nature of the electromagnetic fields; the field quantities are
functions of space as well as time.

Faraday’s law relates the electromotive force, generated around a closed contour C, to the
time rate of change of the total magnetic flux through the open surface S bounded by that contour.
Or in other words: Faraday’s law shows that a time-changing magnetic flux can induce an
electric field:

d
E-dl=——|B- A.l
iﬁ d d;J ds (A1)
C S

E the electric field intensity vector [V/m]
B the magnetic flux density vector [Wb/m?]

Ampere’s law states the opposite: a time-changing electric flux can induce a magnetic field:

t

}H-dlsz-derjJD-ds (A.2)
C S N

H the magnetic field intensity vector [A/m]
J  the current density vector [A/m?]
D  the electric flux density vector [C/mz]

Gauss’ law for the electric field states that the net flux of the electric flux density vector out of the
closed surface S is equivalent to the net positive charge enclosed by the surface:

%D -ds = dev (A3)

S \%

p  the volume-free charge density [C/m°]

Sections A.2 to A.5 are based on Chapter 9 of Leonard M., Magid, Electromagnetic Fields, Energy and Waves, John
Wiley & Sons Inc., New York, 1972; this material has been reused by permission [19].

Electrical Power System Essentials Pieter Schavemaker and Lou van der Sluis
© 2008 John Wiley & Sons, Ltd
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Gauss’ law for the magnetic field outlines that all magnetic field lines form closed paths
and that there are no isolated sources for the magnetic field, or in other words, that there are
no magnetic monopoles:

%mezo (A.4)
S

In differential form, the Maxwell’s equations are described in the following paragraphs and
visualized in Figure A.1:

OB
VxE=—= (A5)

D
V><H=J+aa—t (A.6)
V-D=p (A7)
V-B=0 (A.8)

Circuit theory can be regarded as describing a restricted class of solutions of Maxwell’s
equations. In the following sections, power series approximations will be applied to describe
the electromagnetic field. It is shown that the zero and first-order terms in these approx-
imations (i.e. the quasi-static fields) form the basis for the lumped-circuit theory. By means
of the second-order terms, the validity of the lumped-circuit theory at various frequencies
can be estimated.

A.2 POWER SERIES APPROACH TO TIME-VARYING FIELDS

All electromagnetic fields will, in general, alter their shape and their behavior as a function of the
frequency . The following series expansion can be made for all the field quantities (such as E,
H, ], petc.):

E(x,y,7,1,0) = eo(x,y,2,7) + 0€1(x,,2,T) + 0’e2(x,y,2,7) + ... (A.9)
3D + J | e | H |t B
Ampére
A I
0, Y )
t 'y
€ -Vx
D |0—o| E | -——————»| ;B
Faraday

Figure A.1 Schematical outline of the Maxwell relations.
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Where tis defined as T = . The coefficients of the expansion terms are independent of ® and
the coefficient of the k™ term is given by:

1 (E(x,y,z,7,0
e(x,y,2,1) = Al <(a);)k)> (A.10)
: =0

Substitution of the power series into the field laws gives:

OB OB ot OB

VxE:—a:—a-a_—ma (A.11)
VXE=(Vxe)+o(Vxe)+o (Vxe)t...)
o2 (o) s (@) (@) ey
ot ot ot ot
Combining terms leads to:
((Vxe@#—m(Ver—%)+0)2<Vxe2+%)+...>:0 (A.13)

This equation must be valid for every possible frequency ®. Therefore, the coefficients of all the
powers of o are each equal to zero, and this gives us the following general equation:

Oby_y

Vxek:— ot

(A.14)

Similar results follow from the corresponding equations obtained from each of the other basic
field laws.

The power series notation can be simplified by absorbing the various powers of @ directly into
each of the terms of the power series expansion:

E(x7y7ZaT>(D) = eo()@y,z, T) +(Del(x7y7Z=T) + O)Zez(x,y,z, T) +..

(A.15)
:EO(X,y,Z,‘E,O)) +E1(X,y,Z,T,(D) +E2(X,y,Z,T,C0) + ...
The k™ term of the series is taken as follows:
Ei(x,y,2,7T,0) = o'er(x,y,2,1) (A.16)

The field laws can be written in terms of only E; and By, without explicit appearance of w*:

Obr1 —036ka1 _ OB,
ot ot ot

V x E; =V x (ofe;) = —oF (A.17)

The resulting set of equations is shown in Table A.1.
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Table A.1 Electromagnetic-field relations expressed in zero, first
and k™-order terms.

Order Field laws
Zero order
v XE() =0
A\ ><H() :Jo
VDo = py
V-By=0
V-Jo=0
First order
V><E1: —%
VxH =] +%0
V-D =p,
V-B; =0
V- Ji :66%0
k"™ order
V X E; = —aBak[I
V x Hy = Jj + B
VD = p;
V-B, =0
V- Jk —apakt*l

The series expansions are solved by determining the zero-order terms first. When the
zero-order terms are known, the first-order terms can be calculated. This step-by-step calcula-
tion continues for the higher-order terms until the required degree of accuracy in the solution is
reached.

The static field is described by the zero-order terms only, meaning that the time variation of the
electromagnetic field is neglected. The quasi-static field is described by the zero-order and first-
order terms. In the next section we will see that the fundaments of circuit theory follow directly
from the quasi-static approximations of Maxwell’s equations.

A.3 QUASI-STATIC FIELD OF A PARALLEL-PLATE CAPACITOR

Consider the parallel-plate capacitorin air as shown in Figure A.2. The plates consist of perfectly
conducting material (¢ = o) and the length and width of the plates are much larger than their
separation distance, so that all fringing in the resulting fields can be neglected. Therefore, all
variation in E and H with both x and y can be neglected within this system:

[ (A.18)



Quasi-static Field of a Parallel-plate Capacitor 241

-
- X

Figure A.2 Parallel-plate capacitor in air. All fringing in the resulting fields can be neglected as / > d
andw > d.

The system is excited with alow-frequency sinusoidal excitation, which is uniformly distributed
between the plates (at z = —I), such that a fixed reference voltage between the platesinthe z = 0
plane is maintained:

v, = A cos(wr) (A.19)

Since the reference voltage has an amplitude that is independent of the frequency o, it follows
that the power series expansion consists solely of a zero-order term equal in value to the
reference voltage:

vo(z = 0,1) = v,.(t) = A cos(wr)

A20
vw(z=0,1)=0 for k>1 ( )

Quasi-static solution

The zero-order time-varying electromagnetic fields in this system are identical in form to their
static (DC) counterparts:

. Acos(or)

Eo = —i,— (A21)

i unit vector
Hy,=0 (A.22)

The first-order contributions to the magnetic field can be derived from the first-order field laws in
Table A.1:
OE ®epA sin(wr)
VxH =¢g——=i,————=
T d
V-pH; =0 (A.24)
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with:

. aI—Ilz aHly . aIilx ale . aI_Ily aHlx
H, =i, - : - ' . - A25
v xH l'<6y 6z>+ly( 0z Ox th Ox Oy ( )

Combining Equations A.23 and A.25 results in:

6le aHly . WA sin(cot)

— A.26
dy 0z d ( )
~—
0
The first-order magnetic field within the enclosed air region in this system is:
A sin (ot
Hy =iH, = fiymgosfm(“’) (A.27)
Note that Equation A.24 is satisfied, as Hj, is independent of y (and H,, = H,; = 0):
OH,, OH,, OH,,
V-uwH, = - =] =0 A28
“’0 1 MO < ax + ay + aZ ( )

The first-order contributions to the electric field can be derived from the first-order field laws in
Table A.1:

oH,
V xE, = —uoa—tozo (A.29)
V- 80E1 =p; = 0 (A30)

Equation A.29 equals zero as H\) equals zero for all time (Equation A.22) and so does its time
derivative. Equation A.30 equals zero as the enclosed air region is free of charge (for all
frequencies ® and time #) due to its insulating nature. The first-order electric field within the
enclosed air region in this system is:

E =0 (A31)

As aresult, the expressions for the non-fringing fields between the plates of the capacitor correct
up to and including the first-order terms are:

A t
Eoy =Eo+ E; = —i A cos(er) (A.32)
’ ~— d
0
. ®gpA sin( ot
Hy = Hy +H, = fzyoi() (A.33)
~~ d

0
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For the voltage applied to the parallel-plate capacitor, correct up to and including the first-order
contributions, it must hold that:

—_—

[vx(t)]o’1 =— | (Eoa),—_,dx = Acos(wt) (A.34)

[is(t)}O’1 =— J (Ho1),—_,dy = —%mA sin(wt) (A.35)

The input impedance of the parallel-plate capacitor, correct up to and including first-order
contributions, can be computed from the ratio between the phasor representations of v, and i;:

Vi, =A (A.36)
. golw
Lo, = ](DAOT (A.37)
Vs 1 1
Zy) = Wil ‘ =— (A.38)

The lumped-element representation of the parallel-plate capacitor, correct up to and including
first-order contributions, is a lumped capacitor C, where the value of the capacitance equals the
DC or static capacitance of the parallel-plate system:

Validity of the quasi-static approach

In order to check the validity of the quasi-static approximation, we compute the second-order
contributions to the power series of the electric and magnetic field. The second-order magnetic
field H; is generated by the time rate of change of the first-order electric field E| (Table A.1). But
with E| equal to zero at all points in the system, we can expect H; to be equal to zero at all points
in the system as well:

H,=0 (A.40)

The second-order contributions to the electric field can be derived from the k™-order (k = 2)
field laws in Table A.1, and the first-order magnetic field in Equation A.27:

oH ?HoEoA t
Vs =y L oo cos(en), (A41)

V- 80E2 =P = 0 (A42)
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with:

., (OEy, OEy)\ . (OEy OEy)\ , . (OE, OE
V x E; —zx( % o ) —i—ly( 2 o ) +zz< > % (A.43)

Combining Equations A.41 and A.43 results in:

E E %HogoA
OEy:  OEy: _ ®7Moeo cos((nt)Z (A44)
0z Ox d
~~

0

The second-order electric field within the enclosed air region in this system is:

. ©%yE0A cos(ot) 72

E, =iE) =i, A.45
2 = Llioxy =1 d 3 ( )
Note that Equation A.42 is satisfied, as E,, is independent of x (and E»y, = E», = 0):
OE,, 0OFE,, OFE;
-goEy = —= 4= =0 A.46
V- gk, 80(@x+6y+6z (A.46)

The expressions for the non-fringing fields between the plates of the capacitor correct up to and
including the second-order terms are:

A t 2 2
Eory—Eo+ Ey + By — —i, 20800 (| _ @7t (A.47)

0

. ®gpA sin(mt
H0,1,2 = Hy +H,+ H, = —ly—o ( )
N ~~ d

0 0

(A.48)

For the voltage applied to the parallel-plate capacitor, correct up to and including the second-
order contributions, it must hold that:

d

2 2

[VS(I)}O,IQ = — J (Eovl’z)z:_ldx = ACOS((,[)I‘) (] — %) (A49)
20

X:

For the source current, correct up to and including second-order contributions, it yields:

[
(Ho,12).__dy = — SOTWO)A sin(w?) (A.50)

0

[is(f)]o,l‘z ==

y

[ —=
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The input impedance of the parallel-plate capacitor, correct up to and including second-order
contributions, can be computed from the ratio between the phasor representations of v, and i;:

2 12
[Vilpia=A <1 — 2R “380 > (A.51)
R SQIW
[£s)o,2 = joA == (A.52)
Vi 1 2 2 1
Zo1s = Vilo.i2 _ — (1~ OHoBT) _ (1~ 2L0) (A.53)
v Llogs  jott 2 JjoC

The lumped-element representation of the parallel-plate capacitor, correct up to and including
second-order contributions, is a series LC network, where the values of the capacitance and the
inductance are specified as follows:

C = Cpe ==~ (A.54)
1

L=- (“O—ld) (A.55)
2\ w

The quasi-static approach is valid only when the second-order contribution is negligible:

0’ pogol?

;<1 (A.56)

The wavelength of an electromagnetic wave is defined as:
2n
/M€

The use of the circuit theory model of a lumped capacitor for the parallel-plate system is justified
as long as the values of the wavelength (X) are much higher than the length of the plates (/):

2 2 2
O Hotol” _ 5o (i) <1 (A.58)

)\‘:

(A.57)

2 I

A.4 QUASI-STATIC FIELD OF A SINGLE-TURN INDUCTOR

Consider the single-turn inductor in air as shown in Figure A.3. The plates consist of perfectly
conducting material (¢ = o) and the length and width of the plates are much larger than their
separation distance, so that all fringing in the resulting fields can be neglected. Therefore, all
variation in E and H with both x and y can be neglected within this system:

~——— =0 (A.59)



246 Maxwell’s Laws

x

|
Y.

. | T Is) 7
dI is(t) (A Kr(t) >

y
Figure A.3 Single-turn inductor in air. All fringing in the resulting fields can be neglected as / > d and
w>d.
The system is fed by a low-frequency sinusoidal current source (at z = —/), such that the

reference surface current density:

K, = Acos(ot) (A.60)

Quasi-static solution

The zero-order time-varying electromagnetic fields in this system are identical in form to their
static (DC) counterparts:

H, = —i,K, = —i,A cos(or) (A.61)
Ey=0 (A.62)

The first-order contributions to the electric field can be derived from the first-order field laws in
Table A.1:

OH

V x E| = _”Oa_to = —i,1y0A sin(wr) (A.63)
V- 80E1 =p; = 0 (A64)
with:
. (OE,; OEj, . (OE, OE . (OE), OFEj
E, =i, — : - A.65
VxE l(@y 0z T 0z Ox ti Ox * Oy ( )
Combining Equations A.63 and A.65 results in:
O0E, OF .
2l ) oA sin(of) (A.66)

0z Ox
0
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The first-order electric field within the enclosed air region in this system is:
E, =i,E|, = —i 1 0zA sin(o?) (A.67)

Note that Equation A.64 is satisfied, as E1, is independent of x (and E;, = E;, = 0):

OE\, OEy, OE\ _
Ox oy + 0z =0

V- 80E1 = 80( (A68)

The first-order contributions to the magnetic field can be derived from the first-order field laws in
Table A.1:
O0Ey

\V4 XH] :SOE 0 (A69)

V- noH; =0 (A.70)

The first-order magnetic field within the enclosed air region in this system is:
H =0 (A.71)

As aresult, the expressions for the non-fringing fields of the inductor correct up to and including
first-order terms are:

Ey; = Ey + E; = —iny0zA sin(wr) (A.72)
0
Hy, =Hy+ H, = —i,Acos(ot) (A.73)
' -
0

For the voltage across the current source, correct up to and including first-order contributions, it
must hold that:

sy =~ | (Eo1),—_1dx = —pooldA sin(mt) (A.74)

x=0

—_—n

For the source current, correct up to and including first-order contributions, it yields:

(Olor == | (Hox).—dy = w cos(or) (A75)

0

[ —=

y

The input impedance of the single-turn inductor, correct up to and including first-order
contributions, can be computed from the ratio between the phasor representations of v, and i;:

[Vs]o,l = JuooldA (A.76)

[I]o, = wA (A.77)
Vs Lo IdA ld

Zo1 = [Vilo. _JHo® :ijOT = joL (A.78)

T [1.v]071 WA
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The lumped-element representation of the single-turn inductor, correct up to and including first-
order contributions, is a lumped inductor L, where the value of the inductance equals the DC or
static inductance of the single-turn inductor:

L=Lpc="= (A.79)
w

Validity of the quasi-static approach

In order to check the validity of the quasi-static approximation, we compute the second-order
contributions to the power series of the electric and magnetic field. The second-order electric
field E, is generated by the time rate of change of the first-order magnetic field H; (Table A.1).
But with H, equal to zero at all points in the system, we can expect E, to be equal to zero at all
points in the system as well:

E,=0 (A.80)

The second-order contributions to the magnetic field can be derived from the k"™-order (k = 2)
field laws in Table A.1, and the first-order electric field in Equation A.67:

V x H, = g % = —i,0*1yE9zA cos(ot) (A.81)
V uHy; =0 (A.82)
with:
. 6H2, asz . aHQX 6H27 . asz 6H2x
H. i (92 OH, fr  Of: oy _ A.
VX H ll( dy 0z th 0z ox ) T o dy (A.83)

Combining Equations A.81 and A.83 results in:

OH,, OH,, )
— = — A.84
% o ©~HoE0ZA cos(wmr) (A.84)
——

0
The second-order magnetic field within the enclosed air region in this system is:

®* o802

H, = l'szy = iy 5

A cos(ot) (A.85)

Note that Equation A.82 is satisfied, as H», is independent of y (and H>, = H>, = 0):

Oy, | OHyy 6H21> 0

v : HOHZ = H()( ax + ay aZ (A86)
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The expressions for the non-fringing fields of the inductor correct up to and including
second-order terms are:

Eoi1»= Ey +E\+ E; = —i i ozA sin(wr) (A.87)
— —
0 0
2 2
Hoyr = Ho+ H, +H, = —i,Acos(of) <1 — W) (A.88)
.1 NigV, 2

0

For the voltage across the current source, correct up to and including second-order contributions,
it must hold that:

—

[vs(t)}071’2 =— | (Eo12),—_dx = —pyoldA sin(wt) (A.89)

For the source current, correct up to and including second-order contributions, it yields:

" 0’ pggol?
[is(t)]071,2 —— J (Ho,12),—_dy = wA cos(wt) (1 — 4“3 0 )

y=0

(A.90)

The input impedance of the single-turn inductor, correct up to and including second-order
contributions, can be computed from the ratio between the phasor representations of v, and i;:

[Vx}o,Lz = jpowldA (A91)
2 12
[13]0,1,2 =wA (1 - %) (A.92)
Zo1a = [Vs]0,1,2 _ JjopyldA _ joL (A.93)
AT wA(l B mzposoﬂ) (1 - @?LC)
2

The lumped-element representation of the single-turn inductor, correct up to and including
second-order contributions, is a parallel LC network, where the values of the capacitance and the
inductance are specified as follows:

L= Lpe =" (A.94)
w
1 SQZW
= (2 A.
c 2( d) (A.95)

The quasi-static approach is valid only when the second-order contribution is negligible:

2poeol? A%
il (1) <1 (A.96)
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This result is identical to what we found in Section A.3 (Quasi-static Field of a Parallel-plate
Capacitor) for the parallel-plate capacitor.

A.5 QUASI-STATIC FIELD OF A RESISTOR

Consider the resistor in air as shown in Figure A .4, formed by placing aresistive sheet of uniform
surface conductivity o, at one end of two perfectly conducting plates (¢ = oc). The length and
width of the plates are much larger than their separation distance, so that all fringing in the
resulting fields can be neglected. Therefore, all variation in E and H with both x and y can be
neglected within this system:

—~—— =0 (A.97)

The system s excited with alow-frequency sinusoidal excitation, which is uniformly distributed
between the plates (atz = —I), such thata fixed reference voltage across the resistive sheet (in the
z = 0 plane) is maintained:

v, = A cos(or) (A.98)

Quasi-static solution

The zero-order time-varying electromagnetic fields in this system are identical in form to their
static (DC) counterparts:

LV . Acos(or)
Eo = —iy— = —i,— >/ A.99
0 i~ i p ( )
. OV . OsA cos(or)
Hy = —i, ; = —zysT (A.100)
X

|
\

Os

Figure A.4 Resistor in air. All fringing in the resulting fields can be neglected as / > d and w > d.
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The first-order contributions to the electric field can be derived from the first-order field laws in
Table A.1:

OHy . pyo,0Asin(ot)

VXEI :7HOW* Ly d (AlOl)
V'S()El = P =0 (A102)
with:
. (OE,; OEj . (OE, OEy, , (OE;, OEj
E =i, — , —— —— A.103
VxE, l(@y 0z T 0z Ox T Ox Jy ( )
Combining Equations A.101 and A.103 results in:
OE,, OE, UoOs®A sin(oz)
o TR A.104
0z Ox d ( )
~~
0
The first-order electric field within the enclosed air region in this system is:
s in(w?
E, = iE), = —ix%ml(m) (A.105)
Note that Equation A.102 is satisfied, as E, is independent of x (and E|, = E;, = 0):
OE;, OE,, OFE,
V- -gE| = Y =] =0 A.106
gk 80(6x+6y+61 ( )

The first-order contributions to the magnetic field can be derived from the first-order field laws in
Table A.1:

OE; . gwAsin(wz)

VXxH =g o iy p (A.107)
V-uH; =0 (A.108)
with:
. (OH,; 0OH,, . (OH), 0H\, . (OH,, OHi,
V xH; =iy L , — ' 2 A.109
A= <©y 6z>+l}(61 ox th ox Oy ( )
Combining Equations A.107 and A.109 results in:
6H1Z aHly gmA sin((ot)
— = A.110
Oy 0z d ( )
~—

0
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The first-order magnetic field within the enclosed air region in this system is:

gowzA sin(wt)

H, =i,Hy, = —i, y

(A.111)

Note that Equation A.108 is satisfied, as H, is independent of y (and H,, = Hy, = 0):

OH,, OH,, OH
VHOH1:H0< a; + aylV"F azlz>:0

The expressions for the non-fringing fields within the enclosed air space in the system, correct up
to and including first-order terms are:

(A.112)

V(T oy dv,.(t
E071:E0+E1=—ix< 1) _ Ho ()z>

d d dt
(A.113)
A s .
= —i, (7“);(@) + HodGA ®zA s1n(oot)>
_ L (ow(t)  eodv, (1)
Hy, =Hy+H, = ly( 7 Y RPTEE
(A.114)

A
= —i, <%s(mt) + S?‘i,)oozA sin(cot))

For the voltage applied to the resistor, correct up to and including first-order contributions, it
must hold that:

d
vs(®)]o, = — J (Eo.1),—_,dx = A cos(ot) — pyo,wlA sin(w?) (A.115)

x=0

For the source current, correct up to and including first-order contributions, it yields:

. T G ,WA cos(mt gow .
[is(D)]o) = — J (Ho),__dy = % — 07(;)ZA sin(or) (A.116)
y=0

The input impedance of the resistor, correct up to and including first-order contributions, can be
computed from the ratio between the phasor representations of vy and i;:

[Vslo = A +jioOs0lA (A.117)
WA

s]o.s :G‘:; +j€07wcolA (A.118)
Vs 1 + jugosol 1 +jo(L/R

7 sl % +j807wcol 1 + joRC
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The lumped-element representation of the resistor, correct up to and including first-order
contributions, is an RLC circuit, where the values of the resistance, inductance and capacitance

are specified as follows:
d

R=Rpc = (A.120)
oW
ld
L=Lpc =" (A.121)
w
I
C=Cpc = SOTW (A.122)

In case of o; = oo (R = 0), the system changes into the single-turn inductor as described in
Section A.4 (Quasi-static Field of a Single-turn Inductor). In case of oy = 0 (R = 0), the
system changes into the parallel-plate capacitor as described in Section A.3 (Quasi-static Field
of a Parallel-plate Capacitor).

The lumped-element representation of the resistor is dependent on the actual value of the
resistance R:

e R <« 4/L/C.The lumped-element representation of the resistor equals a series LR circuit, as
the input impedance is approximately:

1+ jo(L/R)

Zo1 =R
01 1 + joRC

~ R + joL (A.123)

e R > /L/C.The lumped-element representation of the resistor equals a parallel RC circuit,
as the input admittance is approximately:

I 1+joRC 1
_ L e L ec (A.124)
RT+jo(L/R) R

Y01
e R = /L/C.Thelumped-element representation of the resistor reduces to the DC resistance,
as the input impedance equals:
1 +jo(L/R)

Zog =R—I2CU R A.125
01 1 + joRC ( )

A.6 CIRCUIT MODELING

It is the electrical size of the structure — its size in terms of the minimum wavelength of interest
in the bandwidth over which the model must be valid — that dictates the sophistication and
complexity of the required model. Although this is only an approximate criterion, which is
closely related to the Equations A.58 and A.96, an electromagnetic structure is said to be
electrically small if its dimensions are smaller than one tenth of the smallest wavelength under
consideration:

1
— A.12
AT (A.126)
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[ the physical dimension [m]
A the wavelength [m]

In the case of a steady-state analysis of the power system, only the power frequency (50 Hz or
60 Hz) is considered and the wavelength of a 50 Hz sinusoidal voltage or current equals:

LV _3x10°
f

= 6000 km (A.127)

A the wave length [km]
v the speed of light ~ 300000 [km/s]
f the frequency [Hz]

Therefore, a component, e.g. a transmission line, is ‘electrically small’ in the steady-state
analysis when the dimensions are smaller than 6000/10 = 600 km. In that case, the Maxwell
equations can be approximated by a quasi-static approach and the component can accurately be
modeled by lumped elements. Kirchhoff’s laws are then applicable to compute the voltages and
currents.
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B.1 INTRODUCTION

Generation of electrical power at the synchronous generator level is normally done at voltage
levels, ranging from a few kilovolt up to 25 or 30 kV. To minimize the power loss and voltage
drop because of the conductor resistance the transmission of electrical energy is done at rather
high-voltage levels. Power transformers raise the voltage from the level of generation to the
higher level of transmission. They are called step-up transformers. Power transformers also
connect the transmission and distribution networks, which operate at different voltage levels.
Distribution transformers step down the voltage to levels that are more safe for the consumers to
use. Transformers consist essentially of two coils on an iron core. The iron core increases the
magnetic coupling between the two coils and ensures that almost all the magnetic flux created by
one coil links the other coil, which results in an efficient device. The operation of the transformer
is based on Faraday’s law of induction. The transformer has no moving parts and is therefore a
‘relatively simple’ piece of equipment. For the analysis of the behavior of the transformer in the
power system a qualitative description alone is not sufficient. The central item of this appendix is
the mathematical description of the voltage—current relations of the transformer under different
operating conditions.

B.2 THE IDEAL TRANSFORMER

Consider the two-winding transformer as shown in Figure B.1. Two coils are magnetically
coupled: the primary winding, for which we use suffix 1, and the secondary winding for which
we use suffix 2. The number of turns in the primary and secondary windings are indicated with
N; and N, respectively. The primary winding is connected to a sinusoidal voltage source vy,
while the secondary winding supplies a load current. The resistance of each winding and
the losses in the transformer core are for the moment neglected. Furthermore, we assume the
permeability of the core to be infinite and all the flux to be confined to circulate within the
transformer core as is shown in Figure B.1 (i.e. there is no leakage flux).

The voltage v; supplies the current i; in the primary winding and this current creates a
magnetic flux @ in the transformer core. According to Faraday’s law of induction, the magnetic
flux in the core induces an EMF in the primary winding that opposes the applied voltage and it
also induces an EMF in the secondary winding. The transformer is connected to a load and the

Electrical Power System Essentials Pieter Schavemaker and Lou van der Sluis
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V4 N1

Figure B.1 The ideal transformer.

magnitude of the secondary current i, depends on the load impedance. As there is no flux
leakage, the flux ® links both the primary and the secondary windings. Ampeére’s law states that
the line integral of the magnetic field H around a closed path Cis equal to the current traversing
the surface S bounded by that path. Ampeére’s law for the closed path of flux, shown by the dashed
line in Figure B.1, can be written as:

fH"EdS:Nll‘] + Nain (B])
C

H the magnetic field intensity vector [A/m]

N; the number of turns of the primary winding

i;  the current in the primary winding [A]

N, the number of turns of the secondary winding
ip  the current in the secondary winding [A]

We assumed the permeability of the iron core to be infinite (L, = c0). A non-zero magnetic field
intensity H in the iron would imply that the magnetic flux density in the iron (B = pgp,.H) is

infinite, which is not possible. Therefore, the magnetic field intensity in the iron equals zero and
Equation B.1 can be written as follows:

Nyl + Nyip =0 (B.2)

From this equation the current ratio for an ideal transformer results:

i N,
a2 B.3
i Ny (B:3)
The terminal voltages are given by the following equations:

d\r, dd
— =N, — B4
" dt Yt (B-4)

d do
=2y (B.5)

dar rdr
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Figure B.2 The circuit representation of an ideal transformer.

Therefore, the voltage ratio of the transformer can be derived as follows:

Vi N]
M B.6
1%) Nz ( )

The circuit representation of the ideal transformer is shown in Figure B.2.

We now switch to the phasor domain (see also Section 1.4 (Phasors)) in order to demonstrate
the impedance transformation property of the ideal transformer. This means that an impedance
on either side of the ideal transformer can be transformed to the other side. In case of a parallel-
connected impedance, as shown in Figure B.3, the voltage—current relations of the ideal
transformer with an impedance connected at the secondary side are given by:

Ny N V
vV, = v d I =——=(1, -2 B.7
TN, 2 e h N1< Z2> (B.7)

The voltage—current relations when an impedance is connected at the primary side are:

Ny Vi N,
Vi=—V d | —5=—-—1I B8
! N, 2 A ! Z N : (B:3)

Those voltage-current relations are identical if and only if:

7 = (ﬂ)zz2 (B.9)

The two circuits in Figure B.3 are identical when the relation between Z; and Z, is given by
Equation B.9.

I, Ny:N, I Iy Ny:N, Ly

(¢ o} o 0

o o} o 0

Figure B.3 Transformation of a parallel-connected impedance.
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I, NgNy,  Z, b I, Zy  NgNp I

Figure B.4 Transformation of a series-connected impedance.

Incase of aseries-connected impedance, as shown in Figure B.4, the voltage—current relations
of the ideal transformer with an impedance connected at the secondary side are given by:

Ny N,
Vi=—(V, — Z,I d I, =——1I B.10
1 Nz( 2 22) an 1 le ( )

The voltage—current relations when an impedance is connected at the primary side are:

N N,
Vi—-2Z1)=—V, and [, = ——1I B.11
(Vi —ZiIh) N, 2 1 N, ( )

Again, those voltage—current relations are identical if and only if:

7 = (ﬂ> z, (B.12)

The two circuits in Figure B.4 are identical when the relation between Z; and Z, is given by
Equation B.12.

Note that the factors that are needed to transform a parallel or a series-connected impedance to
the other side of the ideal transformer are identical.

B.3 MAGNETICALLY COUPLED COILS

Consider again the two-winding transformer as shown in Figure B.1. In this section we follow a
more general approach and describe the two-winding transformer as a pair of magnetically
coupled coils as depicted in Figure B.5. The flux linked with the primary winding due to
current i; equals Ly,,i; and the flux linked with the secondary winding due to current i, equals

M
Y L1 m § é L2rn v2
o]

Figure B.5 Two magnetically coupled coils.
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Lyyiz. Ly, 1s the self-inductance of the primary winding and L,,, is the self-inductance of the
secondary winding. The inductive coupling between the two windings is expressed by the
mutual inductance M. The flux linked with the primary winding due to current i equals Mi, and
the flux linked with the secondary winding due to current i; equals Mi;. We will assume here
that the coils have an ideal coupling so that the mutual inductance takes its maximum value
(i.e. the geometric mean of the self-inductances Ly, and L;,,):

M = LinLom (B.13)

Now, the flux linked with the primary and secondary winding can be written as:

Uy = Lipii + Mi; (B.14)

Uy = Lois + Mi (B.15)

Y, the flux linked with the primary winding [Wb]
Y, the flux linked with the secondary winding [Wb]
Ly, the self-inductance of the primary winding [H]
L, the self-inductance of the secondary winding [H]
M the mutual inductance [H]

‘When we apply Equation B.13, we can represent the magnetically-coupled coils of Figure B.5 as
a combination of an ideal transformer and a coil in parallel as is shown in Figure B.6. We can
prove that both representations of the magnetically coupled coils are equivalent by comparing
their voltage—current relations. The voltage—current relations of the circuit in Figure B.5, using
Equations B.14 and B.15, are:

_ d\r, _ di; diy
vV = dr = le d M dr (B16)
d\r, di; di,
2 _ 2t — B.17
V2 dt dt L dt ( )

. [fem
. L
I

jagtiag

Figure B.6 Magnetically coupled coils as a combination of an ideal transformer and a coil.
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The voltage—current relations of the circuitin Figure B.6, using the relation M = +/Ly,,,L,,, are:

d Lo di di di
led (11 + ”L_Q) = L1m l + VDiLloy — = Lipy—+ M =2 (B.18)
1

dt dt

Lo, dir di; diy
B o ,/“L,,,Lm Lon 2 =M™ 41, "2 B.1
V2 lev1 tmlo + m ar + I (B.19)

The voltage—current relations are equal for both circuits, which proves that they are equivalent.
Division of Equation B.16 by Equation B.17, and using again the relation M = +/L1,,Lo,, (i.e.
an ideal coupling), gives us the voltage ratio:

M? di; dir di; dip
Z o= =2
L M Mgt ML L (B.20)
V2 diy d12 Ly, diy di; Ly, M Ly, '
M—+ Ly, M—+ Ly, —
a TP ar
The terminal voltages can also be described by:
d\r, dd
R 4 R ¥ Mt B.21
T Var ( )
d\r, dd
=2 _ N, B.22
2T >dt ( )
N; the number of turns of the primary winding
N, the number of turns of the secondary winding
Therefore, the voltage ratio equals:
N
o (B.23)
v N>

When we compare this with the voltage ratio that we found in Equation B.20, we can see that:

Lim: Loy : M = N} : Nj : NiN, (B.24)

Essentially, we have represented the two-winding transformer of Figure B.1 (but now with
L, # oo) as an ideal transformer with a winding ratio N; : N, and a winding with N; turns
around a magnetic core that is identical to the magnetic core of the original transformer and
is magnetized by the current i;,, which is called the (primary) magnetization current. This
approach is shown in Figure B.7. The equivalent circuit of the magnetically coupled coils that
we derived in Figure B.6 can now be altered to the equivalent circuit in Figure B.8.
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Figure B.7 Approach of representing magnetically coupled coils as a combination of an ideal transfor-
mer and a coil.

Equivalence with the ideal transformer

In this sub-section we will see that we need an extra assumption in order to make the ideally
magnetically coupled coils equivalent to the ideal transformer that we derived in Section B.2
(The Ideal Transformer): we have to assume that the coupled coils have infinite mutual and
self-inductances, which correspond to a situation where the coils have a common core with an
infinite permeability (which was indeed one of the assumptions in Section B.2 (The Ideal
Transformer)):

Lim — 00, Ly, — 0co,M — oo (B.25)

When we divide Equation B.16 by M and Equation B.17 by L,,,, and use Equation B.24, we get
the equations:

141 le dil diz d N1 . .

Vi _Lamdhi | dip  d (N1 B.26
M M dt dt dt (Nzl1 +12> ( )
1% M di1 diz d Nl. .
A e N Wt R et} B.27
Ly, Lo, dt dt dt <N2 it lz) ( )

As the coupled coils have infinite mutual and self-inductances, the left-hand sides of those two
equations equal zero and we end up with the current relation that we found earlier for the ideal

i N,

N, iy
V1‘L1m% %”% ‘Vz

Figure B.8 Magnetically coupled coils as a combination of an ideal transformer and a coil.
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transformer (Equations B.2 and B.3):

N
]viil +i=0 (B.28)

B.4 THE NON-IDEAL TRANSFORMER

Inreality, the currents flowing in the primary and the secondary winding do not only create a flux
in the iron core (the ideal situation) but also in the air surrounding the windings: the leakage flux.
The leakage flux will be relatively small compared to the main flux, but needs to be taken into
account when modeling anon-ideal transformer. A transformer with leakage flux isillustrated in
Figure B.9. ®,, is the main flux that links all the turns of the primary and secondary coils. ® 5 and
®,, are the fluxes that either link the primary or secondary coil. The flux linked with the primary
and secondary winding can be written as:

Uy = Ligiy + Lywiy + Mij (B.29)

y = Logly + Loz + Miy (B.30)

Ly, the coefficient of the self-inductance of the primary winding that is related to the main
flux [H]

L,, the coefficient of the self-inductance of the secondary winding that is related to the
main flux [H]

Lis the coefficient of the self-inductance of the primary winding that is related to the
primary leakage flux [H]

L,s the coefficient of the self-inductance of the secondary winding that is related to the
secondary leakage flux [H]

M  the mutual inductance [H]

The coefficients of the self-inductance L;, and L, have an ideal magnetic coupling
(M = +/Ly,,Ly,,) whereas the coefficients L, and L, have no magnetic coupling.

o
)

U

Figure B.9 A transformer with leakage flux.
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i L1m§ %H Va

[, O

Figure B.10 Transformer equivalent circuit without core losses.

The voltage-current relations of the non-ideal transformer are:

diy  di
T e BT Y e (B.31)

R+d\|1 Ri+L diy
vi =0Ry dr =0LRy lo ar d

dt

d dlz di]

d
Vo = bRy + di =Ry, + Lgc + lqm dt (B32)

R; the copper resistance of the primary winding [€2]
R, the copper resistance of the secondary winding [{2]

When we compare these two equations with Equation B.16 and Equation B.17 and the
accompanying graphical representation in Figure B.5 and Figure B.8, we can see that the
Equations B.31 and B.32 can be depicted as in Figure B.10. The core losses, that we touched
upon in section 3.7 (Transformers), consisting of the hysteresis losses and the eddy current
losses, are still missing in this equivalent circuit. The hysteresis losses quantify the energy
dissipated in the ferromagnetic material due to the continuous change (50 Hz) of direction of the
Weiss particles. The eddy current losses originate from the eddy currents caused by the time-
varying magnetic flux in the electrically conductive magnetic core. The hysteresis losses and
eddy current losses can by approximation be incorporated in the equivalent circuit by putting a
resistance R,, in parallel with the main inductance L, as shown in Figure B.11.

For system studies the transformer equivalent circuit can be simplified. The secondary circuit
elements R, and L, can be referred to the primary side of the ideal transformer as shown in

Y Rm§L1m§ EH Va

Figure B.11 Transformer equivalent circuit.




264 Power Transformer Model
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Figure B.12 Transformer equivalent circuit with the secondary circuit elements referred to the primary
side of the ideal transformer.

i EH Va

o— 1

Figure B.13 Simplified transformer equivalent circuit.

Figure B.12. In practice the values of the series elements L, (N /N, ) and R, (N /N5 )* are small
compared to the shunt elements R,, and L;,, and may therefore be interchanged. The series
resistance R = R + Ry (N, /Nz)z, accounting for the copper losses, is much smaller than the
leakage reactance ®Ls = ®(Lis + Loo (N /Nz)z) and can therefore be neglected. Both the
shunt elements R, and ®L,,, are much larger than ®Ls and can often be left out of the circuit
model. This results in a, for short-circuit and loadflow studies, adequate and simple repre-
sentation of the transformer: the leakage reactance in combination with an ideal transformer as
shown in Figure B.13.

B.5 THREE-PHASE TRANSFORMER

In single-phase transformers, only the ratio of the voltage magnitudes (i.e. the lengths of the
voltage phasors) between the primary and secondary side can be altered and the turns ratio is a
real number: the number of windings at the primary side divided by the number of windings at
the secondary side. In three-phase transformers it is possible to arrange the windings (and
terminals) in such a way that not only the voltage magnitudes between the primary and
secondary sides are different but also the phase angles (see also Section 3.7 (Transformers)).
If we make a single-phase model of a three-phase transformer that causes a phase shift of the
voltage phasors, the model as shown in Figure B.12 can be easily adjusted by putting an extra
ideal transformer in series that takes care of the phase shift, as shown in Figure B.14. The phase
shift is established by giving this extra ideal transformer a complex turns ratio. For example, the
complex turnsratio 1:1/30° means that the voltage phasor at the secondary side is rotated with 30
degrees counterclockwise with regard to the voltage phasor at the primary side (its amplitude
remains constant!).
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Figure B.14 Single-phase model of a three-phase, phase-shifting transformer.

The three coils at the primary or the secondary side of a three-phase transformer can be
connected in wye (Y) or delta (D). The single-phase equivalent models of an ideal three-phase
transformer are shown in Table B.1 for various combinations of these winding connections.
Note that we did not mention a clock-reference in the column labelled ‘designation’. Possible
phase shifts can be dealt with by putting an extra ideal transformer with a complex turns ratio in
series.

Table B.1 Single-phase equivalent models of three-phase transformers.

Designation Winding connection Single-phase equivalent
Yy N,: N,
Vol .
vl | 3||E |
O O
Yd ° N,:N, /3
Viul Vi ’
v 3IE [
Dy © N,/A3:N,
’ Viud Vi
| 3JIE [
Dd Mol Vil N, /A3 : N,/ /3

Vol % ‘ ‘ % Vi
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Synchronous Machine Model

C.1 INTRODUCTION

The work horse for the generation of electricity is the synchronous machine. The bulk of electric
energy is produced by three-phase synchronous generators. Synchronous generators with power
ratings of several hundred MVA are common. Under steady-state conditions they operate at a
speed fixed by the power system frequency, and therefore they are called synchronous machines.
Like most rotating machines, synchronous machines can operate both as a motor and as a
generator. They are used as motors in constant-speed drives. With a power-electronic frequency
changer, however, they can be turned into a variable-speed drive. As generators, several
synchronous machines usually operate in parallel in the larger power stations.

The operation of a synchronous generator is based on Faraday’s law of induction. In this
appendix we will first describe the principal of operation of the synchronous machine and
discuss some constructional aspects. For the analysis of the behavior of the synchronous
machine in the power system, a qualitative description alone is not sufficient. The central
item of this appendix is the mathematical description of the voltage—current relation of the
synchronous generator under different operating conditions.

C.2 THE PRIMITIVE SYNCHRONOUS MACHINE

In Chapter 1 (Section 1.3.3 (Balanced Three-phase Systems)) the rotating magnetic field was
introduced. In the three-phase coil system, the resulting magnetic field vector rotates with a
constant amplitude (see Figure 1.9).

A synchronous generator generates electricity, as we call it, by conversion of mechanical
energy into electric energy. The two basic parts of the synchronous machine are the rotor and the
armature or stator. The iron rotor is equipped with a DC-excited winding which acts as an
electromagnet. When the rotor rotates and the rotor winding is excited, a rotating magnetic field
is present in the air-gap between the rotor and the armature. The armature has a three-phase
winding in which the time-varying EMF is generated by the rotating magnetic field. A simple
synchronous machine is shown in Figure C.1. The machine has a cylindrical rotor with two poles
which are excited with a DC current. In the armature the winding consists of one single turn. The
cross-section of this machine is shown in Figure C.2.

Electrical Power System Essentials Pieter Schavemaker and Lou van der Sluis
© 2008 John Wiley & Sons, Ltd
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Figure C.1 Three-dimensional view of a simple synchronous machine.

stator

Figure C.2 Crosssection of a simple synchronous machine and the field lines of the magnetic flux in the
case that only the rotor current is present.
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The rotor current creates a magnetic field in the air-gap between rotor and armature. This
magnetic field can be calculated with Ampeére’s law:

%H -1ds = ﬂ] -ndA (C.1)
c s

H the magnetic field intensity vector [A/m]
J  the current density vector [A/mz]

Ampere’s law states that the line integral of the magnetic field intensity H around a closed
path C is equal to the current traversing the surface S bounded by that path. Let us assume
that the rotor winding carrying a current I, has Ny turns, then Amperes law, for the contour C in
Figure C.2, can be written as:

b c d a
%H—‘cds = JH~1:ds+ JH-tds+JH~tds+ JH-tds = N¢ly (C.2)
C a b c d

Ny the number of turns of the rotor winding
Ir  the DC current in the rotor winding [A]

When we assume the permeability of the iron in both the rotor and the armature to be infinite
(1, = 00), the magnetic field intensity in the iron is zero.

The size of the air-gap is rather small compared to the diameter of the rotor. Because of the
symmetry, the magnetic field H for the path from a to b is equal to the magnetic field for the path
from c to d. The magnetic field vector points in the air-gap in the direction of the contour and
Equation C.2 becomes:

d the size of the air-gap [m]

The sign of H and B in the air-gap is usually taken as positive when the direction of the related
vector points from rotor to armature, or, in other words, when the associated field lines or flux
lines are drawn from the center of the machine outwards. Therefore, the magnetic field intensity
H and the magnetic flux density B are written as function of the rotor angle a,:

Nl 3
B:uQH:poﬂ for 0<oc,<E and —7m <o, <2n
26 2 2 (C.4)
Nf]f I 3 ’
B:HOH:_H02_6 for §<cx,<§n

o, the position in the air-gap with the rotor winding axis as a reference [rad] (see
Figure C.2)

The magnetic flux density B as function of the rotor angle «., is depicted in Figure C.3. Almost all
of the rotor flux crosses the air-gap and links with the stator winding. There is, however, also a
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Figure C.3 The distribution of the magnetic flux density in the air-gap for the simple synchronous
machine of Figure C.2.

small leakage flux, which does not cross the air-gap. The magnetic flux surrounding the end part
of the turns, where the winding comes outside the stator iron, is for instance a part of this leakage
flux.

The flux linkage changes with time because the rotor flux in the air-gap rotates and in the stator
winding an EMF is generated (Faraday’s law of induction) which appears at the stator terminals,
when the winding is left open, as the so-called open-circuit voltage. For the calculation of the
flux linkage with the stator we choose a surface S, with the shape of a half cylinder, in the air-gap
between rotor and stator. The surface S'is schematically depicted in Figure C.4. The flux crossing
the surface S is:

/2
o= ”B - ndA = J Blrda, (C.5)
N —-n/2

the flux crossing the surface S [Wb]

the magnetic flux density vector [Wb/m?]

the actual length of the machine [m]

the radius of the rotor [m]

o, the position in the air-gap with the stator winding axis as a reference [rad] (see
Figure C.2)

N T~ e

The integral equals the shaded area in Figure C.3 (after multiplication with /r) and the magnetic
flux is proportional with the position of the rotor angle (see Figure C.5). The relation between o
and o, is given by (see Figure C.2):

o = ot + 0 (C.6)
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B

Figure C.4 The surface S as used to calculate the flux linkage with the stator winding.

Thus the integral of Equation C.5 is maximum for 8 = 0 (i.e. o; = o, ) and minimum for 6 = 7.
The induced voltage in a single turn equals:

P
E—d

-= (c.7)

Incase of a constant rotor speed (6 = ®,,1), a voltage as shown in Figure C.6 results. The induced
voltage in the stator winding has arectangular shape; the same shape as the magnetic flux density
B in the air-gap. The voltage induced in the stator winding can also be calculated in a different
way, in order to show that the relationship between B" (o) and E(¢) at a constant rotor speed is
also valid for different shapes of B"(a,). When the rotor turns in the direction that has been
referenced as the positive direction in Figure C.2, the rectangular-shaped distribution of the
magnetic flux density in the air-gap, as depicted in Figure C.3, moves to the right and d0/dt is
positive. As aresult, the shaded area of the part below the x-axis increases and the shaded area of
the part above the x-axis gets smaller. The change in flux per unit of time can be expressed for the
left-hand side of the considered area as:

4o m\ do
@ :IBS(——)— C8
), O\ 2 (C8)
rlloNf/f @
28 \
r 0 " 0

Figure C.5 Flux linkage with a single stator turn.
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Figure C.6 The induced voltage in a single stator turn.

The change in flux per unit of time for the right-hand side of the considered area is:

— B’ (g) %? (C.9)

@
dt

right

With o,, = d0/dt, the voltage induced in the stator winding can be written as:

E= % - o)mlr(B’(— g) B (g)) (C.10)

This shows us that the voltage induced in the stator winding depends only on the actual flux
density B at the position where the turns of the stator winding are laying. This is in general valid
when the flux-density distribution, seen from the rotor, is constant in time.

When we substitute the rotational speed at the rotor surface (v = w,,r) in Equation C.10, we
recognize the expression:

E = Blv (C.11)
Thisisin fact the voltage across abar of length / that moves with a speed v in amagnetic field with
magnetic flux density B.

When we want to find the expression for the voltage at the terminals of the stator winding, we
can make use of the symmetry that is often so nicely present in electrical machines:

B*(os) = =B*(os—m) or B'(a,) = —B" (o, — 1) (C.12)

and Equation C.10 can be written as:
T
E = 20,1r5' (=) (C.13)

The voltage at the terminals of the stator winding is the multiplication of the voltage of one turn
with the number of turns:

E, = 20,,IrN,B’ (— g) (C.14)

N, the number of turns of the stator winding
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This equation shows that, at a constant angular rotor speed and for constant magnetic flux density
(as seen from the rotor), the voltage induced in the stator winding is proportional with the
magnetic flux density at position oy = —n/2. The induced voltage as a function of time has
therefore the same shape as the magnetic flux density B as a function of a,.

C.3 THE SINGLE-PHASE SYNCHRONOUS MACHINE

In the previous section, we considered a synchronous machine generating a rectangular-shaped
stator voltage instead of the desired sinusoidal-shaped voltage. In this section we will discuss the
way how this can be achieved. We saw that, under normal circumstances, the voltage induced ina
stator winding has the shape of the distribution of the magnetic flux density B in the air gap, as
seen from the rotor reference system. This means that we can acquire a sinusoidal-shaped
voltage by creating a sinusoidal magnetic flux density in the air gap. This can for instance be
done by changing the air-gap size as a function of o, or by redistributing the rotor winding at
the rotor surface with a ‘sinusoidal density’. Another way is to distribute the stator winding with
a ‘sinusoidal density’, as is shown in Figure C.7.

In the left part of Figure C.7, the cross-section of a machine is shown. The stator winding is
not concentrated at one spot, but is distributed. The rotor winding is connected with a current
source supplying a constant rotor current Iy. There is no current flowing in the stator winding.
The voltage at the terminals of the stator winding is the sum of the winding voltages E, E, and
E5. We can already recognize a rudimentary sine wave shape.

In practice a combination of techniques is used to acquire a sine wave-shaped voltage, but
in this appendix we restrict ourselves to the sinusoidal stator winding distribution of which
an example is shown in Figure C.8. We can see from this figure that the lay out of the
armature winding along the stator surface is only a rough approximation of the sine wave
shape. For our description of the machine however, we assume an ideal sinusoidal winding

m

Figure C.7 A distributed stator winding and the induced voltages.
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Figure C.8 A sinusoidal distribution of the stator winding.

distribution (the letter ‘a’ in the subscript refers to phase a, as later on also phase b and c are
introduced):

Zya (o) = Zg sin(a) (C.15)

Zs, the stator winding distribution [1/m]
The relation between the total number of turns of the stator winding and the amplitude of the
winding distribution is:
T T
N, = JZm(ocs)rdocs = Jz sin (o, ) rdoy, = 2rZ, (C.16)
0 0
N;  the number of turns of the stator winding
r the radius of the inner diameter of the stator [m]

Therefore, the stator winding distribution can be written as:

Zoa(0t;) = %sm(%) (C.17)

The open-circuit voltage of the stator is the voltage that appears at the terminals of the stator
winding when there is no-load connected; the machine supplies no current. For the calculation of
the open-circuit voltage we need to know the flux that is linked with the stator winding. The flux
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distribution in the air gap By(a.) is a periodic function that repeats itself every 21 and can be
expressed as a Fourier series:

B’(o) = zoc:}},, cos(noy — @,) (C.18)

Both B, and ¢, in this equation can be time-dependent. We assume that the stator winding is
distributed over the stator surface as depicted in Figure C.8. For the calculation of the flux linked
with the stator turns, we choose a surface S, with the shape of a half cylinder as shown in
Figure C.4.InFigure C.8 this surface is displayed in bold. Aninfinitely small amount of flux, that
crosses the air gap from the rotor to the stator at angle o, can be written as:

d® (o) = B’ (o) Irdo (C.19)

With the expression for the sinusoidal stator winding distribution (Equation C.17), the number
of turns that are linked with this flux equals:

N|2

n n
N [ .
JZsa(as)rdOLs = J Sln(ocs)rdocs =
2r
Os o

> (1 + cos(ay)) (C.20)

To find the flux linked with the stator winding, we examine for each part of the air-gap flux how
much of it is linked with the stator turns:

2n

\Ilsu - J Ales (1 + COS(OCAV))BS(OCS)l}’dOCS

0 (C.21)

2n 2n

N, N,
N J B (o,)do, + 1 J cos (a1 ) B (o1, )do

0 0

Substitution of Equation C.18 makes the first term of Equation C.21 equal to zero and
Equation C.21 reduces to:

2n
Nb =
- 7 Z; J cos(a)B, cos(no; — @, )do
(C.22)
—Slr [cos((n + 1)og — @,) + cos((n — 1)o; — @,,)]dot
=1
For n # 1 this expression is zero, so the only meaningful solution is for n = 1:
2m
N A T A
v, = er J B cos(—,)do, = 3 BNylrcos(¢,) (C.23)

0
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This is an interesting result because it shows us that for a sinusoidally distributed stator winding
the flux linked with this winding is determined by the first harmonic of the flux density
distribution B*(a,). The stator winding filters, so to speak, the first harmonic out of the flux
distribution of the rotor field which is rectangular-shaped in our case. For the first harmonic of
the rectangular-shaped rotor flux, induced by the rotor current /; in the rotor winding we can
write, by applying Fourier analysis:

. 4 poNf
Bi==. % when iy, = 0 (C.24)
The maximum of the amplitude of the first harmonic is at oy = 0 (o, = 0) and that means that
¢, = 0 (see Figure C.3).

After substitution of Equation C.24 in Equation C.23, we can write for the total flux linked

with stator winding a:

N/
U, =20 LNl cos(0) - when iy, = 0 (C.25)

We have now found the mutual inductance between the stator and the rotor. The maximum
mutual inductance is:

N Ir

My = NNppo 5 (C26)

For now we are interested in the steady-state conditions. The rotor field rotates with a constant
angular velocity. The stator winding has a self-inductance L;. The inductive coupling between
the rotor field and the stator winding is expressed by the mutual inductance. This mutual
inductance varies with the rotor position:

Mo = My cos(0) = NyNrp, %cos(e) (C.27)

M, the mutual inductance between the rotor and stator winding [H]
the subscript ‘a’ refers to phase ‘a’

Mgy the maximum value of the mutual inductance [H]

N; the number of turns of the stator winding

Ny the number of turns of the rotor winding

[ the rotor length [m]

r the rotor radius [m]

) the air-gap width [m]

The rotor flux linked with the stator winding equals:

\l]m = Mvaflf = MSf COS(G)If (CZS)

The mutual inductance My, varies sinusoidally with the rotor position angle 8. At constant
angular rotor speed 0 increases linear with time and the flux s, varies sinusoidally with time.
This results in a sine wave-shaped stator voltage and that is what we want.
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So far we have assumed that the machine supplies no current and iy, = 0. When the machine
supplies a load, the voltage at the stator terminals will differ from the no-load voltage. The
general voltage equation for the stator winding is:

ay
sa = Rylsa 4 C.29
V, sleg T 7 ( )
vsa  the stator winding voltage [V]
R, the resistance of the stator winding [{2]
i  the stator winding current [A]
and for the rotor winding:
d
vy = Rf]f + & (C30)
o dt
vs  the rotor winding voltage [V]
Ry the resistance of the rotor winding [2]
Iy the DC rotor winding current [A]
The flux linked with the stator winding is:
Vo = Lyaisa + Miqsly (C~31)
Ly, the self-inductance of the stator winding [H]
The flux linked with the rotor winding is:
V= Mapisa + Lyly (C.32)

Ly the self-inductance of the rotor winding [H]

We can see from Figure C.8 that the shape of the magnetic circuit is independent of the rotor
position and therefore Ly, and L are independent of the rotor angle 6 (in contrast with the mutual
inductance between the rotor and stator winding My).

The last four equations (C.29—C.32) can be used to draw an equivalent circuit for the single-
phase synchronous machine, as shown in Figure C.9 (see also Appendix B.3 (Magnetically
coupled Coils)).

The rotor position angle can be written as:

0 = ot + 0 (C.33)

0y the rotor position angle at r = Os [rad].
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~

Mgcos(6)

— RS isa

lf Rf

Ve LI Lsa Vsa

o ]

Figure C.9 The single-phase synchronous machine represented as two magnetically coupled coils.

When we substitute Equation C.31 in Equation C.29 and assume a constant rotor speed, the
voltage equation for the stator winding becomes:

. di N d cos(w,,t + 6
Vsa = Rylgq + Ly 7? + Msflf %
(C.34)
. dig, N T
= Ryisa + Ly W + (DmM‘fIf Ccos ((Dmt + 90 + E)
This equation can be simplified by choosing 6y = —n/2 rad. Furthermore, we can use the stator

radial frequency o instead of the mechanical rotor angle speed m,,. The voltage equation for the
stator winding can then be written as (for a machine with two poles (p = 1)):

di .
Ve = Ryiga + Lyg E + M gl; cos(oyt) (C.35)

The lumped-element equivalent circuit for the single-phase synchronous machine is depicted in
Figure C.10.

C.4 THE THREE-PHASE SYNCHRONOUS MACHINE

In Section 1.3.3 (Balanced Three-phase Systems) we discussed the advantages of three-phase
systems over single-phase systems. In three-phase systems the electricity is supplied by

+

msl\’/\ls,l,cos(mst) @ Vsa

O

Figure C.10 The lumped-element equivalent circuit for the single-phase synchronous machine.
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Figure C.11 Cross-section of a three-phase synchronous machine.

three-phase synchronous machines. A three-phase synchronous machine has three sinusoidally-
distributed stator windings that are displaced by 120 electrical degrees along the stator surface;
the stator windings are represented schematically as lumped inductances in Figure C.11. The
three phases are indicated by the subscripts a, b and c.

When the synchronous machine supplies a three-phase symmetrical load (generator) or
when the machine is supplied by a three-phase symmetrical source (motor), the three
sinusoidal phase currents are displaced by 120 electrical degrees in time:

isa = Iy cos(ogr — @)
. 2n
isp = i5 COS | O — ¢ — = (C.36)

. 3 ( 4“)
ise = igCOS| Wgf — @ ~-3

The current amplitude i, and the phase angle ¢ depend on the actual operating conditions of the
machine. To be able to describe the machines electrical behavior, we need to find an expression
for the flux linked with the stator windings. First we consider the air-gap flux density as aresult of
the stator currents. After that we determine the flux linked with each stator winding and use them
to derive the voltage equations.
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Figure C.12 Cross-section of a single-phase machine to calculate the flux density due to the stator
current.

To determine the magnetic flux density in the air gap we make use of Figure C.12. We apply
Ampere’s law on path C in Figure C.12:

%H tds = ”J - ndA (C.37)

c N

By using the expression for the stator winding distribution (Equation C.17) we can write:

Oy —T o —TC

N, .
%H-rdpim J Zea(ots)rdory = i J <2—‘rs1n(ozx))rdocszszscos(ocs) (C.38)

C Qs Ols

When we assume the permeability of the iron in both the rotor and the stator to be infinite
(1, = 00), the magnetic field intensity H in the iron is zero. The size of the air-gap is much
smaller than the radius of the rotor (6 < r), and that implicates that the change in the magnetic
field intensity H along the integration path C in the air gap can be neglected. Because of the
symmetry the magnitude of the magnetic field intensity H is equal at the two spots where the
integration contour C crosses the air gap, and we can write:

2HS = iz,Ny cos (o) (C.39)

And for the magnetic flux density along the integration path C in the air gap we find the
expression:

N; .
Bl (o) = poH = “g—s‘zsa cos (o) (C.40)
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This equation gives us the contribution of the stator winding of phase a to the air-gap flux density.
When we take the geometrical displacement of the stator windings b and c into account, the
contribution of each stator winding to the air-gap flux is:

N, .
B, (o) = ”3—61 cos()
N; . 2
Bib(us) = HSS Lsh COS <°Cs - 3TE> (C.41)

‘ N, 4
B (o5) = Mgé isc COS (ocs - 5”)

When we substitute the stator currents according to Equation C.36, we get:

ON

B (o) = ’5 [cos(@sf — @ + o) + cos(eyf — @ — o)

m{(m@_n>+(%gn)}+cos{(mmg ) (o2
(GRS DRI C B R (USROS )

_ HoNy 2 o
=5 < 2 - cos(wgt — @ — 0l)

(C.42)

We discovered earlier that we only have to take the first harmonic of the flux density distribution
into account to find the flux which is linked with the stator windings (Equation C.18):

B} (o) = B cos(ss — 0,) (C.43)
And we found out that the flux linked with stator winding a is then given by Equation C.23:

™ -~
Voma = 5 BiNilrcos(®;) (C.44)

The subscript m indicates the main field or air-gap field. This is not the total flux linked with the
stator winding as the leakage flux has not yet been taken into account. When we compare this
equation with Equation C.42, we can see what to fill in for B; and @;. The main flux linked with
stator winding a, due to the stator currents, is:

T HoNs

s o+ 3
\ljsma,s = E “Nilr - 28 - E : COS((DSI - (P) (C45)

Inathree-phase configuration s, lags s, with 21t/3, and . lags s, with 21t /3. Tt suffices
to consider only one phase: we continue with phase a.
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We can define the inductance coefficient Ly, as:

T HolNy 3
L, =—- N,r - Z
™D Nilr 20 2

(C.46)

Ly, givestherelation between the three-phase currents (the total rotating stator field) and the flux
linked with one stator winding; this means that Ly, is not a coefficient of self-inductance. With
Equation C.46 we can write Equation C.45 as:

\Ijsma, s LSm;S COS((D‘J - (P) (C47)

We now add the contribution of the rotor current to this flux (Equation C.28), and use
0 = o, + 09 as parameter for the rotor angle position:

\Ijsma = \"sma, s + \"sma,f = LSm;X COS((DSI - (P) + M?flf COS((DXt + 90) (C48)

For the voltage induced in stator winding a, by the main air-gap field, we can write:

ay
sma = P C.49
v p (C.49)

Because the electrical quantities represent a symmetrical three-phase system of sinusoidal
quantities, with angular frequency o, it is sufficient to examine only one phase (phase a) and we
can fruitfully use the phasor notation for the voltages and currents in the steady state (see also
Section 1.4 (Phasors)). For the current in stator winding a, for instance, we can write:

ise = iy cos(myt — @) = isRe(*79)) = \/2Re(I,¢/>") (C.50)

I, the stator current phasor I, = (i;/(v/2))e7® = |I]|/—¢
The stator flux due to the rotor excitation current can be written as:

Vs, f = MyI; cos(ogt + 0) = V2Re(Wpe/ 1) (C.51)

Y the stator flux phasor Wy = (Myl;/(v/2))e™ = |U| /6,

The phasors that we introduced in Equations C.50 and C.51 are now used to write Equations C.48
and C.49 as:

Vom = Jjoog Y

(C.52)
\I/sm = Lsmls + \I/sf

The voltage induced by the stator flux, due to the rotor excitation current, is referred to as the
internal EMF of the machine:

E = jo,Uy (C.53)
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O

Figure C.13 Single-phase model of a three-phase synchronous machine.

Therefore, Equation C.52 can be written as:

Vo = josLgnl; + E (C.54)

Sofar we did not take the leakage flux into account in the total flux linked with the stator winding.
This contribution can be substituted in Equation C.54 by adding an extra inductance term
Ly = Loy + Lys:

The single-phase model of a three-phase synchronous machine, in which the resistance of the
stator winding is neglected, is shown in Figure C.13.

C.5 SYNCHRONOUS GENERATOR IN THE POWER SYSTEM

The generators in the power system are connected to the loads and to each other through the grid.
Each individual generator experiences the power system to be an ideal voltage source (i.e. a
constant amplitude and a constant frequency). We say that the generator is connected to an
infinite bus. The equivalent circuit of a synchronous generator connected to the power system
with a constant system voltage V is shown in Figure C.14. We choose for the indication of the
positive direction of the current for the generator convention, so that positive current is injected

E
Y (A A N —
+ + Xl
. V
i

Figure C.14 The equivalent circuit of a synchronous generator connected to an infinite bus with the
corresponding phasor diagram; the resistance of the stator winding is neglected.
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into the infinite bus. Therefore Equation C.55 alters and, when we leave out the subscript s, can
be written as:

E=joLl +V =jXI+V (C.56)

the current phasor: I = |I|/—¢@ A

the machine internal EMF phasor: E = |E|/d V
the system voltage phasor: V = |V|/0 V

the machine reactance [{2]

RS B

The expression for the current is:

E _
=EV (C.57)
jX

The three-phase complex power supplied to the power system equals:

E—V\" 3VE*-3VV* V||E|/(~5 v)?
S:3VI*=3V< . )z . =3j| [ElA )—3ju
X A X X (C.58)
V|IE . |V ,
= 3jw (cos(8) —jsin(8)) — 3]% =P+jO
The real part of the complex power S is the active power:
V|| E
P=Re(S)=3 ‘L{Lsin(S) (C.59)
The imaginary part of the complex power S is the reactive power:
V|IE v|?
0 =Im(S) = 3|)|(Jcos(8) - 3% (C.60)

When the excitation current /I is kept constant, the synchronous internal EMF E remains
constant. When the power angle equals & = 0, we have a no-load situation, the supplied/
consumed active power equals zero. There is no exchange of active power between the
synchronous machine and the system. When we increase the mechanical power supplied to
the machine, a short-time transient occurs before a new steady-state is established. Initially the
rotor of the generator slightly accelerates. As the generator is forced to rotate with the same
frequency as the other generators in the system, the rotor decelerates to this frequency. The result
is a new steady-state with a slightly increased (and positive) d-value. When 9 is positive, the
internal EMF leads the system voltage and the active power supplied by the machine to the
system is positive; the machine acts as a generator.

When we start again in the no-load situation, i.e. the power angle 6 = 0, and we slow down the
rotor by increasing the mechanical load connected to the shaft, the internal EMF will lag the



Synchronous Generator in the Power System 285

jXI jXI

(a) (b)

Figure C.15 The phasor diagram of an underexcited (a) and an overexcited (b) synchronous machine.

system voltage. In this case the power angle d is negative; the machine consumes active power
from the system and acts as a motor.

In the no-load situation of the synchronous machine (3 = 0), the exchange of active power is
zero, but the machine can exchange reactive power. From Equation C.60 we see that the machine
consumes reactive power (Q < 0)when |E| < |V/|; we call the machine to be underexcited (see
Figure C.15 (a)). When the machine is overexcited |E| > |V|, Q > 0, the machine supplies
reactive power (see Figure C.15 (b)).

The exchange of active power between a synchronous machine and the power system is
controlled by the torque on the axis. The exchange of reactive power is managed by the
excitation.
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Induction Machine Model

D.1 INTRODUCTION

In Appendix C (Synchronous Machine Model) the operation of the synchronous machine is
described and the mathematical description of the voltage—current relation of the synchro-
nous generator under different operating conditions is derived. The rotor of the synchronous
machine rotates with the same angular speed (synchronous) as the rotating field in the air-
gap between the rotor and the stator. This means that there is a direct relation between the
frequency of the three-phase voltage supply, to which the machine is connected, and the
angular speed of the rotor. When the machine is connected to the grid, it can develop a mean
non-zero torque at one speed only. This indicates that when the rotor is at stand still, no
mean electromagnetic torque is active and therefore the machine can not speed up. For these
reasons the synchronous machine is mainly used as a generator and seldom directly as a
motor. To be able to use the synchronous machine conveniently as a motor, we are generally
obliged to apply a power-electronic converter to create a three-phase source with variable
frequency.

The induction machine is an alternating current machine that is very well suited to be used as a
motor when it is directly supplied from the grid. The stator of the induction machine has a three-
phase winding; the rotor is equipped with a short-circuited rotor winding. When the rotor speed
isdifferent from the speed of the rotating magnetic field generated by the stator windings, we call
the rotor speed asynchronous (in German-based literature, induction motors are referred to as
asynchronous motors). In that case the short-circuited rotor windings are exposed to a varying
magnetic field that induces an EMF and currents in the short-circuited rotor windings. The
induced rotor currents and the rotating stator field result in an electromagnetic torque that
attempts to pull the rotor in the direction of the rotating stator field. For the construction of
induction machines it is common practice to manufacture the short-circuited rotor winding as a
robust moulded cage (the so-called squirrel cage).

In the next section we will analyze the basic principles of the induction machine. The
influence of the induced rotor currents on the rotating stator field is neglected in favor of
illustrating the basic principles, but is taken into account in Section D.3 (The Magnetic Field in
the Air-gap) when the air-gap field is treated.

Electrical Power System Essentials Pieter Schavemaker and Lou van der Sluis
© 2008 John Wiley & Sons, Ltd
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D.2 THE BASIC PRINCIPLE OF THE INDUCTION MACHINE

In Figure D.1, both the cross-section of a simple induction machine with a single rotor winding
and the field lines of the magnetic flux at time = 0 are shown.

The rotor winding is assumed to be concentrated at one spot rd (rotor direct axis). The stator
has three sinusoidally distributed stator windings, represented schematically as lumped
inductances. To define a tangential position in the air-gap we make use of two coordinate
systems: either the coordinate system of the stator with the angle o, or the rotor coordinate
system with the coordinate o,. The axis of stator winding a is used as reference for the stator
coordinates and the axis of the rotor winding rd is the reference axis for the rotor coordinates. The
rotor position is defined with the same reference as the stator coordinates by means of the angle 9,
so that o, = o, + 0.

As said, the stator windings are laid out in a sine wave shape so that, if the stator windings are
connected to a symmetrical three-phase power source which supplies sine wave-shaped
currents, a rotating magnetic field appears in the air-gap between stator and rotor, as will be
proven. We can write for the currents in the three stator windings:

isa = is cos(yt)

. 2n
igp = i;cOS| st — 5 (D.1)

(a) (b)

Figure D.1 Cross-section of asimple induction machine with a single concentrated rotor winding (a) and
the field lines of the magnetic flux at time # = 0 (b).
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If the geometrical position of the stator windings is taken into account the contribution of each
stator winding to the air-gap flux density can be written as:

Ns .

B (o) = “;6‘ iy c0s(0t5)
N, . 21

1 2% () o
N, 4

B (o) = M;5 5 COS (ocs - ?n)

N; the number of turns of the stator windings
O  the size of the air gap between stator and rotor [m]

After substitution of the stator currents (Equation D.1) this results in:

Ny ~ 1
(o) = “38‘ iy 5 oos(@,r + o) + cos(ost — o)}
s _ HONY 2 l _ 4j _
B}, (o) = 55 B3 {cos (mxt + o 3 + cos(mt — o) (D.3)
Ny ~ 1 2
B (o) = H;S g - 3 {cos (cost + o — ;) + cos(mt — ozx)}

The resulting magnetic flux density equals:

Ny, ~ 3
— Fo% iy - = - cos(gt — o)

By(o) = By, (o) + By (o) + Bi (o) 25 B2

(D.4)
= B, cos(oyt — o)

The superscript s in these formulas indicates that the stator coordinates are used. In Figure D.1
(b) the flux distribution in the induction machine at ¢ = 0 is shown (for iron in stator and
rotor with p,. = oo). If ®; is positive, the magnetic field rotates counterclockwise at angular
speed ;.

Because we will analyze the behavior of the machine mainly from the rotor position, it
is useful to have an expression for the flux density (Equation D.4) in the rotor coordinate
system. From Figure D.1 (a) we see that we have to replace angle o, by an angle o, such
that o, = o, + 0:

B (o) = By cos(mst — 0 — o) (D.5)

The superscript r indicates that the rotor coordinates are used.

A single rotor winding

Before we calculate the rotor current we have to determine the flux linkage between the
rotor winding and the stator field. Therefore we choose a surface S with the shape of a half
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cylinder, in the air-gap in between the rotor and the stator (we used this approach in Appendix C
(Synchronous Machine Model) as well, see Figure C.4). For the flux through a single turn of the
rotor winding we can write (along with Equation D.5):

/2 /2
D,y = ”B -ndA = J B (a,)lrdo, = By lr J cos(m,t — 0 — o, )do, D6
s —n/2 —n/2 (D.-6)
= 2B, Ir cos(myr — 0)
[ the actual length of the machine (m)
r the radius of the rotor (m)
The flux linkage equals:
Vg =NPpg s = N,2B1r cos(o,t — 0
¢ ¢ 1l cos( ) (D.7)

= ‘er,s COS((DSI - e)

N; the number of turns of the rotor winding
V,qs the maximum value of the flux linked with the rotor winding due to the stator currents

For this moment we assume the rotor to be at stand still, so 0 is time-independent. The
short-circuited rotor winding is provisionally supposed to have a rather high ohmic resistance
R,4. As aresult, the current flowing through the rotor winding is so small that the contribution of
this current to the magnetic field in the air-gap can be neglected. This is, of course, not
completely realistic, but for a first analysis it is very useful. Later on in this appendix we take
into account the contribution of the rotor current to the flux.

Using this simplification, we can write for the flux linked with the rotor winding:

e \er,s cos(w,r — 0) (0 is constant) (D.8)
The voltage equation for the rotor winding equals:
I : .
0=R,giq+ % = Rygirg — 4 ;05 sin(ot — 0) (0 is constant) (D.9)

Therefore, the current through the rotor winding equals:

\Ijrd,smS

rd

Ig = sin(wst — 0) (0 is constant) (D.10)
For the calculation of the electromagnetic torque we make use of the fact that the rotor winding is
positioned in the air-gap, so we can calculate the mechanical forces on the conductors with
F = Bil. We pass over the fact that the rotor winding is embedded in a slot in the rotor iron. The
electromagnetic torque is the sum of the force on the rotor winding part rd1 and the force on the
rotor winding part rd2 (see Figure D.1 (a)):

Te.rd - Mrdl + MrdZ - Nrrlirng (g) - Nrrlirng <_ g) (D 1 1)
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Because of symmetry B/ (—n/2) = —B!(n/2), see also Equation D.5, so that Equation D.11 can
be written as:

Ty rd = 2N,rliyg B’ (g) (D.12)

Substitution of the expression for B(a,) (Equation D.5) and the expression for i,; (Equation
D.10) and making use of the expression for ,, ; (Equation D.7) gives us:

U, s .
Tora= 2N,rlmsin(mst — 0)By cos (a)‘yt -0 E)
' er 2
(D.13)
72
2001 1 .
= ‘J!I?rd 3 Ecos(Zwst - 26)] (0 is constant)

The derived equations are, as a function of time, depicted in Figure D.2. As we can see in
Figure D.2, the torque on the rotor has a positive average value: the torque tries to speed up the
rotor in the same direction as the rotating stator field. The torque, however, also contains an
alternating component with an angular frequency of 2wy. This alternating component can be
avoided by applying more windings, such as is the case for a squirrel-cage rotor. To understand
this we will now calculate the electromagnetic torque for an induction machine with two rotor
windings.

\

; 0 2n ot
; |
Ifd |

2

/: ' gt
83

e,rd

;

Figure D.2 The derived equations for the primitive induction machine with a single concentrated rotor
winding, as a function of time.
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Two rotor windings

An additional winding will contribute to the electromagnetic torque in a similar way as the single
winding. Because we want to smooth the ripple of the torque, we want the alternating component
of the second winding to be out-of-phase with the alternating component of the first winding.
This means that the argument of the cosine-function in Equation D.13 should be 2o, — 20 — &t
instead of 2wyt — 26. This can be achieved by positioning the second winding perpendicular
(index: rq — rotor quadrature axis) to the first winding (index: rd — rotor direct axis). The axis of
the second winding is therefore at o, = 1t/2. The two rotor windings are depicted in the cross
section of the primitive induction machine as shown in Figure D.3. If we denote the contribution
of the second winding to the electromagnetic torque as T ,,, we find with Equation D.13 for the
resulting torque:

('0‘ .
T.=Terg+Toerg=—7— (0 is constant) (D.14)
This is a constant torque, with a positive value: the torque tries to accelerate the rotor.

Rotating rotor

Until now we assumed that the rotor remained at stand still (6 is constant). We will now examine
what occurs if the rotor rotates with a constant angular frequency ®,,. The angle position can be
expressed as:

0 = @t + 0o (D.15)

Figure D.3 The cross-section of the primitive induction machine with two rotor windings.
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Figure D.4 The electromagnetic torque of the primitive induction machine as a function of the angular
velocity.

Now, the stator field expressed in the rotor coordinate system (Equation D.5) can be written as:

Bl (o) = By cos(yt — @yt — 0p — o) (D.16)
The stator field rotates with an angular velocity oy — ,, withrespect to the rotor. This ‘lagging’
of the rotor with respect to the rotating stator field is called slip; the angular velocity @y — ®,, is
addressed as the slip angular velocity:

(Dslip = W5 — Oy (D17)

The stator field will induce currents in the rotor with an angular frequency g, = 05 — ©p,.
The equation for the flux linked with the rotor winding rd (Equation D.7) can still be applied.
With 0 = ,,t 4+ 0y and ®g;, = ®; — o, this equation becomes:

\llrd,x = \er,x COS(CL)SI - e) = \er‘s COS((DXZ‘ — Opf — 90) = \Drd,.v COS((’)SUPI - 60) (DlS)

When we compare this equation with Equation D.7, we see that we can still apply the equations
for the situation that the rotor was at stand still if we realize that the rotor now experiences a
rotating field with an angular velocity oy, instead of w,! Furthermore, w,t — 0 should be
replaced by wyjipt — Op. The expression of the electromagnetic torque, Equation D.14 with j;p
instead of @, and wg;p = ®; — ®,,, becomes:

U I
T, = Te.,rd + TE,rq = erY Oslip = ers (COS - (‘)m) (D'19>
T T

The relation in Equation D.19 is depicted graphically in Figure D.4. It shows us that if @, < o
(ogip > 0), the electromagnetic torque is positive and the rotor accelerates in the direction of the
rotation of the stator field. If ®,, > o, (Oanp < 0), the rotational speed of the rotor is higher than
that of the stator field and the electromagnetic torque is negative: the torque forces the rotor to
slow down. When the rotor turns at synchronous speed ®,, = o; (mshp = 0), the electromagnetic
torque equals zero. Note that in the analysis of the behavior of the induction machine so far, we
have neglected the influence of the rotor currents on the air-gap field of the machine.

D.3 THE MAGNETIC FIELD IN THE AIR-GAP

The model of the induction machine has to be improved further by taking the influence of the
rotor currents on the air-gap field into account. For this exercise we look at the induction machine
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from the stator and search for arelation between the currents and voltages in the stator windings.
Note that the rotor circuit is not electrically accessible in a simple way as the rotor windings are
supposed to be short-circuited in the rotor itself. In this paragraph we will confine ourselves to
the relation between the stator currents and the related flux in the stator. The air-gap flux plays a
dominant role. In the next paragraph the derived equations will be transformed into a circuit
representation.

The induction machine is assumed to be connected to a symmetrical, three-phase, current
source. This current source supplies the stator currents that contribute to the (rotating) stator field
in the air-gap. First we derive the equations for rotor winding rd and from these equations we can
calculate the current in the rotor winding. This current also contributes to the air-gap field. Then
we derive the contribution of rotor winding rq to the air-gap field. Finally, we compute the flux
linkage with the stator windings by using the determined expression for the total air-gap field.

Contribution of the rotor currents to the air-gap field

Let us first examine the short-circuited winding rd (see Figure D.3). The flux linked with
this winding consists of a contribution from the current in this winding (i,4) and from the
stator currents. The current i,, does not contribute. Because we apply the same symmetrical
three-phase current source as in the previous paragraph, we can make use of Equation D.18
for the contribution of the stator currents to the flux linked with the rotor winding rd. Substitution
of the expressions for \,,, ; (Equation D.7) and By (Equation D.4) gives us:

H'ONS o] 3
%5 i X cos(osiip? — o) (D.20)

Vg s = N,21rBy, cos(giipt — 89) = N,2Ir -

If we define the coefficient of mutual induction M as:

Ny
M =N2ir- M;S (D.21)
we can write:
.3
Vras = M -5 - 5 - cos(@ipt — 6o) (D.22)

The coefficient of mutual induction M is similar to the expression that we found earlier in
Equation C.26 in Appendix C (Synchronous Machine Model).

For the contribution of the flux linked with rotor winding rd due to the current i,; flowing in
this winding (the self-inductance), we use the knowledge developed in Appendix C.2 (The
Primitive Synchronous Machine). In that section we have seen that a current through a single
winding results in arectangular shaped flux density in the air gap (see Figure C.3). The current i,y
brings about the rectangular shaped flux density in the air-gap thatis shown in Figure D.5. For the
calculation of the flux linkage of i,; with the stator windings, only the first harmonic (the dashed
line in Figure D.5) is of importance (see also Appendix C.3 (The Single-phase Synchronous
Machine)). We can see from Figure D.5 that the first harmonic reaches its maximum when
o, = 0 (o,y = 0). The equation for the first harmonic is:

r 4 1 Nyira
Brdl(ar):E' 028 cos(a,) (D.23)
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Figure D.5 The magnetic flux density distribution in the air-gap due to the current i,;. The dashed trace is
the first harmonic of the flux density.

To find the contribution of this first harmonic to the flux linked with the rotor winding rd, we
follow the same approach as with the derivation of Equation D.6 and Equation D.7:

/2
Vyimr = N Pram, = N, ”B -ndA = N, J By, (0,)lrdo, (D.24)
N —n/2

l the actual length of the machine [m]
r the radius of the rotor [m]

We use the letter m (main) in the subscript to indicate that this flux contribution is made by the
first harmonic of the air-gap field (i.e. the main field). Substitution of Equation D.23 results in:

/2
4 Nr .r 4 Nr .
Vrimy = Nyl J . Hoz—gldcos(ocr)doc, = 2N,ir- ”3—8 g (D.25)
—n/2
If we define the induction coefficient as:
4 M()Nr
L,gm = 2N,/ Ir - —- D.26
d 4 T 20 ( )
Equation D.25 simplifies to:
\llrdm,r = ermird (D27)

The contribution of the higher harmonics of the flux density distribution (according to Figure
D.5) tothe flux linked with winding rd are proportional with the current i,; and can be regarded as
part of the leakage flux because there is no coupling with the stator windings:

Vyio = Lrdsira (D.28)

Because the contribution of the current through winding rq to the flux linkage with winding rd is
zero, the total linked flux is the sum of Equations D.22, D.27 and D.28. Therefore, the voltage
equation of the short-circuited rotor winding rd is:

d
0 = Rygia + i’t’d (D.29)

R,s  the ohmic resistance of winding rd [{2]
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with:

5 3 : :
\llrd = \llrd,s + \llrdmd‘ + \l"rdcr =M-i- E ' Cos(mslipt - 60) + Lyamira + Lrdsira

= \I"rdm + Lygsira

(D.30)

Vs, the contribution of the first harmonic of the flux density distribution in the air-
gap [Wb]

After substitution of Equation D.30 in Equation D.29, we see that the latter turns out to be a first
order linear differential equation. The particular solution of this differential equation is the
expression for the current in the short-circuited rotor winding rd:

ird = ira cos(@gipt — 0 — B) (D.31)

If we substitute this expression for the current in the equation for the first harmonic of the flux
density distribution, Equation D.23, we find for the contribution of the current i, to the first
harmonic:

4 N, -
B (o) = T P . lrd COS(COsnpl — 09 — B) cos(a,)

(D.32)
= B,y cos(ogipt — 09 — B) cos(a,)

This is the equation for a standing wave. We can rewrite Equation D.32:

Bl (o) = By - 5 - [cos(@giipt — 89 — B + a1,) + cos(@gipt — 09 — B — ;)] (D.33)

1
2
This equation consists of two travelling waves: a wave, related to the first cosine term travelling
with an angular velocity — oy, withrespect to the rotor and a wave, related to the second cosine
term travelling with an angular velocity o, with respect to the rotor.

In a similar way one can derive the equation for the flux density distribution due to the current
in the other short-circuited rotor winding (i,, ). The geometrical axis of winding rqis ato, = m/2
and the current i,, lags i,; by /2. So we can write for the contribution of i,

~ T T
B:ql(@r) = B, cos ((Ds]ipt 5~ 0o — B) cos (cx, — 5)
o (D.34)
=B -5 [cos(wstipt — O8p — B + o — 1) + cos(wgipt — 6p — B — o))

To find the flux density distribution in the air gap we have to add the contribution of both i,4
(Equation D.33) and i,, (Equation D.34):

B:l (O(r) = B;dl (Otr) + B::ql (O(r) = Br] COS(O)S]ipl — 60 — B — Otr) (D35)

We see from this equation that only the wave, that travels with an angular velocity g, with
respect to the rotor, remains.
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To find the flux linked with the stator windings, we have to write the flux density distribution
(Equation D.35) in stator coordinates. With o, = o — 0,7 — 0p and @i, = ©; — M, this is:

B}, (o) = Byi cos(@gip? — P+ @t — o) = B, cos(o,t — B — o) (D.36)

Note that the position 0y of the rotor at = 0 has disappeared from the equation. We conclude
that the stator field induces currents in the rotor windings which, on their turn, create a rotor field
that has the same velocity as the stator field.

The flux linkage with the stator windings

To derive the flux linkage between the air-gap field and the stator windings, only the contribution
of the firstharmonic of the magnetic flux density is of importance. We derived the contribution of
the stator currents to this first harmonic of the magnetic flux density in Equation D.4 and the
contribution of the rotor currents in Equation D.36:

Bl =B)+B}, = By cos(m,f — o) + B cos(mst — B — o) (D.37)

To find the flux linked with the stator winding of phase a, we can use Equation C.23 in Appendix
C.3 (The Single-phase Synchronous Machine). The angle ¢, in this expression corresponds to
an angle oy where the B-distribution is at its maximum. The maximum of the stator rotating field
isatoy = ,t, whereas the maximum of the rotor rotating fieldis at oy, = ;¢ — P. The flux linked
with the stator winding of phase a is:

Yy = Nylr - g - [By1 cos(wyt) + By cos(at — P)] (D.38)

Subscript m indicates the main field, because the leakage flux of the stator winding is not taken
into consideration. Because the main field in the air-gap rotates with an angular velocity s, the
fluxes linked to the three stator windings form a symmetrical three-phase system: ., lags \

sma

with 21t/3 rad and .. lags \,,,,, with 21t/3 rad. By substituting the amplitude in Equation D.4
for By, and the amplitude in Equation D.32 for B, |, Equation D.38 can be written as:
T [Ny » 3 4 PN, -
) :NS[._. — = 1 —. . o —
Vana = Nolr -5+ |55 s -5 - cos(ot) + 2 5557 - fra cos(ost = ) (D.39)

= Ly, cos(m,t) + Miy cos(m,t — B)

D.4 A SIMPLE CIRCUIT MODEL FOR THE INDUCTION MACHINE

For the description of a simple circuit model that describes the system behavior of the induction
machine, we assume the stator windings to be ideal: they have no ohmic resistance and generate
a sine wave-shaped magnetic air-gap flux (stator leakage fluxes are left out of consideration).
Despite these simplifications, the simple circuit model describes the system behavior of the
induction machine quite adequately.

As we are dealing with time-dependent sinusoidal quantities, we will use the phasor notation
(see Section 1.4 (Phasors)) in the following sections.
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The stator voltage equation

Because we neglect the ohmic resistance and the leakage fluxes, the voltage equation for stator
winding a is:
d\ljsma

sma — D.40
v p (D.40)

‘We must be careful when we apply the phasor notation because the rotor equations have another
angular frequency (g;p ) than the stator equations (o, ). We can write for the current in phase a of
the stator:

isa = iy cos(oyt) = iy Re(€™') = V2 Re([,e/™) (D.41)

Re the operator that takes the real part of a complex quantity

I the current phasor I, = (i;/(1/2))/0; this phasor represents the symmetrical stator
currents (see also Equation D.1), that’s why the subscript a is left out.

The rotor current i,4 can be written in a similar way (Equation D.31):
lrg = f,d COS((Dshpl — 0y — B) = ;rd Re(ej(wmpt_eo_m) = \/ERC(Irdej(OJS“pt_eo)) (D42)
Iy the rotor current phasor Iy = (i,g/(v2))e ™ = |I,4|2(—B)

With the phasors according to Equations D.41 and D.42, we can express the flux linked with the
stator windings (Equation D.39) and the voltage equation of the stator winding (Equation D.40) as:

Uy = (Louly + Ml z)e™™! (D.43)
Vsmeimﬁ = j(i)s \IjsmeimAt (D44)

Using the phasor notation, the rotor equations (Equations D.29 and D.30), after eliminating s, ;,
become:

0 = Roalrae ') + jogipLraolra€ =" + jorip W pame @0~ (D.45)
\Il,.dmef(“’sliP"60> = (ermlrd + §M15> &/ (@sip?=00) (D.46)
2
In the equations above the exponential functions were preserved only so that we could clearly

recognize the stator and rotor angular velocity. When the exponential functions are left out, the
equations become fairly simple:

\I"sm = Lxmls + erd (D47)
Vsm = jws\psm (D48)
0 = Ryalrq + josiipLraclra + jOstip W ram (D.49)

3
\I/rdm — ermlrd + _MIS (DSO)

2
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The induction machine as two magnetically coupled coils

The induction machine is, similar to a transformer, an apparatus with magnetically linked
circuits as can be seen from Equations D.47-D.50. Therefore, it appears to be possible to
construct a circuit model based on magnetically coupled coils. The problem that the rotor
quantities have an angular frequency (wq;,) different from the stator quantities (c,) can be
solved by multiplying the rotor voltage equation (Equation D.49) with e / g;,. We additionally
multiply the rotor equations (D.49 and D.50) with 2/3 to eliminate the factor 3/2 at M. This factor
3/2 appears in our equations because of the fact that we have two rotor windings (d and q) and
three stator windings. The equations for the induction machine can now be written as:

\I/sm = Lgnly + Ml (DSI)
Vim :j(l)s‘ljsm (D52)
o, 2 2 2
0= -=-R, iy - = - Ly, 1, 0 - = - Urgm D.53
(mslip 3 Rra +Jjos -3 dc) d TJjos 2 W ( )
2 2
5 . \I}rdm = g « Lygmlra + MI (D54)

With these equations we can draw the circuit model of Figure D.6. The magnetically coupled
coils in the circuit model originate from the first harmonic of the flux density distribution in the
air-gap and have an ideal coupling (see also Appendix B.3 (Magnetically coupled Coils)):

2
M =\ |3 LeanLan (D.55)

A practical model of the induction machine

As the rotor windings are short-circuited, they are electrically not accessible. This is not a
problem because we are in general not interested in the actual values of the rotor main flux and
the rotor current. With the theory developed in Appendix B.3 (Magnetically coupled Coils),
we can replace the magnetically coupled coils by an ideal transformer and a coil in parallel (see
Figure B.6), so that the circuit model as shown in Figure D.7 results. Now we can transform the

I M @BV, 1y
N 0 0 W
¥ Os
v, smL E g l(2/3)‘1’,dm § (2/3)R,,  —
Dgjip
Lsm (2/3)erm

O

Figure D.6 A circuit model for the induction machine with two magnetically coupled coils.
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Figure D.7 A circuit model for the induction machine with an ideal transformer.

rotor parameters to the stator side, so that the ideal transformer itself vanishes from the circuit.
When we use Equation D.553, the winding ratio (N; : N;) can be written as:

2erm
1:4/= Ly, : M D.5
V3L, ™ (D-36)

The rotor current phasor /,, transformed to the stator side gives us the phasor /,:

M
I =1, D.57
Ly (0-57)

The rotor resistance and inductance transformed to the stator side gives:

Lo\ ? 2 Lo\ 2
R, = (M) -§~er and L, = <M> '§'L’d" (D.58)

Now the practical circuit model as shown in Figure D.8 is the result.

D.5 INDUCTION MOTOR IN THE POWER SYSTEM

When the induction machine is applied as a motor, as is the case in many appliances, we are
interested in the mechanical torque produced by the induction machine. So let us consider the
mechanical side of the machine. The mechanical torque is equal to the electromechanical torque
minus the friction torque. The electromechanical torque is calculated from the power balance of
the induction machine in the steady state. We take as a starting point the practical circuit model
for the induction machine from Figure D.8, in which the stator resistance and the stator leakage
are neglected. In the steady state, the rotor rotates at constant speed, so its kinetic energy is
constant. Because the voltages and currents are periodic harmonic functions, the energy stored
in the magnetic field will not change over one time period. The only place where power is
converted isin the resistance R, (®;/ mslip) . We have torealize that this is not a physical resistance
as such, but the quantity has the unit Ohm. The rotor consists of two rotor windings, as we saw
earlier, and the dissipated power in these two rotor windings equals:

Piss = 2Ryqla’ (D.59)
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Figure D.8 A practical circuit model for the induction machine.

Substitution of Equations D.57 and D.58 yields:

3 M2 Lsm ? 2
Pgiss = 2(5 e Rr) (ﬁ I,|> = 3R.|1,| (D.60)

The power dissipation in the two rotor windings is equal to three times the dissipated power in
resistance R,. The factor three comes from the fact that the circuit model in Figure D.8 is a single-
phase representation of a three-phase induction machine. The resistance in Figure D.8 can be

divided in two parts, when we use o, = ®; — m,, (the slip angular velocity introduced in
Equation D.17):

[aN [ODH O — Ogi [
R, =—"2L.R+—= " R =R, + ‘R, (D.61)
Oslip ®glip ®glip ®glip

The corresponding circuit model is depicted in Figure D.9.

The resistance R, multiplied with |, ,|2 represents 1/3 of the dissipated power in the machine
and the resistance R, (®,,/s;p) multiplied with |I,|2 represents 1/3 of the power P,, delivered
electromagnetically to the axis, so that we can write for the electromagnetic torque:

®
P 3'mrfl'R’V’|2 R
T,=-om— M0 3. 2 (D.62)
[ ©; Oslip
lg L. I R,

{

slip

Figure D.9 An induction machine model for power calculations.
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The electric power consumed by the stator of the induction motor equals:

o8

Py, = o, T, = 3. : RV|IV|2 (D63)

®slip

This electric power Py, is supplied to the three-phase stator terminals of the induction motor.
Because there is no power dissipation in the stator (we assumed the stator resistance to be zero),
this power is transferred to the air-gap field which exercises the torque 7. The air-gap field itself
rotates with an angular velocity o, and therefore the power delivered by the stator to the rotor
equals o,7,, often called the air-gap power.
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The Representation of Lines
and Cables

E.1 INTRODUCTION

When we speak of electricity, we think of current flowing through the conductors of overhead
transmission lines and underground cables, on its way from generator to load. This approach is
valid because the physical dimensions of the power system are generally small compared with the
wavelength of the currents and voltages (the wavelength is 6000 km for 50 Hz; see also Appendix
A.6 (Circuit Modeling)). This enables us to apply Kirchhoft’s voltage and current laws and use
lumped elements in our modeling of overhead transmission lines and underground cables.

E.2 THE LONG TRANSMISSION LINE

When we want to make a model of an overhead transmission line we should distinguish the short
transmission line, the medium-length transmission line and the long transmission line. For the
long transmission line we have, even for 50 Hz or 60 Hz voltages and currents, to take the line
length into account. The line parameters are not lumped but distributed uniformly throughout
the length of the line. We can distinguish four parameters for a transmission line: the series
resistance (due to the resistivity of the conductor), the inductance (due to the magnetic field
surrounding the conductors), the capacitance (due to the electric field between the conductors)
and the shunt conductance (due to leakage currents in the insulation).

As a first approximation of the series resistance the DC-resistance of the conductor can be
calculated, which is affected by the operating temperature of the conductor (i.e. nearly linearly
increasing with the temperature). When a conductor is operating on AC, the current-density
distribution across the conductor cross-section becomes non-uniform. This is known as the skin
effect and as a consequence, the AC-resistance of a conductor is higher than the DC-resistance.
The skin effect is frequency-dependent.

The shunt conductance accounts for the losses in the dielectric medium between the
conductors when the transmission link is an underground cable. In case of an overhead line, it
accounts for the leakage currents across the insulator strings, the influence of the ground
resistance and the corona losses.

Electrical Power System Essentials Pieter Schavemaker and Lou van der Sluis
© 2008 John Wiley & Sons, Ltd
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1+Al rAx Ax 1
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y

Figure E.1 Incremental length of a transmission line.

Finding the analytical expressions for the inductance and capacitance of a specific line or
cable configuration is rather straightforward. Many classical textbooks give these formulas and
show how to derive them. For practical power system analysis it is in most of the cases sufficient
torely on tables to find the series resistance, the series inductance, the shunt capacitance and the
shunt conductance per unit length.

Once the line parameters are obtained on a per phase, per unit length basis we are interested in
the performance of lines with an arbitrary length /. The parameters are distributed evenly along
the line length and to be able to represent them by lumped elements and to apply Kirchhoff’s
voltage and current laws we consider the line to consist of an infinite number of incremental line
pieces, each with a differential length. We consider the transmission line in a balanced,
sinusoidal steady state. This allows us to use phasors and impedances.

InFigure E.1 an incremental length of a transmission line is depicted. The per-phase terminal
voltages and currents are V; and /; at the sending end, and V, and I, atthe receiving end. The loads
are connected at the receiving end and the supply is done from the sending end. In the daily
operation of the power system it is of primary importance to keep the voltage at the load at a
nearly constant value. Starting from the load, the receiving end of the transmission line is located
at x = 0 and the sending end is at x = [.

When we use lower case letters for the distributed parameters, the series impedance per unit
length can be written as:

z=r+jol (E.1)

z the series impedance per unit length per phase [{2/m]
r the series resistance per unit length per phase [€2/m]
[ the series inductance per unit length per phase [H/m]

and for the shunt admittance per unit length:

y=g+joc (E.2)

y the shunt admittance per unit length per phase to neutral [S/m]
g the shunt conductance per unit length per phase to neutral [S/m]
¢ the shunt capacitance per unit length per phase to neutral [F/m]
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Applying Kirchhoff’s voltage and current law to the incremental section, shown in Figure E. 1,
results in:

AV = IzZAx

Al = (V+ AV)yAx (E:3)

When we make x infinitely small, the following simplifications can be made. The length of the
incremental section Ax can be written as dx. Furthermore, the contribution AVyAx to the current
(i.e. aproduct of two differential quantities) can be neglected. By doing so, two first-order linear
differential equations are obtained:

av
= E4
i (E-4)
dl
) 74 ES5
=Y (E.5)

Differentiating Equations E.4 and E.5 with respect to x leads to the following expressions:

d*v dl
W = Za (E6)
&1 dv

Now we can substitute Equation E.4 into Equation E.7 and Equation E.5 into Equation E.6 and
we obtain the second-order linear differential equations:

d*v
d*1
Ja =yl = Y (E.9)

Yy the propagation constant [1/m]; v = /zy.
For a lossless line, the series resistance r and the shunt conductance g are zero and the
propagation constant reduces to a pure imaginary number vy = jov/Ic = j2n /A rad/m, in
which A is the wavelength in metres. When we substitute & = v/f in the equation of the
propagation constant of a lossless line (y = joV/lIc = j2rn/\ = j2nf /v = jo/v), we find a
value for the velocity of propagation of the wave v: v = 1/v/Icm/s. This velocity of
propagation will be close to the speed of light in air (approximately 3 x 108 m/s).
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The general solution of the second order differential equation (Equation E.8) is given by:
V(x) = k1™ + kpe " (E.10)

The expression for the current follows directly from Equations E.10 and E.4:

:ld_V:k]_'Yer _@e_yx
z dx z z

I(x) (E.11)

Atthereceiving end of the line (atx = 0), V = V, and I = I,. Substitution in Equation E.10 and
E.l11 gives V, = k1 + kp and I, = (y/z) (ki — k»). The constants k; and k; can be determined to
be:

_ Ve +1(z/v)

ky >

V,—1,
and k, = #

(E.12)

Substitution of the two constants into Equation E.10 and E.11 gives us the equations of the
voltage and the current at any point along the line:

VoA Zde o Ve Zd

Vv VX roo—vx
¥ 2 7T (E.13)
1) = Yol Ze e Vel Ze =l
2 2
Z. the characteristic impedance [Q]; Z. = \/z/y.
For a lossless line, the series resistance » and the shunt conductance g are zero and the
characteristic impedance equals Z. = /I/c.
A more common notation of these equations is by using hyperbolic functions:
VX _ prx VX 4 oYX
sinh(yx) = % cosh(yx) = % (E.14)

This leads to the following pair of hyperbolic equations that describe the voltage and current on
the line as a function of x:

V(x) = V,cosh(yx) + Z.I, sinh(yx)
Ve . (E.15)

I(x) = I, cosh(yx) + 7 sinh(yx)

Of particular interest is the relation between the receiving end voltage and current and the

sending end voltage and current, which we can obtain by substituting x = / in Equation E.15:

Vs = V, cosh(yl) 4+ Z.I, sinh(y])

v, . (E.16)
Iy = I, cosh(yl) + Z—smh(yl)
c
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Now we are able to calculate the voltage and line current at the sending end of the transmission
line, while the receiving end voltage and current are determined by the load.
When Equation E.16 is written as a matrix expression, the following equation results:

=] = [t e[V ] E17)

T the transmission matrix or chain matrix

In fact this is nothing more than a general two-port equation. The advantage of this notation is
that we can make use of the properties of two-port calculations. When two transmission lines,
with different line parameters, are connected in series the resulting transmission matrix is the
product of the individual transmission matrices, as illustrated in Figure E.2.

The equivalent circuit of the long transmission line is depicted in Figure E.3. The expressions
for the voltage and the current at the sending end of the equivalent circuit are:

z'Y
Vi = ( + I)V) +Z,Ir

2
(E.18)
I—(V+V)Y/+I— Z/Y/+1 Y'V, + Z/Y/—i—l I
s — s r ) r— 4 r 5 r
Or, as a matrix expression:
Z’Y’+1 7
v 2 , v,
: <—+ 1>Y’ > d

The expressions for the elements in the equivalent circuit can be obtained by comparing the
elements of the transmission matrix in Equation E.19 with those in Equation E.17. The element

o—p— — ——»—o
v, T T, T v, T, T A
o— t——o0
% Vv, %4

1:7. 2 =7;T2 3

3 l, ly

Figure E.2 Series connection of two transmission lines, represented as two-ports.
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I Z I;
o }—F—>
’ Y
x|
2 2
o o

Figure E.3 Equivalent circuit of a long transmission line.

in the upper right corner gives:
sinh (/)
vl

7' =Z.sinh(yl) =Z (E.20)

Z the total series impedance per phase [2]; Z =1z 1.

The elements on the main diagonal lead to the following correspondence: (Z'Y")/2+ 1 =
cosh(yl). Substituting Equation E.20 in this relation, leads us to:

Y cosh(yl) -1 1 h<yl> Y tanh(yl/2)
=5

= —— = —{i
2" Zesinh(y) z" v1/2

5 (E.21)

Y the total shunt admittance per phase to neutral [S]; ¥ =y - L.

Now, Equations E.20 and E.21 can be used to verify that also the lower left elements in the
transmission matrices correspond to each other:

z'Yy z'Yy h(y) -1 ZY h(yl) +1
> + 1 = cosh(yl) — 2 :%H 1 —1—1:% (E.22)
zy Ty = cosh(yl) + 1 2cosh(yl) — 1 cosh?(yl) — 1
4 N 2 Z.sinh(yl) — Z.sinh(yl) (£23)

_ sinh’(yl) _ sinh(yl)
~ Zcsinh(yl)  Z

E.3 THE MEDIUM-LENGTH TRANSMISSION LINE

The long transmission line model can be simplified when the line length is within a range in
between the 80 km and 240 km. In this case tanh(yl/2) ~ yI/2 and sinh(y/) ~ yl and the
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I z I,
o— MW
Vs Z — — Z v,
2 2
O O

Figure E.4 Equivalent circuit of a medium-length transmission line.

elements in the equivalent circuit of the long transmission line transform into (Equation E.20
and E.21):

Z’:z-%gyl):z (E.24)

Y’ Y tanh(yl/2) Y
2 2 yl2 2 (E.25)

The equivalent circuit of the medium-length transmission line is depicted in Figure E.4. The
matrix expression for the voltage and the current at the sending end is:

zy | 7
v, 2" v,
= (E.26)
Is g + 1 Y g + 1 Ir
4 2

The equivalent circuit of the medium-length transmission line is made up of the total series
impedance of the transmission line with half of the total shunt capacitance at each side of the line.

E.4 THE SHORT TRANSMISSION LINE

When the line length falls below a value of 80 km, the equivalent circuit of the medium-length
transmission line model may be simplified by omitting the shunt capacitances. In this way, only
the total series impedance of the transmission line is taken into account.

The equivalent circuit of the medium-length transmission line is depicted in Figure E.5. The
matrix expression for the voltage and the current at the sending end is:

KEHIH .

In the following section, it will be made plausible that the shunt capacitances can be omitted for
the shorter line lengths.
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DY
<

e, O

Figure E.5 Equivalent circuit of a short transmission line.

E.5 COMPARISON OF THE THREE LINE MODELS

The line models are put together in Table E.1 for easy comparison.

Table E.1 Line models for various line lengths.

Line model Two-port equation Equivalent circuit
Vil _ |1 Z||V, | /
short /<80 km |:Is } = {0 1 } [I)' } RV
with
Vs v,
Z=z-1
O O
zY
medium-length v, 5" 1 A V. I I
80km</<240km | | = o W
I zY zYy I
g —+1)Y —+1 !
4 2 Vs y L Y v,
with 2 2
Z =2Z- l 0
Y=y-I
z'Yy 1 7
Vs 2 v,
long [>240km = 2y Sy I/ . I,
I 1)y i I N ) S N—
4 2
with Vs 14 Yy v,
2 D 2
, ., sinh(yl)
o 'Yl o
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Example E.1 Comparison of the three line models at a line length of 40 km

133 x 107°/90° S. At the receiving end, a three-phase active power of 40 MW is con

computed by using the three line models.
First, the current at the receiving end will be computed:

40 x 10°
| = X — 116.6A, I, = 116.6/~25.8° A
V3220 x 103-0.9

The voltage at the sending end when using the short line model equals:
Vo=V, +1Z=12855x 10°/0.82° V

The voltage at the sending end when using the medium-length line model equals:

zy
Vv, = (7 + 1) V, +1,Z = 128.38 x 10°/0.84° V

The voltage at the sending end when using the long line model equals:

V, = V,cosh(yl) + Z.I, sinh(yl) = 128.38 x 10*/0.84° V

with vyl = v/ZY = 0.0064 + j0.0520 and Z, = \/Z/Y = 390.76 — j48.104 ().

A three-phase transmission line is 40 km long. It has a total series impedance of
Z=54+j20=20.6/76°Q and a total shunt admittance of Y =133 x 107° =

sumed

at a voltage of 220 kV with a power factor 0.9 lagging. The voltage at the sending end will be

(E.28)

(E.29)

(E.30)

(E31)

A comparison of the sending end voltages obtained with the three line models when applied at
three different line lengths is shown in Table E.2 (the results are based on the (line) data in

example E.1 (p. 311)).

In this table the results obtained with the long line model are exact; deviations in the results

obtained with the other models are caused by the simplifications in the line modeling.
From the results in Table E.2 it is evident that for the short line length even the simplest

model

(i.e. the short line model) gives acceptable results: the difference is less than 200 V. For the
medium line length the shortline model already gives an unacceptable deviation: more than2 k V.
For the long line length, the medium-length line model starts to give inaccurate results too: the

difference almost equals 700 V.

Table E.2 Sending end voltages computed with the three line models at various line

lengths.
line model |Vy] [kV] |Vy| [kV] |Vy| [kV]

[ =40km ! = 150km [ =400 km
short 128.55 132.96 143.59
medium 128.38 130.62 127.54

long 128.38 130.57 126.88
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E.6 THE UNDERGROUND CABLE

In the previous sections the focus was on the modeling of overhead transmission lines. The
models that are developed and tabulated in Table E.1 are equally valid for underground cables.
One should, however, bear in mind that the capacitance of an underground cable is much higher
than it is for an overhead transmission line (see also Section 3.8.2 (Underground Cables) and
Table 3.2, for example). Therefore the use of the short line model to represent a short under-
ground cable, thereby neglecting the influence of the capacitance, is not recommended.
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List of Abbreviations

AC Alternating Current

ACE Area Control Error

ACSR Aluminum Conductor Steel Reinforced
ATC Available Transmission Capacity

AVR Automatic Voltage Regulator

BES Battery Energy Storage

CAES Compressed Air Energy Storage

CHP Combined Heat and Power

CO, Carbon Dioxide

DAM Day-Ahead Market

DC Direct Current

DG Decentralized Generation, Distributed Generation, Dispersed Generation
EMF Electromotive Force

EMS Energy Management System

FACTS Flexible AC Transmission Systems
GTO Gate Turn-Off Thyristor

HVDC High-Voltage DC

IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
IPP Independent Power Producer

ISO Independent System Operator

LED Light-Emitting Diode

LFC Load Frequency Control

LL Line-to-Line

LN Line-to-Neutral

LTI Linear Time-Invariant

MCP Market Clearing Price

MCV Market Clearing Volume

NEC Net Export Curve

pu Per Unit

PWM Pulse-Width Modulation

PX Power eXchange
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318 List of Abbreviations

RMS
SCADA
SF

SMES
SSSC
STATCOM
SVC

TCR
TCSC
TSC

TSO
UCTE
UPFC
e

Root Mean Square

Supervisory Control and Data Acquisition
Sulfur Hexafluoride

Superconducting Magnetic Energy Storage
Static Synchronous Series Compensator
Static synchronous compensator

Static Var Compensator
Thyristor-Controlled Reactor
Thyristor-Controlled Series Capacitor
Thyristor-Switched Capacitor
Transmission System Operator

Union for the Coordination of Transmission of Electricity
Unified Power-Flow Controller
Voltage-Source Converter



List of Symbols

Text symbols

Bold upper case text symbols generally refer to matrices, e.g. A.
Bold lower case text symbols generally refer to vectors, e.g. x.

Various notations of a voltage:

v, v(f) the sinusoidal time varying quantity

\% the phasor representation of the sinusoidal time varying quantity; the DC
quantity

V| the effective or RMS value of the sinusoidal time varying quantity; the length

of the phasor representation of the sinusoidal time varying quantity

The polarity of the voltage is indicated in circuit diagrams in one of the three following ways:

£ DC voltage source; the long plate indicates the positive terminal, the short
T plate the negative terminal
_|._

AC voltage source; the plus sign indicates the positive terminal, the minus sign
the negative terminal

arrow: it specifies the voltage between two terminals/points in the circuit
diagram; the arrowhead indicates the positive terminal, the tail the negative
terminal

[e]

Graphical symbols

Graphical symbols in a circuit diagram:

YY1 inductance
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© 2008 John Wiley & Sons, Ltd
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|
5

capacitance
resistance
impedance, admittance, general load

fuse

03

transformer

W
A

magnetically coupled coils

DC voltage source

AC voltage source

current source
diode
power electronic switching device (e.g. thyristor, GTO)

earth, neutral, reference

RRICIONS"S

Graphical symbols in a single-line or one-line diagram:

transmission link, line, cable

circuit breaker

disconnector

busbar, node
load

synchronous generator

rotating machine

transformer

@Q@l_—kx



Index

a operator, 25
AC, 4,77
Admittance, 23
Admittance matrix, 172
Alternating Current, see AC
Ampere-hour rating, 131
Ampere’s law, 237
Armature, see Stator
Asynchronous machine,

see Induction machine
Autonomous network, see Network

Battery, 131

Bifurcation, 226

Blackout, 126, 170, 226, 229
Bus, Busbar, 81, 83

Cable, 113-118
belted cable, 113
both-ends bonding, 116
charging current, 118
conductor, 98, 114
cross-bonding, 116
Hochstédter cable, 113
paper-oil insulation, 116
plastic insulation, 114
single-core cable, 113,116
single-point bonding, 116
three-core cable, 113

Cable modeling, 312

Capacitor, 21, 34

Capacitor bank, 156
Carnot cycle, 49
Centralized generation, 223
Chaos, 226
Characteristic impedance, 306
Chemical energy, 131
CHP (Combined Heat and Power), 135
Circuit breaker, 81
Complex operator, 25
Conductance, 23
Congestion, 219
Consumer surplus, 214
Contingency analysis, 170
Control, basics of, 142
Control centre, 169
Control, of active power and frequency,
144-152
ACE (Area Control Error), 150
droop, 144
LFC (Load Frequency Control),
see secondary control
network power frequency characteristic, 148
primary control, 144
regulation, see droop
secondary control, 149
self-regulating effect, 148
speed governor, 144
Control, of reactive power and voltage,
152-160
AVR (Automatic Voltage Regulator), 152
droop, 154
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Control, of reactive power and voltage (Continued )

excitation, see Excitation

FACTS, see FACTS

reactive power injection, 156

tap-changing transformer, see Transformer
Control, of transported power, 160-168

FACTS, see FACTS

phase-shifting transformer, see Transformer
Corona, 103

DC, 4

Decentralized generation, see Distributed
generation

Delta—wye transformation, 28

Diode, 128

Direct Current, see DC
Disconnector, 81
Dispersed generation,

see Distributed generation
Distributed generation, 223
Distribution network, see Network

Earth—ionosphere system, 108
Electric railways, see Load(s)
Electricity market, 209
Electromagnetic

field, 3,237

force, 107

interference, 9, 105

power flow, 3

torque, 125

wave, 245
EMS (Energy-management system), 169
Energy storage, 225
Excitation, 67,152

overexcited, 34,71, 285

underexcited, 34, 71, 285

FACTS, 168
SSSC (Static Synchronous Series
Compensator), 166
STATCOM (Static Synchronous
Compensator), 160
SVC (Static Var Compensator), 157
TCSC (Thyristor-controlled series
capacitor), 165
UPFC (Unified power-flow controller), 166
Faraday’s law, 237
Fault, 87
Feeder, 81

Flexible AC Transmission Systems,
see FACTS

Frequency, 2, 8

Fuse, 87

Gauss’ law, 237,238

Generation, 45

Generator, 67, 124

Geothermal power, 65

Geothermal power plant, see Power plant
Ground, 132

Harmonics, 96, 127, 157
Heat(ing), 128

HVDC (High-voltage DC), 5, 160
Hydro power, 60

Hydro power plant, see Power plant

Impedance, 23

Inductor, 21, 34

Induction machine, 124

Induction machine modeling, 287
Industrial loads, see Load(s)

Infinite bus, 68

Insulation, 83,100, 114, 116
Interconnection, 75

ISO (Independent System Operator), 211

Kirchhoff’s laws, 3,254

Lamp, see Light(ing)
Light(ing), 126
Lightning, 108
Line-to-line (LL), 18
Line-to-neutral (LN), 18
Line-to-neutral diagram, equivalent, 28
Load(s), 132-137
electric railways, 135
industrial loads, 134
residential loads, 132
Load curve, 119
Loadflow, 170-192
DC loadflow, 189
decoupled loadflow, 184
direct solution, 176
flat start, 180
iterative solution, 177, 182
loadflow equations, 174
Newton—Raphson loadflow, 180
node types, 171
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Loading capability diagram, 72
Lumped-element modeling, 3,253

Magnetically-coupled coils, 258
Magnetic field, rotating, 13, 121
Market clearing, 211
Market coupling, 215
Maxwell’s laws, 237
Mechanical energy, 121
Motor, 121-126
induction motor, 124
synchronous motor, 122

N-1, 170
NEC (Net export curve), 217
Network
autonomous network, 224
distribution network, 76
structure, 78
transmission network, 76
Neutral, 132
Nuclear fission, 52
Nuclear fusion, 56
Nuclear power plant, see Power plant

One-line diagram, 43

Optimal powerflow, 192

Overhead transmission line,
see Transmission line

Overhead transmission line modeling,
see Transmission line modeling

Peak, 8

Per-unit normalization, 39

Phasor, 19

Phasor diagram, 27

Phasor domain, 21, 23

Photovoltaic system, 62

Power, 29-39
active power, 29
apparent power, 35
average power, see active power
complex power, 33
imaginary power, see reactive power
instantaneous power, 7, 12, 16, 30
losses, 4,17,33
n-phase power, 12
reactive power, 29
real power, see active power
single-phase power, 12,29

three-phase power, 12, 38
two-phase power, 16
Power angle, 70
Power-electronic interface, 224
Power-electronic switching device, 130
Power eXchange, 211
Power factor, 36
Power factor improvement, 37, 135
Power flow, see Loadflow
Power plant, 45-67
geothermal power plant, 65
hydro power plant, 60
nuclear power plant, 52
thermal power plant, 46
Power quality, 45,210
Power system
AC system, 4
autonomous power system, 224
balanced three-phase system, 10
DC system, 4
interconnected power system, 76
n-phase system, 12
single-phase system, 12, 13
structure, 43
three-phase system,
see balanced three-phase system
two-phase system, 15
Power-to-weight ratio, 9
Power tower, 62
Poynting vector, 3
Producer surplus, 214
Propagation constant, 305
Protection, 86
Pumped storage, 60
PV-curve, 227
pV-diagram, 48
PWM (Pulse-width modulation), 160

Quadrant diagram, 34

Quasi-static field
of a parallel-plate capacitor, 240
of aresistor, 250
of a single-turn inductor, 245

Rankine cycle, 50
Reactance, 23
Rectification, see Rectifier
Rectifier, 128

Relay, 81, 87

Renewable energy, 56,222
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Residential loads, see Load(s) Thyristor, 130
Resistance, 6,21 Time domain, 23
RMS (Root-mean square), 8 Traction, 135
Rotor Transformer, 87-98

cylindrical rotor, 67
salient-pole rotor, 67

SCADA (Supervisory control and data
acquisition), 169
SFe, 83
Single-line equivalent,
see One-line diagram
Skin effect, 100
Slack node, 171
Slip, 125
Social welfare, 214
Solar panel, see Photovoltaic system
Solar power, 61
State estimation, 193-207
bad-data analysis, 198
chi-square distribution, 199
iterative solution, 198
pseudo-measurements, 194
redundancy, 194
statistical analysis, 204
virtual measurements, 194
weighted least squares, 196
State estimator, see State estimation
Stator, 67
Steinmetz connection, 122
Storage, see Energy storage
Striking distance, 112
Substation, 81-86
concepts, 83
double bus system, 85
gas-insulated substation, 83
one-and-a-half circuit breaker concept, 86
open-air substation, 81
polygon bus system, 85
single bus system, 83
Susceptance, 23
Synchronous compensator, 156

B-H characteristic, 94

copper losses, 264

core losses, 263

delta connection, 92

eddy current, 263

hysteresis, 94

ideal transformer, 40, 88, 255
impedance transformation, 257
inrush current, 97

instrument transformer, 81
leakage flux, 262
magnetizing current, 94
non-ideal transformer, 262
number of turns, 89

phase shift, 92

phase-shifting transformer, 161
single-phase transformer, 89
tap-changing transformer, 154
tertiary winding, 91
three-phase transformer, 90
three-winding transformer, 91
turns ratio, 88

wye connection, 92

Transformer modeling, 255
Transmission line, 100-113

ACSR, 99

bundled conductors, 103
conductor, 98

conductor vibration damper, 108
corona, see Corona

galloping, 108

ground wires, 108

insulator string, 100

pylon, see tower

shield wires, see ground wires
spacer, 106

tower, 100

transposition, 113

Synchronous machine, 67, 122 Transmission line modeling, 303-311

Synchronous machine modeling, 267 long transmission line, 303
medium-length transmission line, 308

TCR (Thyristor-controlled reactor), 157 short transmission line, 309

Thermal power plant, see Power plant Transmission matrix, 307

Thermodynamics, 47 Transmission network, see Network

Thunderstorm, see Lightning TSC (Thyristor-switched capacitor), 158
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TSO (Transmission System Operator),
150,211

Underground cable, see Cable
Underground cable modeling,
see Cable modeling

Voltage
collapse, 227
levels, 17
line-to-line, see Line-to-line

line-to-neutral, see Line-to-neutral
peak, see Peak
RMS, see RMS

VSC (Voltage-source converter), 160

Water turbine, 60

Watt-hour meter, 132

Wind energy, see Wind turbine
Wind turbine, 56

Y-matrix, see Admittance matrix
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