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Preface

Electrical Power Systems Technology provides a broad overview of the produc-
tion, distribution, control, conversion, and measurement of electrical power.
Through the presentation method used in this book, the reader will be able to
develop an understanding of electrical power systems. The units of the book are
organized in a systematic manner, beginning with electrical power production
methods. The basic fundamentals of each major unit of the book are discussed at
the beginning of the unit. These fundamentals provide a framework for the informa-
tion which follows in each unit.

This book deals with many important aspects of electrical power, not just one
or two areas. In this way, the reader can better understand the total electrical
power system—from its production to its conversion to another form of energy.
Each unit deals with a specific system, such as production, distribution, control,
conversion, or measurement. Each system is broken down into subsystems. The
subsystems are then explored in greater detail in the chapters which comprise
each unit.

For more in-depth understanding of the content of this book, the reader should
have a knowledge of basic electrical fundamentals. The mathematical presentations
given are very simple and are used only to show practical relationships which are
important in electrical power system operation. This book is recommended as a
textbook for an “electrical power” or “electrical generators and motors” course.
It would be a suitable text for vocational-technical schools, community colleges,
universities, and, possibly, some technical high school programs. Many photographs
and illustrations are shown to make the presentations that are given easier to under-
stand. The content is presented in such a way that any reader should be able to
learn a great deal about the operation of electrical power systems.

STEPHEN W. FARDO
DALE R. PATRICK
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UNIT I

Power Production

The first unit of this book develops a framework for the units which follow. The
fundamentals of power production are examined in Chapter 1. Electrical power
production systems include modern power systems such as fossil-fuel (coal, oil,
gas) systems, hydroelectric systems, and nuclear-fission systems. These systems are
discussed in Chapter 2. However, there are also many alternative energy systems
that are being studied as potential sources of electrical power. These alternative
systems, which include nuclear-fusion, geothermal, solar, wind, fuel cell, coal gasi-
fication, tidal, and magnetohydrodynamic (MHD) systems, are discussed in Chap-
ter 3.

Most of the electrical power that is produced is alternating-current (ac) power.
Chapter 4 deals with the single-phase and three-phase alternators which are used
to produce alternating-current (ac) power. Direct-current (dc) power can be pro-
duced by chemical action or rotating machinery, or it can be converted from ac
sources (rectification). Chapter 5 deals with the systems used for production of
direct current.

POWER

PRODUCTION

POWER
DISTRIBUTION

POWER
CONTROL

POWER
CONVERSION

POWER
MEASUREMENT

MODERN SYSTEMS
ALTERNATIVE SYSTEMS
AC POWER SOURCES
DC POWER SOURCES

Fig. 1. The electrical power system.







CHAPTER 1

Power System Fundamentals

One of the most important areas of electrical knowl-
edge is the study of electrical power systems. Complex
power systems supply the vast need of our country for
electrical energy. Due to our tremendous power re-
quirement, we must constantly be concerned with the
proper operation of our power production and power
conversion systems. This book deals with some of the
characteristics of electrical power production and power
distribution systems, as well as the power control and
power conversion systems needed. In addition, a dis-
cussion of electrical power measurement techniques is
included.

THE ELECTRICAL POWER SYSTEM

The block diagram of an electrical power system
is shown in Fig. 1-1. The first block or the electrical
power production section is an important part of the
complete electrical power system. However, once elec-
trical power is produced, it must be distributed to the
location where it will be used, so electrical power dis-
tribution systems (block 2) transfer electrical power
from one location to another. Electrical power control
systems (block 3) are probably the most complex of
all the parts of the electrical power system as there
are unlimited types of devices and equipment used to
control electrical power. Then, the electrical power
conversion systems (block 4), also called loads, con-
vert the electrical power into some other form of
energy, such as light, heat, or mechanical energy. Thus,
conversion systems are an extremely important part of
the electrical power system. Another part of the elec-
trical power system is power measurement (block 5).

Without electrical power measurement systems, control
of electrical power would be almost impossible.

Each of the blocks shown in Fig. 1-1 represents one
important part of the electrical power system. Thus,
we should be concerned with each part of the electrical
power system rather than only with isolated parts. In
this way, we can develop a more complete understand-
ing of how electrical power systems operate. This type
of understanding is needed to help us solve our energy
problems that are related to electrical power. We cannot
consider only the production aspect of electrical power
systems. We must understand and consider each part
of the system.

TYPES OF ELECTRICAL CIRCUITS

There are several basic fundamentals of electrical
power systems. Therefore, the basics must be under-
stood before attempting an in-depth study of electrical
power systems. The types of electrical circuits associ-
ated with all electrical power production or power con-
version systems are either resistive, inductive, or capaci-
tive. Most systems have some combination of each of
these three circuit types. These circuit elements are also
called loads. A load is a part of a circuit that converts
one type of energy into another type. A resistive load
converts electrical energy into heat energy.

In our discussions of electrical circuits, we will pri-
marily consider alternating-current (ac) systems at this
time as the vast majority of the electrical power which
is produced is alternating current. Direct-current (dc)
circuits will be discussed later in greater detail in
Chapter 5.

POWER POWER
PRODUCTION DISTRIBUTION

CONTROL

POWER POWER
CONVERSION MEASUREMENT

Fig. 1-1. Block diagram of an electrical power system.
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Fig. 1-2. Resistive circuit.

Resistive Circuits

The simplest type of electrical circuit is a resistive
circuit, such as the one shown in Fig. 1-2. The purely
resistive circuit offers the same type of opposition to
alternating-current power sources as it does to pure
direct-current power sources. In dc circuits,

Voltage (V) = Current (I) X Resistance (R)
Voltage (V)
Resistance (R)

Voltage (V)

Current (I)
Power (P) = Voltage (V) X Current (I)

Current (I) =

Resistance (R) =

These basic electrical relationships show that when
voltage is increased, the current in the circuit increases
proportionally. Also, as resistance is increased, the cur-
rent in the circuit decreases. By looking at the wave-
forms of Fig. 1-2B, we can see that the voltage and
current in a purely resistive circuit, with ac applied,
are in phase. An in-phase relationship exists when the
minimum and maximum values of both voltage and
current occur at the same time interval. Also, the power

Po#er Production

converted by the circuit is a product of voltage times
current (P =V X I). The power curve is also shown
in Fig. 1-2B. Thus, when an ac circuit contains only
resistance, its behavior is very similar to a dc circuit.
Purely resistive circuits are seldom encountered in the
design of electrical power systems, although some de-
vices are primarily resistive in nature.

Inductive Circuits

The property of inductance (L) is very commonly
encountered in electrical power systems. This circuit
property, shown in Fig. 1-3, adds more complexity to
the relationship between voltage and current in an ac
circuit. All motors, generators, and transformers ex-
hibit the property of inductance. This property is evi-
dent due to a counter-electromotive force (cemf) which
is produced when a magnetic field is developed around
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(C) Vector representation.
Fig. 1-3. Inductive circuit.
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a coil of wire. The magnetic flux produced around the
coils affects circuit action. Thus, the inductive property
(cemf) produced by a magnetic field offers an opposi-
tion to change in the current flow in a circuit.

The opposition to change of current is evident in the
diagram of Fig. 1-3B. In an inductive circuit, we can
say that voltage leads current or that current lags volt-
age. If the circuit were purely inductive (contains no
resistance), the voltage would lead the current by 90°
(Fig. 1-3B) and no power would be converted in the
circuit. However, since all actual circuits have resis-
tance, the inductive characteristic of a circuit might
typically cause the condition shown in Fig. 1-4 to exist.
Here the voltage is leading the current by 30°. The
angular separation between voltage and current is called
the phase angle. The phase angle increases as the in-
ductance of the circuit increases. This type of circuit
is called a resistive-inductive (RL) circuit.

In terms of power conversion, a purely inductive
circuit would not convert any power in a circuit. All
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(C) Vector representation.

Fig. 1-4. Resistive-inductive (RL) circuit.

1

ac power would be delivered back to the power source.
Refer back to Fig. 1-3B and note points A and B on
the waveforms. These points show that at the peak of
each waveform, the corresponding value of the other
waveform is zero. The power curves shown are equal
and opposite in value and will cancel each other out.
Where both voltage and current are positive, the power
is also positive since the product of two positive values
is positive. When one value is positive and the other is
negative, the product of the two values is negative;
therefore, the power converted is negative. Negative
power means that electrical energy is being returned
from the load device to the power source without being
converted to another form of energy. Therefore, the
power converted in a purely inductive circuit (90°
phase angle) would be equal to zero.

Compare the purely inductive waveforms to those
of Fig. 1-4B. In the practical resistive-inductive (RL)
circuit, part of the power supplied from the source is
converted in the circuit. Only during the intervals from
0° to 30° and from 180° to 210° does negative power
result. The remainder of the cycle produces positive
power; therefore, most of the electrical energy supplied
by the source is converted to another form of energy.

Any inductive circuit exhibits the property of induc-
tance (L) which is the opposition to a change in cur-
rent flow in a circuit. This property is found in coils of
wire (which are called inductors) and in rotating
machinery and transformer windings. Inductance is
also present in electrical power transmission and dis-
tribution lines to some extent. The unit of measure-
ment for inductance is the henry (H). A circuit has
a 1-henry inductance if a current changing at a rate of
1 ampere per second produces an induced counterelec-
tromotive force (cemf) of 1 volt.

In an inductive circuit with ac applied, an opposi-
tion to current flow is created by the inductance. This
type of opposition is known as inductive reactance
(Xy). The inductive reactance of an ac circuit depends
upon the inductance (L) of the circuit and the rate
of change of current. The frequency of the applied al-
ternating current establishes the rate of change of the
current. Inductive reactance (X) may be expressed as:

XL = 21TfL
where,

Xy, is the inductive reactance in ohms,

27 is 6.28, the mathematical expression for one sine
wave of alternating current (0°-360°),

f is the frequency of the ac source in hertz,

L is the inductance of the circuit in henrys.

Capacitive Circuits

Fig. 1-5A shows a capacitive device connected to an
ac source. We know that whenever two conductive
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materials (plates) are separated by an insulating (di-
electric) material, the property of capacitance is ex-
hibited. Capacitors have the capability of storing an
electrical charge. They also have many applications in
electrical power systems.

The operation of a capacitor in a circuit is dependent
upon its ability to charge and discharge. When a ca-
pacitor charges, an excess of electrons (negative
charge) is accumulated on one plate and a deficiency
of electrons (positive charge) is created on the other
plate. Capacitance (C) is determined by the size of the
conductive material (plates) and by their separation
(determined by the thickness of the dielectric or in-
sulating material). The type of insulating material is
also a factor in determining capacitance. Capacitance
is directly proportional to the plate size and inversely
proportional to the distance between the plates. The
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(C) Vector representation.
Fig. 1-5. Capacitive circuit.

Power Production

unit of capacitance is the farad (F). A capacitance of
1 farad results when a potential of 1 volt causes an
electrical charge of 1 coulomb (a specific mass of elec-
trons) to accumulate on a capacitor. Since the farad
is a very large unit, microfarad (uF) values are ordi-
narily assigned to capacitors.

If a direct current is applied to a capacitor, the ca-
pacitor will charge to the value of that dc voltage.
After the capacitor is fully charged, it will block the
flow of direct current. However, if ac is applied to a
capacitor, the changing value of current will cause the
capacitor to alternately charge and discharge. In a
purely capacitive circuit, the situation shown in Fig.
1-5B would exist. The greatest amount of current would
flow in a capacitive circuit when the voltage changes
most rapidly. The most rapid change in voltage occurs
at the 0° and 180° positions where the polarity changes.
At these positions, maximum current is developed in
the circuit. When the rate of change of the voltage value
is slow, such as near the 90° and 270° positions, a
small amount of current flows. In examining Fig. 1-5B,
we can observe that current leads voltage by 90° in a
purely capacitive circuit or the voltage lags the current
by 90°. Since a 90° phase angle exists, no power would
be converted in this circuit, just as no power was de-
veloped in the purely inductive circuit. As shown in
Fig. 1-5B, the positive and negative power waveforms
will cancel one another out.

Since all circuits contain some resistance, a more
practical circuit is the resistive-capacitive (RC) circuit
shown in Fig. 1-6. In an RC circuit, the current leads
the voltage by some phase angle between 0° and 90°.
As capacitance increases, with no corresponding in-
crease in resistance, the phase angle becomes greater.
The waveforms of Fig. 1-6B show an RC circuit in
which current leads voltage by 30°. This circuit is
similar to the RL circuit of Fig. 1-4. Power is converted
in the circuit except during the 0° to 30° interval and
the 180° to 210° interval. In the RC circuit shown,
most of the electrical energy supplied by the source is
converted to another form of energy in the load.

Due to the electrostatic field which is developed
around a capacitor, an opposition to the flow of alter-
nating current exists. This opposition is known as ca-
pacitive reactance (X¢). Capacitive reactance is ex-
pressed as:

1

Xo =510

where,
X is the capacitive reactance in ohms,
27 is the mathematical expression of one sine wave
(0° to 360°),
f is the frequency of the source in hertz,
C is the capacitance in farads.



Power System Fundamentals

=
AA
V

AC
SOURCE @P

(A) Circuit diagram.

)+

N\ power /

%(ﬁ.ﬂ‘mﬂ
Led UL HU| \/

¥l N

\

\,

0

0 ) 0 N210° 0 0
30° 90 180W\2\w 210 /%t

4 TIME

- A P e
CURRENT Ne— -

~——

va
v

VOLTAGE, CURRENT, POWER

(B) Waveforms.

30°

» V

(C) Vector representation.
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VECTOR AND PHASOR DIAGRAMS

In Figs. 1-3 through 1-6, a vector diagram was shown
for each circuit condition that was illustrated. Vectors
are straight lines which have a specific direction and
length. They may be used to represent voltage or cur-
rent values. An understanding of vector diagrams
(sometimes called phasor diagrams) is important when
dealing with alternating current. Rather than using
waveforms to show phase relationships, it is possible
to use a vector or phasor representation.

Ordinarily, when beginning a vector diagram, a hori-
zontal line is drawn with its left end as the reference
point. Rotation in a counterclockwise direction from
the reference point is then considered to be a positive
direction. Note that in the preceding diagrams, the
voltage vector was the reference. For the inductive cir-
cuits, the current vector was drawn in a clockwise di-
rection, indicating a lagging condition. A leading con-

13

dition is shown for the capacitive circuits by the use of
a current vector drawn in a counterclockwise direction
from the voltage vector.

Use of Vectors for Series Circuits

Vectors may be used to compare voltage drops across
the components of a series circuit containing resistance,
inductance, and capacitance (an RLC circuit) as shown
in Fig. 1-7. In a series ac circuit, the current is the
same in all parts of the circuit and the voltages must
be added by using vectors. In the example shown, spe-
cific values have been assigned. The voltage across the
resistor (Vg) is equal to 4 volts, while the voltage
across the capacitor (V¢) equals 7 volts, and the volt-
age across the inductor (Vi) equals 10 volts. We dia-
gram the capacitive voltage as leading the resistive
voltage by 90° and the inductive voltage as lagging the
resistive voltage by 90°. Since these two values are in
direct opposition to one another, they may be sub-
tracted to find the resultant reactive voltage (Vx). By
drawing lines parallel to Vg and Vx, the resultant volt-
age applied to the circuit can be found. Since these

AC c -l-
SOURCE T

L

(A) Circuit diagram.

Ve=17v
|

(B) Vector diagram.

V=10V Vr= VW2 + VyZ
V=V -V =v4 4+ 32
=10V-7V =VI6 +9
=3V =V
=5V

(C) Problem solution.
Fig. 1-7. Voltage vector relationship in a series RLC circuit.
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vectors form a right triangle, the value of Vr can be

expressed as:
Ve =1/Ve? + Vx?
where,

Vo is the total voltage applied to the circuit,

V= is the voltage across the resistance,

Vy is the total reactive voltage (V. — Vg or Vg — Vi,
depending on which is the larger).

The solution to this problem is shown in Fig. 1-7C.

Use of Vectors for Parallel Circuits

Vector representation is also useful for parallel ac-
circuit analysis. Voltage in a parallel ac circuit remains
the same across all the components and the currents
through the components of the circuit can be shown
using vectors. A parallel RLC circuit is shown in Fig.
1-8. The current through the capacitor (I¢) is shown
leading the current through the resistor (Iz) by 90°.
The current through the inductor (I.) is shown lagging
Ir by 90°. Since I, and I are 180° out of phase, they
are subtracted to find the total reactive current (Ix).
By drawing lines parallel to Ir and Ix, the total current
of the circuit (Ir) may be found. These vectors form
a right triangle; therefore, total current can be ex-

pressed as:
“ o

i

Wy

@ R 3
SOURCE }

(A) Circuit diagram.

lc=10A
y
k=2h 62
] ]
J lg=6A
k=le—I
=10A — 8A
=2A
||_=8A

(B) Vector diagram.

Iy =VigZ + 12
Iy
=v36 + 4
=vi0
=6.32A
(C) Problem solution.
Fig. 1-8. Current vector relationship in a parallel RLC circuit.

Power Production

IT =V ig2 + Ixz.

A similar method of vector diagramming can be used
for.voltages in RL and RC series circuits. This method
may also be used for currents in RL and RC parallel
circuits. RLC circuits were used in the examples to
illustrate the method used to find a resultant reactive
voltage or current in a circuit.

IMPEDANCE

Another application in the use of vectors is for de-
termining the total opposition of an ac circuit to the
flow of current. This total opposition is called impe-
dance (Z).

Impedance in Series AC Circuits

Both resistances and reactances in ac circuits affect
the opposition to current flow. Impedance (Z) of an
ac circuit may be expressed as:

Vv
Z=1

or

Z=~/R2+ (X;, — X¢)?

This formula may be clarified by using the vector dia-
gram shown in Figure 1-9B. The total reactance (Xr)
of an ac circuit may be found by subtracting the smallest
reactance (X, or X¢) from the largest reactance. The
impedance of a series ac circuit is determined by using
the preceding formula since a right triangle (called an
impedance triangle) is formed by the three quantities
which oppose the flow of alternating current. A sample
problem for finding the total impedance of a series
ac circuit is shown in Fig. 1-9D.

Impedance in Parallel AC Circuits

When components are connected in parallel, the
calculation of impedance becomes more complex. Fig.
1-10A shows a simple RLC parallel circuit. Since the
total impedance in the circuit is smaller than the re-
sistance or reactance, an impedance triangle such as
the one shown in Fig. 1-9C cannot be developed. A
simple method used to find impedance in parallel cir-
cuits is the admittance triangle shown in Fig. 1-10B.
The following quantities may be plotted on the triangle:
admittance = %, conductance = %,
tance =—1—, and capacitive susceptance = —1~ Notice

XL XC
that these quantities are the reciprocals of each type of
opposition to alternating current. Therefore, since total
impedance (Z) is the smallest quantity in a parallel ac
circuit, it becomes the largest value on the admittance

inductive suscep-
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(B) Vector diagram.
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(D) Problem solution.

Fig. 1-9. Impedance In series ac circuits.

(A) Circuit diagram. AC
SOURCE

(B) Admittance triangles.
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(C) Problem solution.

1 _ 025 =057 + (0.252
=v0.25 + 0.06%5
=V031%

|
«©

0|~

= 0.559

7= b
0.559
= 1790

Fig. 1-10. Impedance in parallel ac circuits.

triangle. The sample problem of Fig. 1-10C shows the
procedure used to find total impedance of a parallel
RC circuit.

POWER RELATIONSHIPS IN AC CIRCUITS

An understanding of basic power relationships in
ac circuits is very important when studying complex
electrical power systems. In the previous sections, re-
sistive, inductive, and capacitive circuits were discussed.
Also, power converted in these circuits was discussed in

terms of power waveforms which were determined by
the phase angle between voltage and current. In a dc
circuit, power is equal to the product of voltage and
current (P =V X 1I). This formula is true also for
purely resistive circuits. However, when a reactance
(either inductive or capacitive) is present in an ac
circuit, power is no longer a product of voltage and
current.

Since reactive circuits cause changes in the method
used to compute power, the following described tech-
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niques express the basic power relationships in ac cir-
cuits. The product of voltage and current is expressed
in volt-amperes (VA) or kilovolt-amperes (KVA),
and is known as apparent power. When using meters
to measure power in an ac circuit, apparent power is
the voltage reading multiplied by the current reading.
The actual power which is converted to another form
of energy by the circuit is measured with a wattmeter.
This actual power is referred to as true power. Ordi-
narily, it is desirable to know the ratio of true power
converted in a circuit to apparent power. This ratio is
called the power factor and is expressed as:

P
Pt=vx
or
% pf= P x 100
IR ENA
where,

pf is the power factor of the circuit,
P is the true power in watts,
VA is the apparent power in voltamperes.

The maximum value of power factor is 1.0, or 100%,
which would be obtained is a purely resistive circuit.
This is referred to as unity power factor.

The phase angle between voltage and current in an
ac circuit determines the power factor. If a purely in-
ductive or capacitive circuit existed, the 90° phase
angle would cause a power factor of zero to result. In
practical circuits, the power factor varies according to
the relative values of resistance and reactance.

The power relationships we have discussed may be
simplified by looking at the power triangle shown in
Fig. 1-11. There are two components which affect the
power relationship in an ac circuit. The in-phase (re-
sistive) component which results in power conversion
in the circuit is called active power. Active power is the
true power of the circuit and is measured in watts.
The second component is that which results from an in-
ductive or capacitive reactance and is 90° out of
phase with the active power. This component, called
reactive power, does not produce an energy conversion
in the circuit. Reactive power is measured in volt-
amperes reactive (vars).

The power triangle of Fig. 1-11 shows true power
(watts) on the horizontal axis, reactive power (var)
at a 90° angle from the true power, and voltamperes
(VA) as the longest side (hypotenuse) of the right
triangle. Note the similarity between this right triangle,
the voltage triangle for series ac circuits of Fig. 1-7,
the current triangle for parallel ac circuits of Fig. 1-8,
the impedance triangles of Fig. 1-9, and the admittance
triangles of Fig. 1-10. Each of these right triangles has
a horizontal axis that corresponds to the resistive com-
ponent of the circuit, while the vertical axis corresponds

Power Production

REACTIVE
POWER
(var)

o PHASE ANGLE

TRUE POWER (W)
Fig. 1-11. Power triangle.

to the reactive component. The hypotenuse represents
the resultant which is based on the relative values of
resistance and reactance in the circuit. We can now see
how important vector representation and an under-
standing of the right triangle are in analyzing ac circuits.

We can further examine the power relationships of
the power triangle by expressing each value mathe-
matically, based on the value of apparent power (VA)
and the phase angle (). Remember that the phase
angle is the amount of phase shift, in degrees, between
voltage and current in the circuit. Trigonometric ratios,
which are discussed in Appendix A, show that the sine
of an angle of a right triangle is expressed as:

opposite side

sine 6 = :
hypotenuse
Since this is true, the phase angle can be expressed as:

reactive power (var)
apparent power (VA)’

sine 0 =

Therefore,
var = VA X sine 6.

We can determine either the phase angle or the var
value by using the trigonometric tables.

We also know that the cosine of an angle of a right
triangle is expressed as:

adjacent side

cosine 6 = :
hypotenuse

Thus, in terms of the power triangle:

true power (W)
apparent power (VA)’

cosine 0 =

Therefore, true power can be expressed as:

W = VA X cosine 6.

Note that the expression

true power
apparent power

is the power factor of a circuit; therefore, the power
factor is equal to the cosine of the phase angle (pf =
cosine @).



