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Preface

This textbook is intended to serve as a book for a junior level, one-semester
course in electric power engineering or energy conversion. Students using this
book should have taken an electric circuits analysis course and have been
introduced to electromagnetic fields. The student should have gained a working
knowledge of complex algebra, sinusoidal analysis, phasor diagrams, phasor
analysis, and basic power concepts.

As the curricula of electrical engineering programs became more and more
overcrowded, many electrical engineering departments decided to stop requiring
all electrical engineering students to take two power engineering courses and
began (a) requiring a combined electromechanical energy conversion and power
systems course, or (b) to drop the power system analysis portion altogether and
require only an electromechanical energy conversion course.

In a recent article prepared by the Power Engineering Education Committee
of the Power Engineering Society of IEEE, it was discovered that almost 15% of
the electrical engineering programs across the United States and Canada require
a combined course in energy conversion and power systems. The objectives in
preparing this book were (a) to provide all electrical engineering students with
an understanding of the principles of electromechanical energy conversion, as
well as an overview of the power system, and (b) to provide students who
are interested in power engineering sufficient understanding of machinery and
power systems so they can take more advanced courses in the power area.
The book has been written to satisfy the requirements of electrical engineering
programs that offer a basic core course in electric power or energy conversion
to serve all electrical engineering students. Our goal has been to write a book
that could be used either for an electromechanical energy conversion course,
or a course that combines the electromechanical energy conversion and power
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systems analysis into one course with primary emphasis on electromechanical
energy conversion topics.

Features
This textbook offers a number of special features including:

e Drill Problems Drill exercises are presented within the different chapters
to enable students to test their understanding of the subject matter just
studied.

o Homework Problems Several homework problems are given at the end
of the chapter with varying levels of difficulty —from simple problems re-
quiring only simple manipulations of the various formulas to more difficult
ones requiring in-depth analysis.

o Illustrations and Diagrams Several illustrations and circuit diagrams are
presented in the text to help demonstrate and describe the theory being
studied. The use of circuit diagrams and phasor diagrams proves very
helpful in understanding the problem and its solution.

o Numerical Examples Tllustrative and numerical examples are used exten-
sively throughout the text to help the student fully understand the concepts
and how the theory applies to the solution of application type problems.

Text Organization
A chapter-by-chapter overview of the textbook follows:

Chapter 1 This chapter introduces the student to different energy sources
and various methods of electric energy conversion.

Chapter 2 The second chapter presents an overview of the electric power
system and its components.

Chapter 3 This chapter reviews circuit and power concepts in electrical
circuits.

Chapter 4 This chapter introduces the student to magnetic circuits and
transformers, both single-phase and three-phase transformers.

Chapter 5 Chapter 5 presents the fundamentals of rotating machines. It
provides a unified approach to all the electromechanical energy conversion
machines discussed in this book.

Chapter 6 The operational characteristics of various types of DC machines
are discussed.

Chapter 7 Chapter 7 presents a thorough coverage of both wound-rotor
and salient-pole synchronous machines (generators and motors).

Chapter 8 Chapter 8 presents the theory and application of both three-
phase and single-phase induction motors.

Chapter 9 This chapter covers (a) the basic parameters of the conduc-
tors that are used in transmission lines, (b) the various formulas for these
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parameters, and (c) the proper use of tables of conductor characteristics for
obtaining the values of the parameters. Models of transmission lines are then
presented for use in power system studies.

Qhapter 10 This chapter presents the different power flow solution tech-
niques. In other words, the focus of this chapter is the normal steady state
operation of the power system.

Chapter']] (;hapter 11 covers the abnormal operating conditions of power
systems including fault studies, system protection, and power system stability.

Appendic_es Six appendices provide supplementary information for material
covered in the 11 chapters of this textbook. The final one, Appendix G,
contains a glossary of key terms.

In writing this book, it was our goal to provide a degree of flexibility in
meeting the needs of various engineering curricula as regards the conduct of
the associated power courses. Listed below are suggestions that can serve as
guidelines in the use of the text material.

A. One-semester course on electric machines and power systems:
Chapter 1
Chapter 2
Chapter 3 (if needed)
Chapter 4
Chapter 5
Chapter 6 (excluding Section 6.8)
Chapter 7 (excluding Section 7.5)
Chapter 8 (excluding Section 8.5)
Chapter 9
A brief coverage of Chapters 10 and 11

B. One-semester course on electric machines:
Chapter 1
Chapter 2
Chapter 3 (if needed)
Chapter 4
Chapter 5
Chapter 6
Chapter 7
Chapter 8

Supplements
Solutions Manual A solutions manual provides solutions to all drill and
end-of-chapter problems. Answers to problems are not provided in the textbook.
. Software  For those interested, the authors have developed a Power Systems
Simulation Package (PSSP), which is available separately from our publisher,
John Wiley & Sons, Inc. PSSP has three major functions:
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1. Power flow analysis of an electric power system
2. Short circuit analysis of an electric power system
3. Data preparation and editing

In closing, it should be stated that the intent has not been to go in great
depth into electromechanical energy conversion or power system analysis, but
to provide a thorough and understandable coverage of these two topics to un-
dergraduate electrical engineering students. Our hope has been to expose the
student to more than a familiarity with just conventional machines. The authors
are of the opinion that although this is a worthwhile objective in itself, it is
also important that electrical engineering graduates possess some knowledge
of electric power systems. Time for these topics is made available by forgo-
ing some of the in-depth study of conventional machines. The authors would
appreciate the comments of the user of this book.

Zia A. Yamayee
Juan L. Bala, Jr.

June, 1993
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One
Energy Resources and
Electric Energy Conversion

1.1 INTRODUCTION

The ability of humans to develop sources of energy needed to accomplish
useful work has played an essential role in the continual improvement in the
standard of living of people around the globe. The use of energy can be seen in
everyday devices such as home appliances and machinery. Energy consumption
in homes and factories increased beyond the point where useful forms of energy
could be produced at the locations at which energy was being used. Hence,
centralized energy processing and generating stations, together with' elaborate
transmission and distribution systems, were developed and the electric power
system emerged as a tool for converting and transmitting energy. Energy is
converted from its basic source, such as coal or hydro, into electric energy
at places usually remote from population centers. Then the electric energy is
sent over transmission and distribution systems to various locations, where it
is converted to light, heat, and mechanical energy.

The objective of this book is to investigate how energy conversion, partic-
ularly electromechanical energy conversion, and transmission and distribution
of electric energy take place. The devices used in the operation of a power
system are studied. The book is structured so that a power system is described
element by element in each chapter.

The first section of this chapter gives a brief description of the various
energy resources available to humans. These energy resources are usually not
in directly usable form; they have to be converted into more useful forms. The
conventional electric energy conversion techniques that are currently in use are
described in the next section. Finally, alternative sources or nonconventional
energy conversion techniques are presented in the last section.
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1.2 ENERGY RESOURCES

Energy resources are the various materials that contain energy in usable quanti-
ties. These are present in any-of the various energy forms that are transformable
to other forms, including electrical, mechanical, chemical, and nuclear energy.

The main energy forms include chemical, hydro, nuclear, and geothermal
energy. Chemical energy includes such fuels as coal, oil, and natural gas.
Energy resources are usually classified in two general categories: renewable
resources and expendable resources. Renewable resources, such as water, wind,
solar, and tide, are replaced continuously by nature. Expendable resources, such
as oil and coal, are expended when used.

Energy may be classified as either primary energy, which is obtained di-
rectly from nature, or secondary energy, which is energy derived from primary
energy. Primary energy sources include hydro, solar, wind, oil, natural gas,
and geothermal. Electrical energy is a form of secondary energy. It is derived
from primary energy by using thermal power plants to convert heat energy and
hydroelectric plants to transform the energy of water under pressure.

Energy resources are being consumed at a high rate because of the growing
requirements of industries and the increasing demands of people. It has been
predicted that the world’s supply of fossil fuels will be used up within a few
hundred years.

The rate of consumption of oil has been rapidly growing. In many countries,
oil has been the primary fuel used for electricity generation. It is estimated that
60% of the world’s proven oil reserves are in the Middle East and only about
10% are in the United States. The fast growth of oil consumption is due mainly
to its use as fuel for automobiles and airplanes and the fact that it is easier to
recover and transform to other energy forms than solid fuels.

The distribution of natural gas reserves is not accurately known. Estimates
of these reserves are approximate. In the United States, the use of natural gas
has risen consistently because of its relatively low cost.

It has been estimated that the world’s hydropower resources amount to about
twice the current annual generation of all hydroelectric plants in the world. The
available hydropower depends on water inflows, and estimates of the available
hydro energy could be very approximate.

Geothermal energy is an almost limitless reserve. The temperature of the
Earth increases with depth in the Earth’s crust. For example, the temperature is
about 1200°C at a depth of 30 miles. During earthquakes or volcanic eruptions,
molten rocks may be able to escape to the surface in the form of lava. Some
of the molten rocks do not reach the surface, but they produce gases and steam
by heating water they encounter on their way to the surface. The heated water
may escape through the surface as hot springs, and the steam can be used in
geothermal plants.

Geothermal energy has been used to supply hot water for the city of Reyk-
javik, the capital of Iceland. In the northern part of California, geothermal
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It has been estimated that the heat content of the world’s reserves of uranium
is more than 300 times the heat content of the world’s reserves of fossil fuels.
However, the cost of mining for uranium is extremely high.

Using nuclear fission, current nuclear power plants convert only a small
fraction of the energy present in the nuclear fuel. However, the unexpended
fuel can be reprocessed for use in breeder reactors.

In nuclear fission, the nucleus of a heavy element such as uranium-235 is
split. In nuclear fusion, on the other hand, nuclei of light elements are fused
to form heavier nuclei. Either process is accompanied by the release of large
amounts of heat.

Nuclear fusion is a more attractive energy source than fission because it is
inherently safe, does not produce radioactive waste, does not present any danger
of explosion, and cannot result in runaway meltdown, and the fuel (deuterium)
used is readily available from the oceans. However, it is still not technically
feasible to use nuclear fusion for commercial electric power generation.

The oceans regularly rise and fall in response to the relative positions of the
Sun, Earth, and Moon. The water elevation is not the same at different places.
The variation of water elevation can be used by electric power plants to produce
electric energy. However, such power plants are extremely expensive, and the
power output is quite variable because of the continually changing tides.

Wind energy has been used in windmills around the world in countries such
as The Netherlands. Wind turbines have also been used for electrical energy
production in many countries, including the United States, but these have been
in the low power (few megawatt) levels.

The Sun is the ultimate source of energy because it has immense energy
reserves. It has been estimated that the total amount of solar energy received
by Earth in a year exceeds its total energy requirements. Solar energy is usually
used for space heating and water heating. Although the use of solar energy
is growing, it is still at a low level. Because the power density is low at the
surface of the Earth, large collectors are necessary to accumulate small amounts
of power.

Research has been under way to develop other methods of utilizing solar
energy for electric power production. However, solar cells have not yet become
a feasible alternative for bulk, or large-scale, power production.

1.3 CONVENTIONAL METHODS FOR ELECTRIC
ENERGY CONVERSION

At present, two methods are commonly used for electric bulk-power generation.
Both methods employ an electric generator that converts the mechanical energy
of the prime mover to electrical energy. The main difference between the two
methods is the source of the mechanical energy used to rotate the generator.

One method makes use of water under hydraulic pressure to provide the

ate 1 1 1 1 . 1 NN, . (I
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the generator shaft. The efficiency of conversion of the energy available from
the water to electric energy is quite high—up to 80%—-90%.

The other method employs a boiler to convert the energy of the fuel (coal,
oil, or nuclear fuel) into heat energy, which is used to transform water into high-
temperature steam at very high pressure. The steam rotates the steam turbine
in the same way as the water turns the hydraulic turbine. The efficiency of
conversion of the energy available from the fuel to electric energy is much
lower than in the first method, typically ranging from 30% to 40%.

The different types of electric bulk-power generating plants are described in
this section. Other power plants employing variations of these methods, such
as pumped-storage plants, are also briefly discussed.

1.3.1 Hydroelectric Plants

A schematic diagram of a hydroelectric power plant is shown in Fig. 1.1. The
electric power generated by a hydroelectric plant depends on the amount of
water flowing through the hydraulic turbine and on the water pressure. The
plant capacity, expressed in kilowatts, is given by

P =9.810Hn (1.1
where
Q = rate of flow in m%/s
H = pressure head of the water in m

n = efficiency expressed as a fraction of 1

In order to increase the pressure head of the water, river dams or diversion
canals are constructed. The hydraulic turbine converts the kinetic energy of the
water coming from the reservoir into mechanical energy available at its rotating
shaft. A hydraulic turbine may be classified as either an impulse turbine or a
reaction turbine.

In a high-pressure impulse turbine, a convergent nozzle transforms the po-
tential energy of the hydrostatic pressure into kinetic energy of moving water.

Reservoir

Head

Powerhouse

Tailwater
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The pressure at the nozzle outlet is atmospheric. The amount of water entering
the turbine is adjusted automatically to obtain the desired power output.

When the water flow rate Q is high and the pressure head H is rather low,
the reaction turbine is preferred.- In a reaction turbine, water is introduced to
the runner blades through a convergent pipe section known as a constrictor,
wherein part of the potential energy of the water is converted into kinetic
energy. Further energy conversion is carried out at the turbine blades.

The turbine and generator of an electric power plant are located in a common
shaft. This results in a common rotational speed ng, which depends on the
number of poles p of the generator rotor and the operating frequency f of the
electric power system. Thus,

120f

(1.2)
p

ng =

Hydroelectric plants are usually designed and built for multiple reasons and
purposes in addition to electric energy production. These include river flood
control, river navigation, irrigation of agricultural lands, water and electric en-
ergy supply to power-consuming industries using local raw material resources,
and recreational purposes.

1.3.2 Pumped-Storage Plants

The electric power generated by the power plants must be exactly equal to the
electric power consumed by various users at all times. The electrical demand
of individual consumers may be described as random and irregular, so the total
usage of electric power is nonuniform.

The variation of the total power needed by users with the time of day is
described by the demand curve. This curve contains a number of peaks and
valleys; that is, the total power required is high during certain hours and low
during other hours. This indicates that some of the generators are operated
below rated capacity, or even shut down, some of the time, which means that
much money is invested in power equipment that is not being fully utilized.

Thermal power plants are operated most economically at a constant power
level. They are not designed for quick and large changes in generation level.
Start-ups and shutdowns of thermal plants take much time and effort and lead
unnecessarily to rapid depreciation of the equipment. Therefore, “peak shaving”
is and will be done by pumped-storage hydroelectric plants, which can be
started up and brought to full power within a few minutes.

During the off-peak periods when the demand for electricity is at a mini-
mum, the pumped-storage hydro plant is used as a pump to transfer water from
the lower reservoir to the upper reservoir. At the same time, the electric machine
Operates as a synchronous condenser, resulting in an improved overall system
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Upper reservoir

Lower reservoir

FIGURE 1.2 Schematic diagram of a pumped-storage power plant.

plant uses the water stored in the upper reservoir to drive the electric generator
to produce electric power. A schematic diagram of a pumped-storage power
plant is shown in Fig. 1.2.

Pumped-storage plants employ a reversible hydraulic turbine that performs
the functions of both turbine and pump. This mechanism is illustrated in
Fig. 1.3.

The prospects for the application of pumped-storage plants depend largely
on their efficiency, that is, the ratio of the energy produced by the generator to
the energy expended by the pump. Most modern pumped-storage plants have
efficiencies of 70%—75%. Another advantage of pumped-storage plants is their
low cost of construction, since there is no need to build a high dam across a
river, long tunnels, and so forth.

1.3.3 Condensing Power Plants

A condensing power plant converts the energy of a chemical fuel into mechan-
ical energy, which is then converted into electric energy by a generator. Heat
engines are used to convert the energy of the steam or gas into mechanical
energy that is available at the rotating shaft.

Heat engines may be classified according to the working substance used,
which may be either steam or gas. They may also be classified according to
the method used to convert heat energy to mechanical energy as either piston or
rotary. The different types of condensing power plants are given in Table 1.1.

The internal combustion engine is not usually used in power plants, except
for low-power applications. At modern thermal power plants, steam turbines are
generally employed. To increase the efficiency of heat engines, the temperature
and pressure of the working substance are raised to very high levels. Modern
steam power units operate at a steam temperature of 600°C at a pressure of

Pump/Turbine Motor/Generator
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Table 1.1  Types of Condensing Power Plants

Work Substance: Work Substance:
Steam Gas

Principle of
Operation

Internal combustion
Gas turbine

Piston (engine)
Rotary

Steam engine
Steam turbine

30 MPa, where 1 MPa = 10° N/m?. After the working substance (steam) exits

from the turbine, it is cooled by water to reduce its temperature down to 30°-
40°C, which is followed by a sharp decrease in steam pressure. A schematic
diagram of a thermal power plant is shown in Fig. 1.4.

Steam is produced in the steam generator, or boiler. The water supplied to
the boiler is of high purity. Water flows through small-diameter steel pipes
designed to withstand high steam pressures. The chemical fuel in the form
of pulverized coal, gas, or atomized oil is burned at 1500°-2000°C in the
furnace. Large amounts of heated air are introduced by fans in order to improve
fuel combustion. The heat produced raises the temperature of water, converts
the water into steam, and increases the temperature and pressure to operating
levels. Hot gases are removed from the steam generator by induced-draft fans
and brought out to the atmosphere through the stack.

Two types of steam generators are employed: drum-type and once-through
boilers. The drum-type boiler contains a steel drum that has steam and water
in its upper and lower parts, respectively. When the steam leaves the drum, it
is heated again in the steam superheater to raise the temperature further.

The once-through boiler has no drum. Water flows through the boiler tubes,
is converted into steam, is heated further in a steam superheater, and is then
introduced into the turbine. Once-through boilers require fast response and
precise control of the feedwater, which must be of high quality. Once-through
boilers are cheaper than drum-type boilers and are capable of operating at higher
pressures than the drum type.
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The steam produced by the boiler, at a temperature of about 600°C and a
pressure of 30 MPa, is passed to nozzles that transform the internal energy of
the steam into kinetic energy. After the steam leaves the nozzles, it enters the
turbine rotor blades.

The exhaust steam from the turbine is brought to the condenser, which is
used to cool and condense the steam. Cooling water enters the condenser at
10°-15°C and leaves at 20°-25°C. The steam flows over the tubes from the
top downward, condenses, exits at the bottom, and is returned as water to the
boiler.

1.3.4 Geothermal Power Plants

Geothermal power plants use steam extracted from the Earth. Beneath the
Earth’s surface, the temperature increases with depth, reaching 1000°~1200°C
at a depth of 6-30 miles. The presence of hot springs is a good indication that
fairly high temperatures exist right under the surface, and these places are good
candidate sites for geothermal power development.

In geothermal power plants, the hot geothermal steam is used just like the
steam produced by the boiler in a condensing power plant. Unlike the steam
produced in the boilers of thermal power plants, however, the steam derived
from the Earth contains various impurities. This dirty steam can cause corrosion
and scaling in the different parts of the power plant, and the exhaust steam and
gases contribute to pollution of the surrounding atmosphere. Thus, there is a
need to clean the steam before introducing it into the turbine. For this purpose,
specially designed corrosion-resistant equipment and steam cleaners, called
scrubbers, are employed and a rigorous maintenance program is implemented.

A schematic diagram of a geothermal power plant is shown in Fig. 1.5.
The hot geothermal steam is passed through a low-pressure turbine because the
steam pressures available are much lower than those at modern coal or nuclear
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thermal power plants. As the steam comes out of the turbine, it is brought to
a condenser. The condensed steam is then taken to a cooling tower, where it is
sprayed downward against the flow of air blown at the water spray by a fan.
The greater part of the water is evaporated into the atmosphere by the cooling
tower, and the remaining water that reaches the bottom of the tower is returned
to the ground through dry wells.

1.3.5 Gas-Turbine Power Plants

Gas-turbine power plants are normally designed to operate during peak condi-
tions and thus are called peaking power plants. The mixture resulting from the
combustion of the fuel and hot air is used to rotate the turbine. The gas turbine
converts the heat energy of the gases into mechanical energy for driving the
electric generator.

Gas turbines are designed and are operated in much the same way as steam
turbines. They have approximately the same efficiency as internal combus-
tion engines. Gas turbines require less space than steam turbines or internal
combustion engines.

Modern gas-turbine power plants usually employ liquid fuel, but they may
also use gaseous fuel, natural gas, or gas produced artificially by gasification
of a solid fuel. In the gas turbine, liquid or gaseous fuel and air are brought
into the combustion chamber, where hot combustion gases are produced at high
pressure. These gases are discharged against the rotor blades of the turbine.
The turbine rotates the electric generator.

1.3.6 Combined Steam- and Gas-Turbine Power Plants

A gas-turbine generating unit may be present together with a steam-turbine unit
in a single power plant. In this combination power plant, the gas-turbine unit
and the steam unit share the heat produced by burning the fuel. Part of the
heat energy is used to produce steam and raise it to the proper temperature and
pressure to drive the steam turbine. The hot gases produced during burning
of the fuel are used to rotate the gas turbine. Upon leaving the turbine, the
exhaust gases are used to heat the feedwater of the steam generator.

The overall efficiency of a combined power plant is significantly higher than
that of a single gas-turbine power plant or a conventional steam power plant.

1.3.7 Nuclear Power Plants

In a nuclear power plant, the heat energy released by nuclear fission is used
to produce the steam that rotates the turbine that drives the electric generator.

The mainr diffarence hetween a nuclear nawer nlant and a canventinanal thermal
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power plant is the method of producing heat energy. In the former, heat is
produced in a reactor by fission of the nuclear fuel; in the latter, heat is produced
in a boiler by the combustion of chemical fuel. In both cases, the heat produced
is used to convert water into steam, which is fed into the steam turbine.

The nuclear reactor is the principal component of a nuclear power plant, and
it is shown in Fig. 1.6. In the nuclear reactor, nuclei of uranium are split when
bombarded by neutrons. The resulting nuclear fragments, neutrons, and other
products of the process scatter with extremely high velocities, and they trigger
a chain reaction in which more nuclei are split, continuing the process. This
is accompanied by the release of enormous amounts of energy in the form of
heat.

The nuclear fuel in the form of rods is placed into fuel tubes in the reactor
core. Nuclear reaction takes place in the rods, and a large amount of heat is
released in the process. The reaction is controlled by raising and lowering the
control rods in the reactor core. A coolant flows through the reactor in order to
remove the heat produced. The coolant used may be light water, heavy water,
steam, or other fluid. The coolant flows over the surface of the fuel rods, where
it is heated up. As the coolant exits, it brings out the heat. A large part of
the energy released during nuclear reaction is expended in heating the nuclear
fuel. Since heat is transferred to the coolant by convection, the velocity of the
coolant must be high (3—7 m/s) to increase the output heat.

ALTERNATIVE METHODS FOR ELECTRIC
ENERGY CONVERSION

14

With the conventional methods used to convert various forms of energy into
electrical energy, chemical fuels are burned in furnaces, thereby dissipat-
ing their limited reserves. The maximum efficiency of thermal power plants
is about 40%. This low conversion efficiency means that a large part of the heat

Control rods

ﬁ’ﬁﬁ”ﬁ"

B ]

Control vessel ——> .

4
N
N

( |

= Output steam

7

7/ v
~< |nput coolant
=

Reactor core

WL_"_
\\‘&.ﬁ

\\\SX\_,__
. t\\\\\*@‘“

Atomic fuel

A Do i

FIGURE 1.6 Schematic diagram of a nuclear reactor.
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enerated is lost to the environment, contributing to the thermal pollution of
nearby bodies of water. In addition, the inefficient combustion of fuel results
in large amounts of waste by-products being released to the atmosphere. These
inherent disadvantages of thermal power plants, however, do not imply that
they should be discontinued. In the future, they will continue to be one of the
primary types of electric power plants.

The development of rivers for hydroelectric power production will continue
in the future because it is an advantageous, although cost-intensive, method of
converting a renewable form of energy.

The conventional methods of producing electric power involve the construc-
tion of huge dams and the inefficient use of chemical fuels. In the future, the
continually rising demand for cheap energy and the increasing requirements of
other industries for the raw material resources will necessitate the replacement
of existing traditional methods of energy conversion by alternative techniques.
These alternatives will be energy conversion methods that can directly convert
heat, nuclear, and chemical energy into electricity.

The methods for converting various forms of energy directly into electricity
are based on known physical phenomena. However, these methods of direct
energy conversion are still not able to compete with the conventional energy
conversion techniques used in the power industry on a large scale.

Direct conversion techniques have been used for electricity generation as
low-capacity, self-contained power sources. They are used in inaccessible and
remote areas not serviced by the electric utility. Galvanic cells and storage
batteries produce electric energy from the chemical reaction between differ-
ent materials. The principles of operation of thermal converters, photoelectric
batteries, and thermionic converters are based on various physical and natu-
ral phenomena. At present, these direct-conversion plants operate at a lower
efficiency than existing commercial electric power plants.

1.4.1 Magnetohydrodynamic Plants

Magnetohydrodynamic (MHD) generators are devices that convert heat directly
into electricity. This direct conversion makes use of fuel resources more effi-
ciently. The theoretical efficiency of heat engines depends on the maximum
and minimum temperatures of the working substance. Whereas the operating
temperature of a steam turbine is about 750°C, which results in an efficiency
of energy conversion of about 40%, the operating temperatures of an MHD
generator can be as high as 2700°-3000°C, which could result in much higher
efficiency.

The theory of operation of MHD generators is based on Faraday’s law of
ftlectromagnetic induction, which states that an electromotive force (emf) is
Induced in a conductor moving in a magnetic field. The emf is induced in
any conductor regardless of its physical state, that is, whether it is solid, liquid,
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or gaseous. The interaction of an electrically conducting liquid or gas with a
magnetic field is called magnetohydrodynamics.

A schematic diagram of an MHD generator is shown in Fig. 1.7. The ionized
gas is passed between metal plates located in a strong magnetic field. An emf is
induced, which causes an electric current to flow between electrodes inside the
generator duct and in an external circuit. The flow of ionized gas, or what is
more commonly called plasma, is opposed by electromagnetic forces resulting
from the interaction of the current and the magnetic flux. The work done against
the retarding forces provides the mechanism by which energy is converted from
one form to another.

Traditionally, the three known states of matter have been solid, liquid, and
gas. Gas has been considered electrically neutral. When a gas is heated, how-
ever, the outer electrons are knocked out as a result of multiple head-on colli-
sions between the atoms. With its nuclei stripped of all the electrons, the gas
is in a fourth state of matter referred to as high-temperature plasma. This state
of matter is not normally found on Earth because very high temperatures and
pressures are required to bring a substance to this state. At 3000°C, some gases
turn to low-temperature plasmas composed of free atoms, ions, and electrons,
A low-temperature plasma is highly electrically conducting.

1.4.2 Thermal Converters

The thermal converter is the device most often used for direct heat-to-electricity
conversion. However, thermal converters are characterized by a relatively low
power output.

The main advantages of thermal converters are that they have no moving
parts, do not require high pressures, can use any heat source, and can operate
for a long time. They are used extensively as power sources on spacecraft,
missiles, beacons, and so forth.

Present thermal converters have outputs varying from several watts to a few
kilowatts. The efficiency of these converters is up to about 10%. Although
higher efficiencies will probably be achieved in the future, present thermal
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FIGURE 1.7 Schematic diagram of an MHD generator.
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converters are still not competitive in cost and efficiency with conventional
high-capacity electric power plants.

Thermionic Converters

1.4.3

A schematic representation of a simple thermionic converter is shown in Fig.
1.8. Electrons are emitted from the cathode when it is heated. Part of the energy
supplied to the cathode is transferred by electrons to the anode and is delivered
to the external circuit in the form of electric current.

In thermionic converters used for power generation, the cathode can be
heated by nuclear reaction. The efficiency of the first converters of this type is
about 15%, and current estimates are that this figure can be raised to 40%.

1.4.4 Electrochemical Cells

In an electrochemical cell, or fuel cell, chemical energy is converted directly
to electricity. The fuel and oxidizer are stored externally and are supplied as
needed. The electrodes and the electrolyte are not consumed in the energy con-
version process. However, commercially attractive and cheap fuel cells using
natural fuels and oxygen are still unavailable at present.

In a galvanic cell, an emf is produced by metal ions passing into a solution
on interaction with the molecules and ions of the latter. When a zinc electrode
is immersed in a solution of zinc sulfate (ZnSQO4), as shown in Fig. 1.9, the
molecules of water tend to settle around the positive ions of metallic zinc,
which then go into the solution of zinc sulfate.

The passage of positive ions into solution raises the electrode to a higher
negative potential, which inhibits the ions from going into solution. At a certain
point, the two oppositely directed flows of ions—from the electrode to the
solution and back—become equal, that is, come to dynamic equilibrium.
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FIGURE 1.8 Schematic diagram of a thermionic converter.
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FIGURE 1.9 Zinc electrode in ZnSO, solution.

An important application of galvanic cells is in storage batteries. A current
from an external source is passed through the electrodes of a storage battery
for some time during the charging cycle so that at a later time, current can
be delivered to an external load. However, the power industry has limited use
of storage batteries because of the scarcity of reactive chemical fuels and their
low power capabilities.

Fuel cells are quiet and efficient in operation, and they do not release any
harmful air pollutants. With progress in fuel cell design and electrochemistry,
the applications of fuel cells in the future may include electric power generation
and power supply for automobiles.

1.4.5 Solar Power Plants

The principle of operation of a solar cell is based on the phenomenon of
photoelectricity; that is, when light is incident on a body, electrons are liberated.
Although photoelectricity has long been known, it has been used only lately,
primarily because of advances in semiconductor technology.

When an n-type semiconductor is brought into contact with a p-type semi-
conductor, a contact potential difference is established at the interface by the
diffusion of electrons. When the p-type semiconductor is exposed to light, its
electrons absorb photons of light and pass into the n-type semiconductor. Thus
electric current is produced in a closed circuit.

At present, the most advanced devices of this type are silicon solar cells.
Silicon solar cells may be up to 15% efficient. However, the difficulty of
manufacturing semiconductors and their high cost restrict the use of silicon
solar cells to special applications, such as in satellites.

1.4.6 Tidal Power Plants

Tidal energy has been used for a long time in various devices, particularly mills.
An advantage of tidal power plants over run-of-river hydroelectric plants with
no pondage or reservoir is that the performance of the former is determined by
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cosmic phenomena rather than by weather conditions. The main disadvantage
of tidal power plants is their irregular operation. Daily variations in the available
tidal energy prevent the tidal power from being used regularly in power systems
during periods of peak demand.

The turbine can be run either for power generation or for pumping. When
the generator is shut down, the seawater is allowed to flow directly to or from
a tidal basin. The turbine operates as a pump to transfer the seawater to the
basin, thus raising the operating head of water for power generation.

Use of a reversible variable-pitch turbine allows the operation of a tidal
power plant to be varied and adjusted in accordance with the load demand
curve. During off-peak hours, when the load demand is low, the turbine pumps
water from the sea, increasing the water level in the basin. During the peak
demand hours, the turbine drives the generator, converting the stored energy
into electricity.
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Power System Components
and Analysis

2.1 INTRODUCTION

One of the primary contributors to the advances and improvements in human
life-style over the centuries has been the ability to use and control energy. To
discover new sources of energy, to obtain an essentially inexhaustible supply
of energy for the future, to make energy available wherever needed, and to
convert energy from one form to another and use it without creating pollution
are among the greatest challenges facing our world. The electric power system
is one of the tools for converting and transporting energy that is playing an
important role in meeting this challenge. Highly trained engineers are needed
to develop and implement the advances in science and technology to solve the
problems of the electric power industry and to ensure a high degree of system
reliability along with the utmost regard for the protection of our ecology.

An electric power system consists of three principal divisions: the generat-
ing system, the transmission system, and the distribution system. Transmission
lines are the connecting links between the generating stations and the dis-
tribution systems and lead to other power systems over interconnections. A
distribution system connects all the individual loads to the transmission lines
at substations that perform voltage transformation and switching functions.

Energy is converted at the generating station from one of its basic forms,
such as fossil fuels, hydro, and nuclear, into electric energy. This electric
energy is then sent through a transmission system to loads at various places,
where it is usually converted into other useful forms of energy. Thus, elec-
tric energy is used primarily to transmit the energy from one source, such
as heat from burning coal, at one location to another location to do work,
such as running a compressor on a refrigerator. This book discusses how these
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energy conversions and electric power transmissions take place and describes
the various devices used in the operation of the electric power system.

2.2 POWER SYSTEM STRUCTURE

The physical plant associated with a power system can be divided into genera-
tion (G), transmission (T), and distribution (D) facilities as shown in Fig. 2.1.
The generating system provides the system with electric energy.

The transmission and subtransmission systems are meshed networks; that
is, there is more than one path from one point to another. This multiple-path
structure increases the reliability of the transmission system. The transmission
network is a high-voltage network designed to carry power over long distances
from generators to load points. The subtransmission network is a low-voltage
network whose purpose is to transport power over shorter distances from bulk

ower substations to distribution substations. The transmission system, which
is usually 138 to 765 kilovolts (kV), and the subtransmission system, which is
usually 34 to 138 kV, consist of

1. Insulated wires or cables for transmission of power
2. Transformers for converting from one voltage level to another

3. Protective devices, such as circuit breakers, relays, communication and
control systems

4. Physical structures for containing the foregoing, such as transmission
towers and substations
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FIGURE 2.1 Sample power system structure.
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The distribution of electric power includes that part of an electric power sys-
tem below the subtransmission level, that is, the distribution substation, primary
distribution lines or feeders, distribution transformers, secondary distribution
circuits, and customers’ connections and meters. The substation contains a
transformer to bring the voltage down from subtransmission to distribution lev-
els. Distribution voltages are typically 4 to 34 kV. Each substation transformer
serves one or more feeders.

The primary distribution system extends from the distribution substations
to the distribution transformers. A distinction is made between main feeders,
which are connected to the substation, and lateral feeders, which are connected
to the main feeders. These main feeders and laterals are illustrated in Fig. 2.2,

Each feeder is equipped with a circuit breaker or recloser to protect it-
self and the substation transformer against damage by short-circuit currents,
Beyond the substation, the primary feeder consists of underground cables or
overhead lines to transport the power and associated devices to control and pro-
tect the feeder. These include switches, capacitors, fuses, voltage regulators,
sectionalizers, reclosers, and step-down distribution transformers. Many trans-
formers are connected to the primary feeder for stepping voltage levels down to
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FIGURE 2.2 Electric distribution system components.
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customer levels, which are 240, 208, or 120 V. The distribution transformers
serve the secondary distribution system, which has small conductors connecting
1 to 10 residential customers to each distribution transformer.

Depending on the size of their power demand, customers may be connected
to the transmission system, subtransmission system, primary distribution, or
secondary distribution. Each customer is connected to the power system throilgh
a meter.

The primary distribution circuits in central business districts of large urban
areas consist of underground cables that are used to interconnect the distribution
transformers in an electric network. With this exception, the primary system is
most often radial; that is, it constitutes a tree. For additional security, it is quite
frequently loop-radial: the main feeder loops through the load area and comes
back to the substation. The two ends of the loop are usually connected to the
substation by two separate circuit breakers. A loop-radial configuration provides
a backup capability. Opening selected sectionalizing switches results in a radial
configuration that is used for normal operation. When a failure occurs in any
section served by a radialized feeder, that section is isolated and the other part
of the loop can be used to supply the unaffected customers downstream of the
faulted section.

2.2.1 Electric Energy Production

Most of the electric power in the United States is generated in steam-turbine
pl_ants. Water power accounts for less than 20% of the total, and that percentage
will drop because most of the available sources of water power have been
developgd. Gas turbines are used to a minor extent for short periods when a
system is carrying peak load.

Coal 'is the most widely used fuel for the steam plants. Nuclear plants fueled
by uranium account for a continually increasing share of the load, but their
construction is slow and uncertain because of the difficulty of financing the
higher costs of construction, increasing safety requirements, public opposition
to the operation of nuclear plants, and delays in licensing.

The supply of uranium is limited, but the fast breeder reactor, which is now
prohibited in the United States, has greatly extended the total energy available
from uranium in Europe. Nuclear fusion is the great hope for the future, but
a controllable fusion process on a commercial scale is not expected to bec;ome
feasible until well after the year 2000.

There is some use of geothermal energy in the form of steam derived from
Fhe ground in the United States and other countries. Solar energy, still mainly
n the form of direct heating of water for residential use, should eventually be-
Come praptical through research on photovoltaic cells. Great progress has been
madg 1n increasing the efficiency and reducing the cost of these cells, but there
18 still a long way to go. Electric generators driven by windmills are operating
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in a number of places, and they supply small amounts of energy to power
systems. Efforts to extract power from the changing tides and from waves are
under way. An indirect form of solar energy is alcohol obtained from grain and
mixed with gasoline to make an acceptable fuel for automobiles. Synthetic gas
made from garbage and sewage is another form of indirect solar energy.

222 Transmission and Distribution

The voltage of large generators is usually in the range 13.8 to 24 kV. Large
modern generators, however, are built for voltages ranging from 18 to 24 kV.
No standard for generator voltages has been adopted.

Generator voltage is stepped up to transmission levels in the range 115 to
765 kV. The standard high voltages (HVs) are 115, 138, and 230 kV. Extra-high
voltages (EHVs) are 345, 500, and 765 kV. Research is being conducted on
lines in the ultra-high-voltage (UHV) levels of 1000 to 1500 kV. The advantage
of higher levels of transmission voltage is apparent when consideration is given
to the transmission capability in megavolt-amperes (MVAs) of a line. The
capability of transmission lines varies with the square of the voltage. Capability
is also dependent on the thermal limits of the conductor, on the allowable
voltage drop, on reliability, and on the stability requirements for maintaining
synchronism among the machines of the system. Most of these factors are
dependent on line length.

High-voltage transmission usually employs overhead lines supported. by
steel, cement, or wood structures. At present, the application of underground
transmission is negligible in terms of the total length of transmission lines.
This is primarily because of the much higher investment, as well as repair and
maintenance, costs of underground compared to overhead transmission. The
use of underground cables is mostly confined to heavily populated urban areas
or wide bodies of water.

The first step down of voltage from transmission levels is at the bulk-power
substation, where the reduction is to a range of 34.5to 138 kV, depending on
the transmission voltage. Some industrial customers may be supplied at these
voltage levels. The next step down in voltage is at the distribution substation,
where the voltage on the transmission lines leaving the substation ranges from
4 to 34.5 kV and is commonly between 11 and 15 kV. This is the primary
distribution system. A very popular voltage at this level is 12 kV (line-to-line).
This voltage is usually described as 12-kV Y/7.2-kV A. A lower primary
system voltage that is less widely used is 4160-V Y/2400-V A. Most industrial
loads are fed from the primary system, which also supplies the distribution
transformers providing secondary voltages over single-phase, three-wire circuits
for residential use. Here the voltage is 240 V between two wires and 120 \
between each of these and the third wire, which is grounded. Other secondary
circuits are three-phase. four-wire systems rated 208-V Y/120-V A or 480-V.
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2.2.3 Electrical Load Characteristics

The ultimate objective of any power system is to deliver electrical energy to
the consumer safely, reliably, economically, and with good quality. Operation
of the power system requires that proper attention be given to the safety not
only of the utility personnel but also of the general public.

At the consumer load centers, electrical energy is converted to other more
desirable and useful forms of energy. This implies that the supply of electric-
ity s.hould be available where, when, and in whatever amount the consumer
requires.

The quality of the supplied electrical energy is partially dependent on energy
usage by the consumers. When there is high demand on the limited capabilities
of the power system, voltage may deviate from its acceptable levels. Switch-
ing of large machinery could cause fluctuation of the voltage as well as the
frequency. Unusually high and prolonged demands may lead to overloaded
equipment, which may cause tripping of protective devices to prevent further
damage to the equipment.

Finglly, the power system must be operated such that the overall costs of
producing electricity, including all attendant losses in the generation and deliv-
ery systems, are minimized. The most economical conditions derive not only
gror.n proper operating procedures but also from efficient system planning and
esign.

Elfzctrical loads are commonly grouped into four categories: residential, com-
mermal', industrial, and other. These are sometimes subdivided into subgroups
depending on their usage levels, for example, residential A, B, or C. The resi-
dential loads are private homes and apartments. They include lighting, cooking
comfort heating and cooling, refrigerators, water heaters, washers and dryers’
and many more different appliances. ,

Commercial loads include office buildings, department stores, grocery
stores, and shops. Industrial loads consist of factories, manufacturing plants
steel, lumber, paper, mining, textile, and other industrial factories. In botli
commerc‘ial and industrial groups, loads include lighting, comfort heating
and cooling, and various types of office equipment. In addition, industrial
loads contain various types and sizes of motors, fans, presses, furnaces, and
S0 on.

Electrical load refers to the amount of electrical energy or electrical power
consumed by a particular device or by a whole community. It is also referred to
as elc:":ctrical demand. At the individual consumer level, the electrical demand
18 quite unpredictable. However, as the demands of the various users are accu-
;I)I:tltlated and added at a feeder or a substation, they begin to exhibit a definite

ern.

A typical plot of the electrical load is shown in Fig. 2.3, and it is referred
to as a load curve. The period of interest is normally 1 day; thus, it is called
a daily load curve. The daily load curve shows the kilowatt demand from
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FIGURE 2.3 A typical load curve.
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The daily load curves for Monday through Friday are similar in shape and
maximum values. Weekend load curves are generally different, particularly for
industrial and commercial customers because of shutdown of operations on
Saturdays and Sundays.

Load curves may be constructed for feeders, substations, generating plants,
or for the whole system. Load curves are also drawn for different periods or
seasons of the year. Thus, the system peak load for summer, or winter, may be
read as the highest ordinate from the corresponding load curve.

The daily load curves may be accumulated for a whole year and presented
in another curve, called the annual load duration curve (LDC). A typical load
duration curve is shown in Fig. 2.4. The LDC shows the 8760 hourly loads
during the whole year, although not in the order in which they occurred. Rather,
the LDC shows the number of hours during which the load exceeded a certain
kilowatt demand. If the area under the LDC curve is calculated and divided by
the total number of hours, the average demand is determined.
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Power system studies can be grouped into two types: steady-state analysis
for normal system conditions and transient analysis for abnormal conditions.

kW

0 8760 Hours
FIGURE 2.4 A typical load duration curve.
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Economic dispatch fmd power (load) flow fall in the steady category. Transients
include fault analysis for symmetrical and unsymmetrical faults, electrical tran-
sients, and stability analysis.

2.3.1 Economic Dispatch

The power industry may seem to lack competition. This idea arises because
each power company operates in a geographic area not served by other compa-
pies. Competition is present, however, in attracting new industries to an area
Favorable electric rates are a compelling factor in the location of an indus;
try, although this factor is much less important in times when costs are rising
rapidly gnd ratgs charged for power are uncertain than in periods of stable
economic conditions. Regulation of rates by state public utility commissions
places constant pressure on companies to achieve maximum economy and earn
a reasonable profit in the face of advancing costs of production.

Economic dispatch is the process of apportioning the total load on a system
among the various generating plants to achieve the greatest economy of oper-
ation. The power plants are controlled by a computer as the load changes so
that the total power demand is allocated for the most economical operation.

Power Flow

232

The elect.ric power flow problem is perhaps the most studied and documented
problem in power engineering. A power flow study is the determination of the
yoltage, cur'rent, power, and power factor or reactive power at various points
in an 'electrlc network under existing or contemplated conditions of normal
operation. These studies are essential in planning the future development of
Fhe system b_ecause its satisfactory operation depends on knowing the effects of
interconnections with other power systems, new loads, new generating stations
and new transmission lines even before they are installed. ,

Digital computers provide the solutions of power flow studies of complex
systems. For instance, some computer programs handle more than 1500 buses
or nodes, 2500 transmission lines, 500 transformers, and so forth. Complete
analysis results are printed quickly and economically.

2.3.3 Fault Calculations

A fault in a circuit is any failure that interferes with the normal flow of current
MQSt faults on transmission lines of 115 kV and higher are caused by lightning'
ZVhlch results in the flashover of insulators. The high voltage between a phasg:

onductor and the grounded supporting tower causes ionization, which provides
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a path to ground for the charge induced by the lightning stroke. Once an ionized
path to ground is established, the resultant low impedance to ground allows
flow of current from the conductor to ground and through the ground to the
grounded neutral of a transformer or generator, thus completing the circuit.
Line-to-line faults not involving ground are less common.

Opening circuit breakers to isolate the faulted portion of the line from the
rest of the system interrupts the flow of current in the ionized path and al-
lows deionization to take place. After an interval of about 20 cycles, circuit
breakers can usually be reclosed without reestablishing the arc. Experience in
the operation of transmission lines has shown that ultra-high-speed reclosing
breakers successfully reclose after most faults. Of the cases in which reclosure
is not successful, an appreciable number are caused by permanent faults where
reclosure would be impossible regardless of the interval between opening and
reclosing. Permanent faults are caused by lines being on the ground, by insu-
lator strings breaking because of ice loads, by permanent damage to towers,
and by lightning arrester failures.

Experience has shown that between 70% and 80% of transmission line faults
are single line-to-ground faults, which arise from the flashover of only one line
to the tower and ground. The smallest number of faults, roughly 5%, involve
all three phases and are called three-phase faults. Other types of transmission
line faults are line-to-line faults, which do not involve ground, and double
line-to-ground faults. Except for the three-phase fault, all other faults are un-
symmetrical, which cause an imbalance between the voltages and currents in
the three phases.

The short-circuit current that flows in different parts of a power system
immediately after the occurrence of a fault differs from the current that flows
a few cycles later, just before the circuit breakers are called on to open the line
on both sides of the fault. Both of these currents differ from the current that
would flow under steady-state conditions, if the fault were to remain and was
not isolated from the rest of the system by the operation of the circuit breakers.
Two of the factors on which the proper selection of circuit breakers depends

are the current flowing immediately after the fault occurs and the current that
the breaker must interrupt to isolate the fault.

Fault calculations involve determining these currents for various types of
faults at various locations in the system. The data obtained from fault calcu-
lations also serve to determine the settings of relays that control the circuit

breakers.

2.3.4 System Protection

Two possible abnormal conditions may occur while operating a power system.
One is equipment or transmission line overloading, in which the current rating
of the svstem element is exceeded. The second abnormal operating condition
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is t:Edoccurrenc}e; of a short circuit or fault, which could be due to insulation
preakdown or phase conductors coming into contact wi
‘ ith
b with goand. other phase conduc-
The? amount of short-circuit current that would flow depends on the type of
fal{lt’ 1;5 location, and how lopg the fault persists before it is cleared or removed
It is acso faifeciied by the size and configuration of the power system the;
resence of fault-current limiters, and the speed and effecti ot
oo i p ectiveness of protective
The vglup of the fault current and the speed at which the fault or the faulted
element is isolated determine the extent of damage to equipment and undesir-
abl§ Yoltage and frequency dips. Such deviations from normal conditions cause
additional system losses and could lead to loss of synchronism and complet
system breakdown. pee
. Th?reflc;re, there is a need for an automatic protection scheme that can quickly
identify the faulted element and disconnect it from the system. In the case of
oyerloads Where.t'hcre Is no imminent danger, such protection gives an alarm
signal to e'llert utility personnel for corrective action to remedy the problem
Il’(rotectlon s.chemes. are classified as either primary (main) protection.or
bacf u{) protection. Ppmary protection provides rapid and selective clearing
of tael;tt'i I\:/lthll(li tge p;lmary zone of protection. Backup protection provides the
protection needed whenever the primary protection fail i i
nance. yp ils or is under mainte-
. Pmpary relaying is pr(?vided for each section or major piece of equipment
m'cluc.hng generators, s_w1tchgears, transmission lines, transformers, and dis:
tr1b1.1t10n feeder.& The individual zones of protection overlap, so no possible
section or area is left unprotected. ’
the’[i};ftebrafkup rfelay is normally slower acting than the primary relay to allow
o perform its job. It is set to be energized a i i
time setting is longer. ¢ o gher fevel and s
t An 1IIDI'11)_ortant feature of any protection scheme is its selectivity. This pertains
;)1 its ability to search‘for the particular point or element of the system where
Er }(:,i fault occurr.ed. and isolate the fault by tripping the nearest circuit breaker(s)
d § ensures minimum d1srup_t101.1 of electric service to the customers. Selectiv-
th}; 1sra;:cor_np11shed by cogrdmatmg the operating currents and time settings of
protective relays at adjacent and nearby sections or stations.. With-the-com-

plexity and size of modern power systems, this could prove to be a challenging "

task for the protection engineer.

l

235 Transmission Line Transients %“; 2 \ Q—I \ [%

7 T

he electric transients that occur on a power system are “‘Senerally caused by

a S . . ., 0 -
heus(ei:d;n c_hange in the operating condition or configuration of the System.
ansient overvoltages are caused either by lightning striking transmission

Ky
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lines or by switching operations. Lightning is always potentially harmful to
equipment, but switching operations are also potentially damaging.

Overhead lines are usually protected from lightning by one or more wires,
called ground wires, which are located above the phase conductors. The ground
wires are connected to ground through the transmission towers. In most cases,
lightning hits the ground wires instead of the phase conductors.

When a ground wire or a phase conductor is hit by lightning, a current is
produced, half of which flows in one direction and the other half in the other.
The crest value of current depends on the intensity of the lightning stroke,
with typical values of 10,000 A and upward. When a phase conductor is hit
by lightning, the damage to equipment at the line terminals is caused by the
overvoltages resulting from the currents that travel along the line. The voltage
and current waves propagate along the transmission line at a velocity near
the speed of light. These voltages are typically above a million volts. When
lightning hits a ground wire, high-voltage surges are also produced on the
transmission line by electromagnetic induction.

Equipment at the line terminals is protected by surge arresters, also called
lightning arresters. The arrester is connected from line to ground. When the
voltage across the surge arrester becomes greater than a specified value, the

arrester becomes conducting; thus, it serves to limit the voltage across its
terminals to the specified value. The surge arrester becomes nonconducting
again when the voltage drops below the specified value.

2.3.6 Stability Analysis

An electric power system is a dynamic nonlinear system. The dynamics are due
to change in demand, generation, line switching, lightning surges, and faults.
These dynamics are often classified by the speed of occurrence: the high-speed
phenomena (less than 5 cycles = 5/60 s) include switching and lightning
surges; the intermediate-speed occurrences (less than 100 cycles) are primarily
electromechanical transients of the synchronous machine rotors. Slower phe-
nomena, such as changes in load and generation, are virtually steady-state phe-
nomena. The models needed to study these dynamics vary in detail, depending
on the speed of occurrence.

The problem of stability is concerned with maintaining the synchronous
operation of the generators and motors of the system. Stability studies are clas-
sified according to whether they involve steady-state or transient conditions.
There is a definite limit to the amount of power that an AC generator can delivel
and to the load that a synchronous motor can Carry. Instability results from
attempting to increase the mechanical input to a generator, or the mechanical
load on a motor, beyond this definite amount of power, called the stability limit
A limiting value of power is reached even if the change is made gradually. Los®
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ffsssy(;lfclégigiim Itnatty be fdue to suddenly applied loads, occurrence of faults
0 xcitation of a generator, or equipment switching. D i ’
! Xcitat , . Depend
Yvhether 1nstab1‘11.ty is reach.ed_ I?y a sudden and large change ori gra(fual éﬁfn(g)z
in system conditions, the limiting value of power is called the transient stabilit
Jimit or steady-state stability limit, respectively. ¢

2.4 THE COMPUTER CONNECTION

Many people believe that the only connection between power systems and
computlers is Fhat computers must be plugged into an electrical outlet to operate
Tru.e,de. ecti‘lmtfy does indeed power computers, either directly for desktop unité
or % ércla)ct y for large computers through uninterruptible power supplies that
are att.enes charged by the power system. There is far more, however, to
the connection })etween computers and power systems. , ’
The power industry is the third largest user of computers in the United
Statdesﬁ next to the fedgral government and financial institutions. Computers are
use eav1ly by electric utilities for customer billing, employee payrolls, and
record keeping. They are also used to plan, design, control, and oper t’ h
power system. ’ ’ perate fhe
Electric power systems are enormously large and complex. In the United
gtatteis ar;d Canada, three synchronously operated networks function indepen-
Ten y of one another. The largest one ranges from Florida to Montana and
exas to the deson Bay. Powe'r is generally produced in large central power-
generating stations, sent over high-voltage transmission lines, and distributed
over low-voltage lines to each customer. ’
There are, for example, over 600 gi
‘ , for ex , gigawatts (600 x 10° W) of install
genergtln.g capacity in thp United States. The typical cost of ne)w gener:tizd
f}?gffglg;;s%(;)(?o ;l)er kfﬂowatt. Power plants are connected to load center%
) miles of overhead and underground transmission li
: ines operat-
gﬁlfl;nl ;Zrthr;(_)lugh. 7655 11(5\/. Underground transmission, typically costingp $1.2
ile, is 5-15 times as costly as overhead transmissi .
on. S
factors make the power system a complex engineering problem: e

. Pow;r must be _available the instant it is required because no economical
method of storing electr1c1_ty exists. This means that forecasting of the
system loads must be sophisticated and system control fast.

° Custome.rs expect IOQ% reliability. The high cost of supplying power pre-
vents building a significant amount of redundancy into the power system
contfary to how other large complex engineering systems are built. ’

* Fossil-fueled power plants take some 10 years to build, and nuclear power

p.lants take even longer._ Hence, electric utility planners must make deci-
sions on system expansions up to 20 years into the future.
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The size of the industry and its complexities are important reasons why
computers are used by the power industry. Another important reason is the
enormous amount of money at stake. Revenues of the largest U.S. utilities in
the mid-eighties were well over $100 billion, more than $40 billion was spent
on fuel alone, and another $35 billion was spent on new equipment.

These staggering numbers make it obvious that reducing costs even a fraction
of a percent would result in substantial savings. In an effort to control costs,
the electric utilities use computers at all levels of the system. The system is too
complex and stakes are too high to plan and operate a utility system without

computers.

2.4.1 Typical Applications

Process control-type computers are used in power plants to assist plant opera-
tors with monitoring and control functions. These computers collect and process
data from all over the plant. They alert the operator when various plant param-
eters such as temperatures, pressures, and flows are outside design operating
values. They do performance calculations that tell operators how efficiently the
plant and its individual components are operating.

In system control centers, operators (system dispatchers) use computers to
assist them in selecting the least expensive mix of generators from the many
possibilities. They are constantly monitoring and controlling the complex trans-
mission network. They must be prepared for any emergency, such as storms
or equipment failure. System changes for maintenance must be scheduled and
controlled to avoid outages. Computers also help train both new and experi-
enced system control dispatchers and power plant operators.

In load control centers, computers monitor lower-voltage transmission and
major distribution circuits during periods of both normal and abnormal op-
eration, such as during storms and system disturbances in which customers
experience outages.

System planners use computers in the planning and design of future power
system networks. Their requirements challenge the complex simulation tech-
niques offered by mathematicians and computer scientists. Often the size and
complexity of power system problems are beyond state-of-the-art capabilities.

Computer applications extend to electrical system components as well. Re-
lays, for example, are used as sensors to control circuit breakers and remove
shorted components from the system. At one time relays were electromechanical
devices. They were, in turn, surpassed by solid-state devices. State-of-the-att
relays now use microprocessor technology.

Microprocessors are also becoming commonplace in power plants to collect
and process data for transfer to the plant computer. High reliability is expected
from these microprocessors, even in the hostile physical and electromagneti¢
atmmnmonharac Af nawer nlante and enhstations.
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2.4.2 System Planning and Operation

power system planning often extends up to 20 years from the present. Com-
uters are invaluable tools in the efforts required to develop plans that are
technically and economically feasible and environmentally and socially accept-
able_- Planning complications arise because of the enormous size of the systerlzls
Studled,‘as .well as the countless possible options and situations.

N At Ot‘l:s t1met, morg than 40 application programs are available for planning

e power system. Some examples indivi i
planning f e, ples of how these individual tools assist the

Thg power flow (or load flow) program is used as the basis of steady-state
analysis. Typical network study sizes range from 1000 to 4000 buses or nodes
A power flow program is typically written in Fortran and contains 10,000 t(;
40,000 Fortre.m statements using sparse matrix methods to reduce co’mputer
memory requirements. Large mainframe computers can perform a power flow
computation in 10 to 30 s. Recently, personal computers have performed smaller
power flow studies.

Another computer simulation tool is used extensively to analyze system re-
sponse .during. the first 3 to 10 s after a major disturbance, such as loss of
gene.ratmg unit or transmission line. This transient stability program is sub-
stantlal!y larger than the power flow program because it solves sets of both
algebraic nonlinear equations and the tens of thousands of differential equa-
tions that describe system transient response. The stability program numericall
integrates the differential equations at time steps of about 0.05 s. The numbe}rl
of equat}ons and the small time step needed illustrate the challenge in computer
applications of power system analysis.

Compu’ter optimization is playing a larger role than ever before in planning
tomorrow’s power systems. Examples of the application of computer optimiza-
tion 1‘nclude scheduling the operation of generating units while maintaining
security constraints on individual transmission lines, coordinating the use of
h.ydroelectric and fossil-fueled generating units, siting and scheduling of reac-
tive power sources, planning generating system and transmission system ex-
pansions, and scheduling of fuel use.

Like the power system planner, the system dispatcher has more than 40 com-
puter programs to assist in job performance. But in many ways the dispatchers
are aheaq of the planners in their use of computers.

The dispatchers are responsible for monitoring and controlling the power
System. In addition to “keeping the lights on,” dispatchers must operate the
sg\zlelrtsilstem, that is, choose patterns of generation and energy transmission
Yy ?‘ 0ss. ﬁf any single system element such as a generator or transmis-
o line will not lead to a blackout. When the power system is secure,

€ dispatcher can pay attention to operating the power system as efficiently
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The computer system used to monitor and control the power system has
a large database management system at its heart. It is designed for redundant
operation with automatic fail-over schemes. The hundreds of buses in the power
system are scanned every 2 to 4 s to determine current operating conditions.
Because it is impractical to monitor every single point, the newer system control
centers use state estimation techniques to check for missing or bad data. From
the available data, another computer program develops a model of the current
operating condition.

Automatic generation control provides on-line scheduling of the power sys-
tem generating units. Control signals are sent out to the plants every 6 to 10 s,
Economic dispatch is a separate computer program that establishes set points
for each generating unit that is on line and under automatic control. The unit
commitment program determines which generating units should be operated on
a daily basis; the program includes minimum run times and minimum down
times for reducing maintenance requirements. Both economic dispatch and unit
commitment are optimization programs.

An additional dispatcher responsibility is to purchase power from and sell
power to other electric utilities. Buy and sell decisions are based on short-term
load forecasts and knowledge of which generating units are operating and their
operating COSsts.

Control centers make substantial use of computer graphics to display in-
formation to dispatchers. But so much information is available that a large
application problem is determining exactly what information to display. Thus,
the control center involves not only a computation and communication chal-
lenge but also the human problem of presenting information effectively.

2.4.3 The Computing Environment

Most power system simulation and analysis today is performed using either
large mainframe computers or super-minicomputers. “Smart” terminals are of-
ten used as workstations. Computations are generally performed using an inter-
active data setup followed by batch solution execution, with interactive output
analysis completing the computer run. Graphics are widely used but not yet t0
their full capability.

Personal computer applications are just beginning. These generally rely on
commercial software packages, such as spreadsheets and word processing.
Some engineering programs are becoming available, most of which have been
developed by the utilities.

Database management systems are not yet in wide use by power systen
planners as a means of interfacing the various application computer programs.
Almost all application programs are written in Fortran, although PL/1, Basic,
C, and Pascal have been used.
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The computing environment in the future will be significantly different.
Desktop workstations in the form of personal computers will have the capability
of present computer mainframes. Artificial intelligence methods, particularly
expert systems, will become widely used. Program consolidation and increased
use of company-wide databases using modern, relational database management
systems will become common. These tools will allow studies to be performed
with less human intervention. Office automation techniques will also become
an integral part of the available tools.

2.5 THE ROLE OF THE POWER ENGINEER

This introc!uction shows that many challenges are waiting for the future electric
power engineer. One of the objectives of this book is to help students choosing
the area of power engineering as their career to prepare for further study and
eventl_lal employment in the industry. The power industry is different from
most industries in that it is regulated by state and federal governments. So, not
only does industry touch virtually everyone through the service it provides: but
everyone has the ability to affect the industry through the regulatory bodies.
Another objective of this book is to educate electrical engineers who do not
choose power‘engineering as a profession in some of the basic principles of
power system operation. In this way they can exercise their input into the
industry from an informed point of view.

With revenues of over $100 billion, the electric utility industry is one of
the najcion’s largest. Computer applications in the industry today are indeed
extensive, but the coming years promise even greater challenges in such areas
as computer modeling, process control, digital communications, mathematics
and software eng_ineering. Thus, for electric utilities to make the best use o%
computers, they will require young engineers with diverse backgrounds. Your
role in the industry can eventually become highly significant.
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Three
Basic AC Circuit Concepts

3.1 INTRODUCTION

The analysis of electric power systems involves the study of the performance
of the system under both normal and abnormal conditions. The power system
engineer regularly performs such analyses, which consider both single-phase
and three-phase circuits. The power engineer, therefore, must be competent in
steady-state AC circuit analytical techniques.

In this chapter, the notations used and a review of basic circuit analysis are
presented first, followed by per-unit representation of the electrical quantities
such as voltage, current, power, and impedance.

3.2 NOTATIONS

Single—subscript notation is discussed first. Then double-subscript notation is
1r}tr0duced to eliminate the need for the polarity markings for voltages and
directions for currents.

3.2.1 Single-Subscript Notation

Consider the AC circuit shown in Fig. 3.1. The circle represents a voltage
source with emf E; and terminal voltage V. The voltage across the load is
designated as V. The internal impedance of the source is Zg, the impedance
of the feeder is Zz4,, and the impedance of the load is Zy .
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Zsgr e

FIGURE 3.1 A simple AC circuit.

On the diagram, + and — polarity marks are assigned to each of the various
voltages. The polarity marks specify that the voltage is positive when the
terminal marked + is at a higher potential than the terminal marked —. In an
AC circuit, this is the case during half of a cycle. During the next half-cycle,
the voltage is negative because the terminal with the + marking is actually at
a lower potential.

Alternatively, the voltages may be specified using arrows. In this case, the
tip of the arrow points to the terminal corresponding to the + marking, whereas
the tail corresponds to the — marking.

Similarly, an arrow is used to designate the positive direction of the flow
of current. The current is considered negative if the actual direction of current
flow is opposite to the arrow direction. For the given circuit, the phasor current
can be calculated as follows:

Vt - VL
IL=—— 3.1
t Zsgr )
The terminal voltage of the source is
Vi=E; - IL.Z, (3.2)

On the circuit diagram, the different nodes have been identified by letters.
The voltages at these nodes may be referred to the reference node o, such that
V. is positive when node a is at a higher potential than reference node o. Thus,

V.=V, Vy = Vi, Ve = E; (3.3

Note that voltage and current phasors are set in boldface. Impedance is 2

complex quantity, but is not a phasor, and so is not set in boldface.
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3.2.2 Double-Subscript Notation

The double-subscript notation eliminates the need for both polarity markings
for Yoltages and direction arrows for currents. It is even more useful for repre-
senting voltages and currents in three-phase circuits, resulting in greater clarity
and less confusion.

The voltage phasor with double subscripts represents the voltage across the
two nodes identified by the two subscripts. The voltage is positive during the
half-cycle in which the node named by the first subscript is at a higher potential
than the node named by the second subscript.

The current phasor with the double subscript represents the current flowing
between two nodes of a circuit. The current is considered positive when it flows
in the direction from the node identified by the first subscript toward the node
identified by the second subscript.

The voltage across the line impedance in Fig. 3.1 can be expressed in
double-subscript notation as

Vi = LnZsgs (3.4)

Us(iinég gouble-subscript notation, Egs. 3.1 and 3.2 can be rewritten as Egs. 3.5
and 3.6.

Vo=V
Lo = ao bo
w = (3.5
Vao = Eco — Iang (3-6)

Be':cause node o is the reference node, it may be dropped from the subscripts
without loss of clarity. Thus,

Lp = —— (3.7

(3.8)

3.3 SINGLE-PHASE AC CIRCUITS

In this section, ba§ic concepts for the analysis of single-phase circuits are pre-
sented. The effective value of sinusoidal voltages and currents and definitions
of power and complex power are discussed.
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3.3.1 Effective or Root-Mean-Square Value

Consider the sinusoidal voltage v(t) = Vpcos(w? + 6) whose peak value, or
amplitude, is V. For this sinusoid, the period is T = 27/ w.

The effective or root-mean-square (rms) value is the value of the sinusoidal
voltage that, when connected across a resistor, delivers the same amount of
electric energy to the resistor in T seconds that a constant (DC) voltage would.
The rms value is found by using the formula

T
V= %J v2(t)dt 3.9
0
Substituting the expressions for the voltage and its period yields
V2 21/ w v
V= = J cos2(wt + 0)dt = —= (3.10)
27/ J2

0

EXAMPLE 3.1

The voltage across a certain impedance load is given by v(7) = 170 coswt,
and the current flowing through the load is i(¢) = 14.14 cos(wt — 30°). Find
the rms values of the voltage and current. Find the expressions for the voltage
and current phasors.

Solution

a. The rms values of the voltage and current are

I

170/42 = 120 V
14.14/J2 = 10 A

14

Il

b. The voltage and current phasors are

V = 120 /0° V
I=10/-30° A
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3.3.2

Power in a Single-Phase Circuit

Consider the impedance load consisting of a resistance R and an inductive
reactance Xy connected in series as shown in Fig. 3.2.
Let the current flowing through the resistance and inductive reactance be
expressed as
i(t) = J2I coswt 3.11)

The applied voltage v(¢) is equal to the sum of the voltage drops across the
resistance and reactance; that is,

v(t) = J2Vgcoswt + 2V cos(wt + 90°) 3.12)

where Vg = IR and Vx = [X;. Combining the two cosine functions yields

w(t) = V2V cos(wt + ) (3.13)
where
V= JVa+V2i=IJ/RP+X}=1Z (3.14)
— tan—1 (¥ -
6 = tan 1(%) = tan 1(%) = arg(Z) (3.15)

The instantaneous power p(t) delivered to the load may be expressed as
follows:

p(t) = v(1)i(t) = [V2V cos(wt + 0)][V2I coswt]

= 2VI cos(wt + 0)coswt (3.16)

Tl.le power p(t) = v(t)i(¢) absorbed by the load is positive when both v(¢)

and i(¢) have the same sign (either both positive or both negative). This power
becomes negative when v(¢) and i(z) are of opposite sign.

FIGURE 3.2 Series R—X load.
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In the case of a pure resistance load, the voltage and current are in phase
and the power is always positive. For a load consisting of a pure inductance or
pure capacitance, the power has alternately positive and negative, but equal,
portions and its average value is zero.

Using the trigonometric identity cosAcosB = %[cos(A — B) + cos(A + B)]
(see Appendix F), Eq. 3.16 reduces to

p(t) = VIcos® + VI cosQwt + 0) (3.17)
The first term on the right-hand side of Eq. 3.17 has a constant value. The
second term is a sinusoid of twice the frequency, and its average is zero. Thus,
the average of the whole expression, that is, the average power P absorbed by
the load, is

P = VIcoso (3.18)
The quantity P is also called real power, or active power, and is measured in
watts (W), kW, or MW.
The product of the rms values of voltage and current, VI, is referred to as
the apparent power S. It is measured in volt-amperes (VA), kVA, or MVA.
The cosine of the phase angle 6 between the voltage and the current is called
the power factor. It may be calculated from Eq. 3.18 as follows:

Power factor = cosf = i (3.19)

VI

An inductive circuit is said to have a lagging power factor because the current
lags the voltage. On the other hand, a capacitive circuit is said to have a leading
power factor because the current leads the voltage.

The instantaneous power may be expressed as the sum of two sinusoids of
twice the frequency. Thus, Eq. 3.17 is written as \

p(t) = VIcosO(1 + cos2wt) + VI sin @ cos(Qwt + 90°)

The first term on the right-hand side is a sinusoid displaced upward by an
amount equal to the average power P.

The second term on the right-hand side of Eq. 3.20 is called the instan-
taneous reactive power. It has an average value of zero. Its peak value is
designated as Q and is simply called reactive power. It is equal to

Q = VIsin6 (3.21)

Reactive power is measured in volt-ampere reactive (VAR), kVAR, or MVAR.

(3.20) |
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From Eqgs. 3.18 and 3.21, it is seen that the apparent power S = VI may
pe computed from P and Q. Thus,

JPZ+ 0% = JV2I2c0s20 + V2I25in26 = VI = § (3.22)

The instantaneous power to the load of Fig. 3.2 may also be found as the
product of Egs. 3.11 and 3.12. Thus,

p(t) = 2I°R cos® wt + 2I*X; cos(wt + 90°) cos wt (3.23)
Using the trigonometric identity cited previously, Eq. 3.23 reduces to
p(t) = I’R(1 + cos2wt) + I2X; cos(wt + 90°) (3.24)
Comparing Eq. 3.24 with Eq. 3.20 yields the following:
P = VIcosf = I’R (3.25)
Q = VIsin® = I°X; (3.26)
S=VI= JP2+Q?=1%2Z (3.27)

Then the following are derived:

Power factor = cos @

= COS [tan_1 (
cos [tan‘1 (

a-llle}

)
| e

| &

3.3.3

Complex Power

Consider an arbitrary load. The voltage impressed across the loadis V. = V /8y,
and the current flowing through it is I = I /8;. The complex power S is equal

to the product of the voltage times the complex conjugate of the current; that
is,

S=VI'=VI /6y — 6, = VI /6 (3.29)
Where 6 = 6y — 6;. Thus, it is seen that the magnitude of the complex power
18 the apparent power VI and the angle of the complex power is the phase angle
difference between the voltage and the current, or the power factor angle 6.
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P
FIGURE 3.3 Power triangle.

The complex power may be expressed in rectangular forﬁl by using Euler’s
formula as follows:

w2
|

= VI(cosf + j sin0)
VIcos® + jVIsin6
=P+ j0O

(3.30)

The reactive power Q is positive when 6y > 6; or 6 >0, which means
that the current is lagging the voltage as in inductive loads. Conversely, QO is
negative when 6y < 6y; that is, the current leads the voltage, as for the case
of capacitive loads.

A power triangle for an inductive or lagging power factor load is shown in
Fig. 3.3.

EXAMPLE 3.2

A generator supplies a load through a feeder whose impedance is Zg, = 1 +
j2 Q. The load impedance is Zp = 8 + j6 (). The voltage across the load is
120 V. Find the real power and reactive power supplied by the generator. Take
the load voltage Vy, as the reference phasor.

Solution A schematic representation of the system and a diagram showing
the various phasors are given in Fig. 3.4.

g Zigr h

(@ ®)
FIGURE 3.4 (a) Power system; (b) phasor diagram of Example 3.2.
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The impedances may be expressed in polar form as follows:

Zigr = 1+ j2 =2.24 46340 Q
ZL =8+ j6 = 10.0 /36.9° Q

The voltage across the load is taken as reference phasor; thus,
Vo =1200°V
The load current is computed as follows:

120 /0°
I =V/Z), = —— = -36.9° A =
L L/Zy 10 36.9° 12 /1-36.9° A = I

That is, the generator current is the same as the load current.

The generator voltage is found by writing a Kirchhoff’s voltage equation
around the loop. '

Eg =VL+ I Zss:

120 £0° + (12 /—36.9°)(2.24 /63.4°) = 144.5 /4.8° V

The complex power is given by

Sg = KoL} = EgI} = (144.5 /4.8°)(12 /—36.9°)"

1734 ,41.7° = 1295 + j1154 VA

Therefore, the real power and reactive power are

P =1295W and Q = 1154 VAR

3.34 Direction of Power Flow

The convention used for positive power flow is described with the help of Fig.
3.5 and Eqgs. 3.29 and 3.30. Figure 3.5a applies to a generator, and Fig. 3.5b
18 for a load.

1 For a generator, the electric current is assumed to flow out of the pos-
ltive terminal in the direction of the voltage rise. Depending on the phase
angle ‘0 = Oy — 0y, the values of P and O may be positive or negative. If P
1S positive, the generator delivers positive real power. However, if P is negative,



42 CHAPTER 3 BASIC AC CIRCUIT CONCEPTS

S=VI*=P+jQ

If P is positive, then real power is delivered

If Q is positive, then reactive power is delivered
If P is negative, then real power is absorbed

If Q is negative, then reactive power is absorbed

(a) Generator condition

S=VI*=P+jQ
If P is positive, then real power is absorbed
v l 1 If Q is positive, then reactive power is absorbed
If P is negative, then real power is delivered
If Q is negative, then reactive power is delivered

(b) Load condition

FIGURE 3.5 Convention for positive power flow.

the generator delivers negative real power; in other words, it absorbs positive
real power. Similarly, if Q is positive, the generator delivers positive reactive
power. However, if Q is negative, the generator delivers negative reactive
power, o, alternatively, it absorbs positive reactive power.

For an electrical load, the current is assumed to enter the positive terminal in
the direction of the voltage drop. Depending on the phase angle 6 = 0y — 6y,
the values of P and Q may be positive or negative. If P is positive, the load
absorbs positive real power. However, if P is negative, the load absorbs negative
real power, or it delivers positive real power. Similarly, if O is positive, the load
absorbs positive reactive power. However, if Q is negative, the load absorbs
negative reactive power, or it delivers positive reactive power.

DRILL PROBLEMS

D3.1 The instantaneous voltage v(¢) across an electrical device and the in-
stantaneous current i(¢) entering the positive terminal of the circuit element are
given by the following expressions:

v(t) = 110cos(wt + 65°) V
i(t) = 15sin(wt — 20°) A
Determine:

a. The maximum or peak value of the voltage and current
b. The rms value of the voltage and current
¢. The nhasor expressions for the voltage and current
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p3.2 Determine the rms value of each of the following currents.
a. 12sin4t
b. 3cos2t + 4sin2¢
¢. 10 + 5sin3¢

p3.3 Giventhat v(z) = \/iV cos(wt+a), i(t) = \/il cos(wt+B),andw =
24t/ T, show that the average power is given by

T
P = %J v()i(t)dt = VIcos(a — B)
0

D3.4 For the voltage and current given in Drill Problem D3.1, find

a. The expression for instantaneous power

b. The average or real power, and state whether this power is absorbed or
supplied by the impedance

¢. The reactive power, and state whether absorbed or supplied
d. The power factor, and state whether lagging or leading
D3.5 An electrical load has an impedance of 10 /30° ).
a. Compute the equivalent series resistance and reactance. State whether
the reactance is inductive or capacitive.

b. The load is connected to a 60-Hz, 120-V source. Draw a phasor diagram
showing the current, voltage across the resistance, voltage across the
reactance, and voltage of the source as reference.

D3.6 A circuit consists of two impedances, Z; = 50 /45° Q and Z; =
25 /30° Q, connected in parallel. They are supplied by a source whose volt-
age is V = 50 /0° volts. Determine the following:

a. Current drawn by each impedance

b. Complex power absorbed by each impedance

¢. Total current

d. Complex power supplied by the source

3.4 BALANCED THREE-PHASE AC CIRCUITS

I_n the United States, as in most parts of the world, electric bulk-power genera-
tion, transmission, and distribution are usually accomplished with three-phase

Sveteme  Althanoh alectric lichte and emall matare are cinole nhace thev are
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assigned equally to the three phases of the distribution system so that the phases
effectively form a balanced set.

A three-phase generator is shown in Fig. 3.6. The three voltage sources
have equal magnitude, and their phase differences are each 120°. Each phase
has a series resistance R, and inductive reactance X. In the accompanying
phasor diagram, Eg, is seen leading Ey, by 120°, and Ey, is leading Ec, by
120°. Hence, the phase sequence is said to be positive sequence, or an-bn-cn
sequence, or simply abc sequence.

3.4.1 Wye-Connected Load

A wye-connected load is shown in Fig. 3.7. Each phase impedance Zy /6
consists of a resistance Ry and an inductive reactance Xy. The balanced set
of voltages applied to the terminals of the load is of abc phase sequence and

is given by

Vo = V/0°,  Ven=V/=120°, Ve =V/=240° (3.3
The line-to-line voltages are computed as follows:
Voo = Van = Vin = /3 Van /30° = V3V £30° (3.32)
Vi = Vo = Ven = 3 Ven 30° = 3V /=90° (3.33)
Ve = Ve = Van = /3 Ven £30° = /3 V /=210° (3.34)
ECI’]

120°
120° E,n

120°

Ebn
(a) (b)

FIGURE 3.6 (a) Three-phase generator; (b) abc phase sequence.
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Ve

(a) (b)
FIGURE 3.7 (a) Wye-connected load; () phasor diagram.

Thus, the line voltage has a magnitude equal to \/5 times the magnitude of
the phase voltage and it leads the corresponding phase voltage by 30°; that is,

VL = V3Vp /30° (3.35)

It may also be observed that the line currents are identical to the correspond-
ing phase currents:

IL=1I (3.36)
These currents are calculated as follows:
A% \%
I [— I —1 an = — —_— o —_
4 w = 77 7 0=1/-6 (3.37)
Vs \%
I = I = iL = — o — ° = = — N
b bn Zy /6 Zy /=60 —120 I 0 — 120 (3.38)
V. \%
L =1L. = LI SNy g o _ _n_ o
o @ = 773 7y /—06 — 240 I1/-06—240 (3.39)

It may be noted that the currents form a balanced set of phasors and the sum

of the currents is zero:

L+L,+1I.=0

(3.40)
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3.4.2 Delfq-Connecfed Load

A delta-connected load is shown in Fig. 3.8. Each phase impedance Zx /6
consists of a resistance R, and an inductive reactance Xa. It is assumed that
balanced abc phase sequence voltages are applied and Vg, = V /0°.

The phase currents will be

Vab 1%
= _ =2 /-0=1/-6 3.41

Vie 1%
= Y _ Y ,_9—120°=1/—0—120° 3.42
Ibc ZALQ ZA / 0 / ( )

Vea 1%
= = 2 /-0 —240° = I /—6 — 240° 3.43
| P 7./8 _ Za / /L (3.43)

The line currents are calculated as follows:

I, = Iy — Ly = /3L /=30° = /31 /=6 — 30° (3.44)
I, = Iy — Ly = /3Lpe /=30° = 31 /=0 — 150° (3.45)
I = Iy — Iy = 3L /=30° = /31 /=6 — 270° (3.46)

(a) )
FIGURE 3.8 (a) Delta-connected load; (b) phasor diagram.

r
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It may be observed that the line-to-line voltages are identical to the phase
yoltages for delta-connected loads:
VL = Vp (347)
The delta-connected load may be transformed into an equivalent wye-
connected load so that the terminal behavior of the two configurations will be
identical; that is, corresponding line-to-line voltages and line currents will be
the same. A derivation of this A-to-Y transformation is given in Ref. 5. When
the load is balanced, the impedance per phase of the wye-connected load will
be one-third of the impedance per phase of the delta-connected load:

Zy = 3Z, (3.48)

3.4.3 Analysis of Balanced Three-Phase Systems

If a three-phase system is balanced, it may be analyzed by using a single-phase
equivalent circuit. Since the sum of the phase currents is equal to zero, a neutral
wire may be connected between the source neutral and the load neutral. This
neutral wire would not affect voltages or currents in the circuit.

Figure 3.9 shows a wye-connected generator supplying a wye-connected
load through a three-phase feeder. It can be shown that the voltages and cur-
rents belonging to a particular phase are identical to corresponding voltages and
currents in the other phases except for 120° shifts in their respective phase an-
gles. Therefore, a single circuit consisting of one phase and a neutral wire may
be analyzed and the results applied to the other phases by including the corre-
sponding 120° phase shift. This procedure will be illustrated in the following
sample system.

When the three-phase source (or load) is delta connected, it is customary
to transform it into an equivalent wye-connected source (or load) before ap-
plying the procedure. Subsequently, the results are reconverted into their delta
equivalents.

EXAMPLE 3.3

A three-phase power system consists of a wye-connected ideal generator con-
nected to a wye-connected load through a three-phase feeder. The load has
an impedance Z; /6 = 20 /30° Q) /phase, and the feeder has an impedance
Ztgr = 1.5 /75° Q) /phase. The terminal voltage of the load is 4.16 kV. Deter-
mine (a) the terminal voltage of the generator and (b) the line current supplied
by the generator.
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Zsdr

ANN—YYY

—_—

®)
FIGURE 3.9 (a) Three-phase power system; (b) single-phase equivalent circuit.

Solution  With both generator and load wye connected, the single-phase analy-
sis is used in conjunction with the single-phase equivalent circuit shown in

Fig. 3.10.
The phase a voltage at the load is chosen as reference phasor. It is given by

(line-to-neutral)

Van = (4160/\/3)& = 2400 /0° V

Zgr = 1.5/75°Q

Z, =20/30°Q

¥
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The phase a current, which is identical to the line a current, is found as
follows:

Viu 2400 £0°

I =1, = =
M Zu /6 20 /300

= 120/-30° A

a. The phase a voltage of the generator is found as follows:

Ean = Van + LZg = 2400 /0° + (120 /=30°)(1.5 /75°)
= 2527 + j127 = 2530 /3° V

Consequently, the phase voltages of the load and the generator are com-
puted as follows:

Van = 2400 /0° V Ean = 2530/3° V

Vo = 2400 /—120° Epn = 2530 /—=117°
Ve = 2400 /120° E., = 2530 /123°

Il

The line-to-line voltages are

V= 4160 /30° V E,, = 4382 /33°V
Ve = 4160 /=90° E,. = 4382 /-87°
Vea = 4160 /150° E..= 4382 /153°

b. The load current and generator current are equal and are given by

I, = I, = 120/=30° A
Ib = Ibn = 1204 —150°
I = I, = 120 £90°

3.4.4 Power in Balanced Three-Phase Systems

The total average power absorbed by a three-phase balanced load, or delivered
by a three-phase generator, is equal to the sum of the powers in each phase.
The voltages and currents in each phase are equal; that is,

W= "Va = Von = Van (349)
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Therefore, the total three-phase power is
PT = 3Pp = 3VPIPCOSOP (351)

where 0p is the phase angle between the voltage and the current. Similarly, the
total three-phase reactive power is

QT = 3QP = 3Vp1p sin0p (352)
Also the total three-phase apparent power is given by
St =38p = JP2+Q2 =3 [P%+ Q03 = 3Vplp (3.53)

For a three-phase wye-connected generator, or wye-connected load, Iy, = Ip,
and VL = \/§Vp. Thus the real, reactive, and apparent powers may be ex-
pressed as follows: -

Py = 3| 1 cosOp = V3VLIL cosbp (3.54)
J3
W, . .

Or = 3% I sin6p = 3VLILsin6p (3.55)
J3
143

St=3( . = VBRI (3.56)
J3

For a three-phase delta-connected generator, or delta-connected load, /i, =
\/glp and Vi, = Vp. In terms of the line quantities, the power expressions may
be written as

Pr = 3%, I\ oonty = BRI costp (3.57)
J3

07 = 3% (1L | sinfp = VAW ILsingp (3.58)
J3

St = 3%, L\_ fBun (3.59)
J3

Ratings of three-phase equipment, such as generators, motors, transformers,
and transmission lines, are normally given as total or three-phase real power
in MW ar a< total annarent nower in MVA. and as line-to-line voltage in kV.

r
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EXAMPLE 3.4

A three-phase motor draws 20 kVA at 0.707 lagging power factor from a 220-V
source. It is desired to improve the power factor to 0.90 lagging by connecting
a capacitor bank across the terminals of the motor.

a. Calculate the line current before and after the addition of the capacitor
bank.

b. Determine the required kVA rating of the capacitor bank.

Solution The real and reactive powers of the load are

Py = (20)(0.707) = 14.14 kW
Owm = 20sin(cos10.707) = 14.14 kVAR

a. The line current of the motor is

S 20,00
Iy = —— = 000 _ 554

B J3220

For a power factor PF.,; = 0.90, the new value of line current is

Pyu _ 14,140
V3iPFeor  +/3(220)(0.9)

=412 A

Teorne =

b. The corrected value of reactive power is
Qcor = Pytan(cos™!0.90) = 14.14tan25.8° = 6.85 kVAR

The kVA rating of the capacitor bank required to bring the power factor
from 0.707 to 0.90 lagging is found as
Qcap = Qcor — Om = 6.85 — 14.14 = —7.29 kVAR

A power triangle depicting power factor correction by using capacitors is
shown in Fig. 3.11.

3.4.5 Instantaneous Power in Balanced Three-Phase Systems

For a balanced three-phase load, the total instantaneous power is equal to the
sum of the individual powers of the three phases. Thus,
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Qcap = 7.29 kVAR

Qwm = 14.14 KVAR

Qcorr = 6.85 KVAR

fe——Py =14.14 kW —>]
FIGURE 3.11

Power triangle of Example 3.4.

pT = Pat Pvt+ Pc (3.60)

In terms of the instantaneous phase voltages and currents, the total power is

PT = Vania + Venib + Venlc (3.61)

Assuming a positive phase sequence with v, taken as the reference, the total
power may be expressed as follows:

pr = VmImcoswt cos(wt — Op)
+ Vgl cos(wt — 120°) cos(wt — 6p — 120°)

+ Vil cos(wt — 240°) cos(wt — Op — 240°) (3.62)

where Vi, and I, are the peak values of the phase voltages and currents, re-
spectively, and @p is the phase angle by which the current lags the voltage
in each phase. By using the trigonometric identity on the product of two co-
sine functions that was cited previously in Section 3.3.2, Eq. 3.62 can be
written as

pPT = %lem cos fp + %lem[cos(Zwt — 0p)

+ cos(Qwt — Bp + 120°) + cosQwt — 6p — 120°)] (3.63)

Since the second term on the right-hand side of Eq. 3.63 is identically equal
to zero, it reduces to

pr = 3Vinlmcos bp (3.64)

o
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This demonstrates an important property of a balanced three-phase system: the
total instantaneous power is time invariant.

Three-Phase Power Measurements

3.4.6

In three-phase power systems, two wattmeters can be used to measure total
ower. The connection and phasor diagrams are shown in Fig. 3.12 for an
assumed abc phase sequence and lagging power factor.
The wattmeter readings are given by

I

Wi = Vgplacos /(Vap, In) = VLI cos(30° + 6) (3.65)

Wa = Vglccos /(Vi, Ic) = VLI cos(30° — ) (3.66)

The sum of the two wattmeter readings gives the total three-phase power:

Pr = Wy + W,y = Wi [cos(30° + 0) + cos(30° — )]
= 3Vl cosh (3.67)
The difference of the two readings is
Wy — Wy = VI [cos(30° — 6) — cos(30° + 6)]
= WIpsinf (3.68)

Balanced
wye-
connected
load

(@ ()

FIGURE 3.12 Two-wattmeter method: (a) connection diagram; (b) phasor diagram.
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which is 1/ ﬁ times the total three-phase reactive power. Thus, QT can be
found from

Or = V3(W2 — Wh) (3.69)
The power factor angle can also be found from
—1 [ Qr I INEED
= == |={ ——— e .
6 = tan ( Pr ) an { W + Wi (3.70)

DRILL PROBLEMS

D3.7 A balanced, three-phase load is connected to a 2200-V feeder. The load
draws a line current of 60 A at a power factor of 0.90 lagging. Calculate the
real, reactive, and apparent power absorbed by the load.

D3.8 A delta-connected load consists of three identical impedances of 8 +
j6 Q each and is supplied from a three-phase, 200-V source. Calculate
a. The phase current and the line current

b. The power factor
c. The real, reactive, and apparent power taken by the load

D3.9

D3.10 Two balanced wye-connected loads of 8 + j5 Q/phase and 6 —
j2 Q/phase are supplied by a three-phase source at a line-to-line voltage of
440 V. Find

a. The line current drawn by each load

b. The total line current supplied by the source

¢. The real, reactive, and complex power absorbed by each load

d. The real, reactive, and complex power delivered by the source

Repeat Problem D3.8 when the load impedances are wye connected.

3.5 PER-UNIT ANALYSIS

The per-unit method of power system analysis offers distinct advantages over
the use of actual amperes, volts, and ohms. It eliminates the need for conver-
sion of the voltages, currents, and impedances across every transformer in the
circuit; thus, there is less chance of computational errors. Second, the need
to transform from three-phase to single-phase equivalents, and vice versa, is

35 PER-UNIT ANALYSIS 55

avoided with the use of per-unit quantities; hence, there is less confusion in
pandling and manipulating the various parameters in three-phase systems.

In the per-unit system, any electrical quantity may be expressed in per unit
a5 the ratio of the actual quantity and the chosen base value for that quantity.
This quotient is presented either in decimal form or as a percentage. However,
care must be taken when handling percent quantities. Although the product of
(WO qqantlFles in per unit is expressed in per unit itself, the product of two
quanutles in percent must be divided by 100 to obtain the correct result in

ercent.

Four base electrical quantities must be considered: power, voltage, current,
and impedance bases. Just like the actual quantities, these bases satisfy the
clectrical laws.

In single-phase systems, the relationships among the base quantities are

Spase = Vbaselbase 3.7 1)

Voase = TvaseZbase (3.72)
With' only two equations relating the four base quantities, it is necessary to
specify two base values. The power and voltage bases are usually chosen equal
to the rate_d values, or nominal values, and the other two are computed from
the foregoing electrical relationships as follows:

Thase = _Sbase 3.73
Voase (3.93)
Voase _ (Vbase)® _ (KViage)®
Zb — — ase _ base
ase = 7 Somse MVAp e (3.74)

The specified power base is applicable to all parts of the power system.
The voltage base varies across a transformer, and so do the current base and
impedance base.

The per-unit electrical quantities are calculated as follows:

P+joO

S, = = i
e L (3.75)
A
V —
T (3.76)
L = I (3.77)
Ibase ’
4
Z e
v = Z— (3.78)
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The complex power into a lossless transformer is equal to the complex
power out. On the other hand, actual voltages, currents, and impedances change
across the transformer. However, because base voltage, base current, and basg
impedance also change across the transformer, the per-unit values are the same
on both sides of the transformer. Furthermore, since the voltage base is usually
chosen to be either the nominal voltage or the rated voltage, the per-unit value
of voltage is almost always near unity.

EXAMPLE 3.5

Solve Example 3.2 using per-unit representation. Choose Spase = 1500 VA and
Voase = 120 V.,

Solution The base current is calculated as
Tvase = Spase/ Voase = 1500/120 = 12.5 A
The base impedance is
Ziase = (Voase)/ Stase = (120)?/1500 = 9.6 O

The per-unit values are computed as follows:

VL = 12;)2400_0 =1.0/0°puV

7y = 10—936[iii = 1.04 /36.9° pu )

I, = \ZL]I: = 1—% = 0.96 /—36.9° pu A
Zegr = i%%i = 0.233 /63.4° pu ()

The generator voltage in per unit is computed as follows:

Eg = VL + I Zs4r
1.0 /0° + (0.96 /—36.9°)(0.233 /63.4°)

Il

1.204 /4.8° pu
(1.204 /4.8°)(120) = 144.5 /4.8° V

r
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The complex power is then calculated as follows:

Sg = Egl, = EglIj
= (1.204 /4.8°)(0.96 /—36.9°)" = 1.156 /41.7°
= 0.863 + j0.769 pu

Therefore,

Py = (0.863)(1500) = 1295 W
Qg = (0.769)(1500) = 1154 VAR

For three-phase systems, the base power is total three-phase power and the
pase voltage is line-to-line voltage. With a wye connection assumed, the base
line current is equal to the base phase current. The base impedance is per
phase. The three-phase base quantities are related to the single-phase bases as
follows:

Base power: ST base = 35P base (3.79)
Base voltage: W base = \/ng,base (3.80)
S
Base current: I pase = —m2 = Sewse _ Ippase (3.81)
\/§ WL base W base
) Vi 2 2
Base impedance:  Zpue = (obase)” _ (Vobase) (3.82)

S T,base S P,base

The impedance characteristic of an electrical equipment or device is usually
expressed as a percentage based on its ratings. When such a device is connected
in a power system in which the selected base values are different from the
machine ratings, the per-unit quantities have to be expressed in terms of the
system bases. The per-unit value of impedance may be converted to the new
bases as follows:

Stasenew \[ Vi 2
Zu,new _ Zu,old( base, ew)( base,old> (3.83)

S base,old %ase,new

EXAMPLE 3.6

A three-phase, 60-Hz, 30-MVA, 13.8-kV, wye-connected synchronous genera-
tor has an armature resistance R, = 2 () per phase and a synchronous reactance
Xs = 10 Q per phase.
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a. Express the machine impedance in per unit based on the machine ratings.

b. Using the results of part (a), find the per-unit impedance based on a new
Spase = 50 MVA and Vpgee = 34.5 kV.

Solution
& Zioae = (13.8)2/30 = 6.35 Q
Z, = Ry + jXs =2+ j10 = 10.2 /18.7° Q
Zoy = Zo/ Zonse = (2 + j10)/6.35 = 0.315 + j1.575
= 1.606 /78.7° pu )
b. Zounew = 1.606 /78.7°(50/30)(13.8/34.5)*
— 0.428 /78.7° = 0.084 + j0.420 pu Q
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PROBLEMS

3.1 Given the complex numbers A; = 5 /30° and A, =-—3 + j4, calculate the fol-
lowing, giving the answers in both rectangular and polar forms.

d. (4)°
e. Aill + (42

a. Aj + Ay
b. A1A;
c. Ar/(A)"

3.2 For a given electrical circuit, the expressions for voltage and current as function$
of time are given as follows:

v(t) = 283sinwt V
i(r) = 35cos(wt +25°) A

o Tind tha rme valnee of the voltacse and current.

r
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\ . ’
p. Find the phasor expressions for the voltage and current in both polar and rectan-

gular form.

¢. State whether the circuit is inductive or capacitive.

3 The electrical network shown in Fig. 3.13 has a voltage source V = 100 /0°,
and the values of the impedances are as follows:

Z,=8-j6Q, Z,=3-j4Q, Z3=5+j5Q

Determine (a) the real power absorbed by each impedance and (b) the reactive power
taken by each impedance.

Z

1
| S
)

VO

FIGURE 3.13 Electrical network of Problem 3.3.

3.4 A single-phase source supplies a load consisting of a resistor R = 20 () and a
capacitive reactance Xc = 10 €2, which are connected in parallel. The instantaneous
yoltage of the source is given by

v(t) = 120cos(wt +45°) V
Find the following:

a. Phasor voltage V of the source
b. Phasor current I supplied by the source
¢. Instantaneous current i(¢) supplied by the source

3.5 Repeat Problem 3.4 if the resistor and capacitor are connected in series.
3.6 For the parallel R — C load of Problem 3.4, determine

. Instantaneous power absorbed by the resistor

. Instantaneous power absorbed by the capacitor
Real power absorbed by the resistor

. Reactive power absorbed by the capacitor

. Power factor of the combined load

o 20 F o

3.7 Repeat Problem 3.6 if the resistor and capacitor are connected in series.

38 . Consider a single-phase load with an applied voltage v(¢) and load current i(#)
Specified as follows:

v(t) = 220cos(wt +20°) V

i() = 40cos(wt — 30°) A
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a. Find the real and reactive power absorbed by the load.

b. Draw the power triangle.

c. Find the power factor, and state whether it is lagging or leading.

d. Calculate the reactance in ohms of capacitors to be connected in parallel with thy
load in order to improve the power factor to 0.9 lagging.

3.9 A series circuit has an impedance of 25 /53.1° and is connected to a single-phagg
220-V source.

a. Find the resistance and reactance of the load.

b. Find the real and reactive power absorbed by the load.
c. Find the power factor of the circuit, and state whether lagging or leading.

3.10 A single-phase source has a terminal voltage V = 120 /-15°. It supplies 4
current of 15 /45° to an electrical load.

a. Find the complex power supplied by the source.

b. Determine the real power. State whether the source is delivering or absorbing,

¢. Determine the reactive power, and state whether the source is delivering or ab.
sorbing.

3.11 Two ideal voltage sources are connected to each other through a feeder with
impedance Z = 1.5 + j6 Q as shown in Fig. 3.14. Let E; = 120 /0° V ang
E, = 110 /45° V.
a. Determine the real power of each machine, and state whether the machine is
supplying or absorbing real power.

b. Determine the reactive power of each machine, and state whether each machine
is delivering or receiving reactive power.

¢. Determine the real and reactive power of the impedance, and state whether
supplied or consumed.

E i() I E

FIGURE 3.14 Electric circuit of Problem 3.11.

3.12 Repeat Problem 3.11 if the feeder impedance between the voltage sources of
Fig. 3.14is Z = 1.5 - j6 Q.

3.13 A single-phase electrical load draws 10 MW at 0.6 power factor lagging.

a. Find the real and reactive power absorbed by the load.
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p. Draw the power triangle.
¢. Determine the kVAR of a capacitor to be connected across the load to raise the
power factor to 0.95.

3,14 A capacitor is connected across the series impedance of Problem 3.9. This
capacitor supplies 1000 VARs.

a. Find the real and reactive power supplied by the source.

p. Find the resultant power factor.

15 An industrial plant consists of several induction motors. The plant absorbs 300
kW at 0.6 PF lagging from the substation bus.

a. Compute the required kVAR rating of the capacitor connected across the load to
raise the power factor to 0.9 lagging.

b. A 200-hp, 90% efficiency, synchronous motor is operated from the same bus
at rated conditions and 0.8 power factor leading. Calculate the resulting power
factor.

3.16 A 230-V source supplies two loads in parallel. One draws 5 kVA at a lagging
power factor of 0.80, and the other draws 3 kW at a lagging power factor of 0.90.
Find the source current.

3.17 A 440-V, 30-hp, three-phase motor operates at full load, 88% efficiency, and
65% power factor lagging.

a. Find the current drawn by the motor.

b. Find the real and reactive power absorbed by the motor.
3.18 A three-phase, 50-kVA, 600-V, 60-Hz generator operates at rated terminal volt-

age and supplies a line current of 48 A per phase at a 0.8 lagging power factor to a
balanced three-phase load. Determine the real, reactive, and apparent power.

3.19 A 345-kV, three-phase transmission line delivers 500 MVA, 0.866 power factor
lagging, to a three-phase load connected to its receiving-end terminals. Assume that
the load is A connected and the voltage at the receiving end is 345 kV.

Find the complex load impedance per phase.

Calculate the line and phase currents.

Find the real and reactive power per phase.

FEMCoN e

Find the total real and reactive power.
3.20
321 A three-phase load draws 120 kW at a power factor of 0.85 lagging from a

440-V bus. In parallel with this load is a three-phase capacitor bank that is rated 50
KVAR. Find (a) the total line current and (b) the resultant power factor.

Repeat Problem 3.19 assuming that the load is wye connected.

322 A three-phase motor draws 40 kVA at 0.65 power factor lagging from a 230-V
Source. A capacitor bank is connected across the motor terminals to make the combined
Power factor 0.95 lagging.
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a. Determine the required kVAR rating of the capacitor bank.
b. Determine the line current before and after the capacitors are added.

3.23 Two balanced wye-connected loads are connected in parallel with each other,
The first draws 15 kVA at 0.8 PF lagging, and the second requires 20 kW at 0.9 Pp
leading. The two loads are supplied by a balanced three-phase, wye-connected, 2400-y

source.

Determine the phasor current drawn by each load.
. Find the real and reactive power absorbed by each load.

a.

b

¢. Compute the phasor current supplied by the source.

d. Calculate the total real and reactive power drawn by the combined load.
e

. What is the overall power factor?

3.24 The motor of Problem 3.17 is connected to a substation bus through a three.
phase feeder with an impédance 0.5 + j1.5 Q per phase. Find the line-to-line voltage
at the bus if the voltage at the motor terminals is 440 V.

3.25 A three-phase substation bus supplies two wye-connected loads that are con-
nected in parallel through a three-phase feeder with an impedance of 0.5 + j2.0 Q per
phase. Load 1 draws 50 kW at 0.866 lagging power factor, and load 2 draws 36 kVA
at 0.9 leading power factor. The line-to-line voltage at the loads is 460 V. Find the
following:

a. Impedance of each load per phase
b. Total line current flowing through the feeder
c. Line-to-line voltage at the substation bus
d. Total real and reactive power supplied by the bus
3.26 A delta-connected load consists of three identical impedances Za = 45 /60° QO

per phase. It is connected to a three-phase, 208-V source by a three-phase feeder with
conductor impedance Zsg; = (1.2 +j 1.6) Q per phase. |

a. Calculate the line-to-line voltage at the load terminals.

b. A delta-connected capacitor bank with a reactance of 60 Q per phase is connected
in parallel with the load at its terminals. Find the resulting line-to-line voltage
at the load terminals.

3.27 The total power being absorbed by a balanced three-phase load is measured
using the two-wattmeter method. The phase sequence is abc. The current coils of the
wattmeters are connected in lines a and b. Let the readings of the two meters be P
and Py, respectively. The line voltage is 2400 V, and the load is 30 kVA.

a, Show a wiring diagram.

b. Calculate P, and P, if the power factor is 1.0.

c. Calculate P, and P, if the power factor is 0.2 lagging.

d. Calculate P, and P, if the power factor is 0.5 leading.

~ Qlateh the nhasor diagram showing all voltages and currents for each case.
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3.28 Using 100 MVA and 115 kV as base values, expres \Y Y
. « ’ S 1 10 k 5
and 26.5 £ in per-unit and percent values. v 75 MVA, 375 A,

3.29 The per-unit impedance of a single-phase electric load i
is 200 kVA, and the base voltage is 12 kV. oad is 05 The base power

a. Find the per-unit imped i
pind Valu;e)s. impedance of the load if 400 kVA and 24 kV are selected as

b. Find the ohmic value of the impedance.

3,30 A three-phase, 350-MVA, 13.8-kV AC generator has a synchronous reactance

of 1.20 per unit. The generator i ircui i i
Ferey st A \% or is connected to a circuit for which the specified bases

a. Find the per-unit val
pind ! p ue of the generator synchronous reactance on the specified
b. Find the ohmic value of the synchronous reactance.
331 A single-phase source is connected to an electrical load. The load draws a 0.6

pu current at 1.10 pu voltage while taking a real power of 0.4 pu at a lagging power

factor. Choose a base volt:
Siowing: voltage of 8 kV and a base current of 125 A. Calculate the

a. Real power in kW
b. Reactive power in kVAR
¢. Power factor

d. The ohmic values of the resistance and the reactance of the load




Four

Magnetic Circuits
and Transformers

4.1 INTRODUCTION

A transformer is a device used to convert AC electric energy at one Voltagel

and current level to AC electric energy at another voltage and current level,:
This conversion takes place in an electromagnetic system consisting of two or
more windings supported by a ferromagnetic structure.

Other forms of electromechanical energy conversion take place in rotating
machines, both AC and DC machines, and other devices such as transducers,
solenoids, and relays. In these machines and devices, electromagnetic fields
that are confined in magnetic structures also play an important role in the
conversion process. In the first few sections of this chapter, some basic concepts
of electromagnetic theory are reviewed, typical magnetic circuits are analyzed,
and other parameters, including flux linkages and inductances, are defined.
These parameters are used in the discussion of the theory of energy conversion
in rotating machines and transformers.

In the succeeding sections of this chapter, the principle of operation of 4
transformer is discussed, equivalent circuits for the transformer at steady state
are developed, and the operating performance of the transformer is analyzed
Also, electrical tests for determining the parameters of the transformer ar
described. Finally, three-phase interconnections of transformers for three-phase

voltage transformations are discussed.

4.2 MAGNETIC CIRCUITS

Ferromagnetic materials constitute a large portion of any electrical maching
including transformers. Hence, the study and design of electrical machinef}
ineIndec the analvsis of the magnetic circuits involved in these machines.
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To be able to apply electric circui
: [ cuit concepts to these m ic circui
following assumptions are made: fgreE B e

a. 'tI}‘lhe frequepcies involved—60 Hz or less—and the sizes (dimensions) of
e mggnetw structures are such that the displacement term in Maxwell’s
equation based on Ampére’s law can be neglected. Thus

fﬂdbﬂ (4.1)

b. Au .tthree-.d1mensional'magnetic field is reduced to a one-dimensional cir-
icntle iq;llv?leﬁlt, that 1s,.magnetic circuit. Equation 4.1 states that the line
gral of the magnetic field H over a closed path is equal to the net

current enclosed by the path. H is i
0seC . expressed in amper
the current is given in amperes. peres per meter when

A magnetic circuit consists of a magneti i

g’ : _ gnetic structure built mainly of high-
peﬂneilb(llhéy g]lag}?'et}llc material. Thus, magnetic flux is confined toytl(l)e gﬁﬁs
presented by the hig -permeability material, just as electri i

. ) c current is confi

to the paths presenteq by Fhe high-conductivity conductors of the electric circrli(ietd

A s;lmple magnetlc.mrcuit is shown in Fig. 4.1. The source of magnetic:‘
flux, the magnetomotive force (mmf), is the electric current flowing in the
N-turn winding. Applying Eq. 4.1 to a closed path yields

%Hfm=N1 4.2)

4 t”fll:te ;rt}e:ﬁge;:;gﬁeltc.i I-}ic is gpproximately constant, and its direction is the same
netic flux ¢ , as shown in the figure. Hence i i

. . , the integral in Eq.

4.2 reduces to H.l.. Therefore, the magnetomotive force (mmf), designated gs

0
e soeae,
o ] |
i
n |
N : |
: fle
i
—<—T1 |
| ]
N
FIGURE 4.1 A magnetic circuit.
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F, is given by

F =NI = H.l, (4.3
where [, is the average length of the magnetic path or core.

The core is usually made of ferromagnetic material. The magnetic flux den,
sity B (expressed in tesla or weber/m?) in the core is related to the magnetj,
field H according to the saturation curve, or B-H curve, of Fig. 4.2. The
slope of this curve is designated as i, the permeability of the material in hen,
ries per meter (H/m). Therefore, the relationship between B and H may be
expressed as

B =uH (4.4

It may be seen from Fig. 4.2 that the slope of the B-H curve depends on the
operating value of magnetic flux density. However, if the range of operating
values is confined below the knee of the curve, the relationship between B
and H can be approximated as linear with reasonable accuracy. Therefore, ip
the following discussions, it is assumed that the permeability of the magnetic
materials used for core is a constant.

The permeability of a magnetic material is usually given relative to the
permeability wo of free space. Thus,

H= frfo

where . is the relative permeability. In SI units, the permeability of free space
wo = 4 x 1077 H/m.

The magnetic flux ¢ (expressed in webers) through a given surface is found
as follows:

b = JB-dS (44

S

B
(M

H (A-t/m)

TP TN RPN 4

4.5)
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Table 4.1  Analogy Between Magnetic and Electric Circuits

Electric Circuit Magnetic Circuit

i = current (A) ¢ = flux (Wb)
V = emf (V) F = mmf (A-t)
R = resistance ({)) R = reluctance (A-t/Wb)
o = conductivity (S/m) m = permeability (H/m)

The direction of the differential area is along the perpendicular to the cross-
seCtional area A. of the core itself. Since the flux density B. has the same
direction as dS and is approximately uniform over A., Eq. 4.6 reduces to

NI
¢ = BA:. = uHA: = /~L<_>Ac “4.7)

le
Rearranging Eq. 4.7 gives
Rp =NI =F (4.8)

where R = I./(uA:) = reluctance of the magnetic circuit in A-t/Wb.
Equation 4.8 is analogous to Ohm’s law for resistive circuits. The analogies
between other magnetic and electric circuit quantities are presented in Table 4.1.

EXAMPLE 4.1

The magnetic ci_rcuit shown in Fig. 4.1 has the following dimensions: A, =
_16 cm?, [ = 40'cm, and N = 350 turns. The relative permeability of the core
is wr = 50,000. For a magnetic flux density of 1.5 T in the core, determine

a. The flux ¢
b. The total flux linkage A = N¢
¢. The required current through the coil

Solution

a. An electric circuit analog is drawn for the magnetic circuit. This is shown
in Fig. 4.3.

F j() Re

FICIIPE 4 ?  Flantrin nivenit analan fae Duvnmaala 4 1
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The magnetic flux is given by
¢ = BA = (1.5)(16 X 107%) = 2.4 mWb
b. The total flux linkage is
A = N¢ = (350)(2.4 x 107%) = 0.84 Wb-t
c. The reluctance of the magnetic circuit is computed as

lc/(lLrl'LOAc)
40 x 1072
(50,000)(47 X 10~7)(16 x 10~4)

Rc

Il

= 3979 A-t/Wb

By using Eq. 4.8, the current is computed as follows:

_ Rep _ (3979)(2.4 x 1073) 273 mA
N 350

1

A magnetic core of this type may be used in a single-phase transformer.

EXAMPLE 4.2
An air gap of length g = 0.5 mm is cut in the right leg of the magnetic circuit
of Fig. 4.1. If a current of 1.2 A flows through the coil, calculate

a. The flux ¢
b. The total flux linkage A = N¢
¢. The magnetic flux density B

Solution

a. The electric circuit analog is shown in Fig. 4.4.

FIGURE 4.4 Electric circuit analog for Example 4.2.
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The mmf is given by
F = NI = (350)(1.2) = 420 A-t
The reluctance of the core is computed as follows:

lc—g lc

R. = ==
¢ McAc McAc

= 3979 A-t/'Wb

Assuming that fringing in the air gap is negligible, that is, Ay = A, the
reluctance of the air gap is computed as follows:

[

R, =—%
& oA

0.5x 1073

= GrX107) (16 X 107 — 248.680 A-UWb

For this magnetic circuit, the total reluctance of the flux path is
Ri = R. + Ry = 3979 + 248,680 = 252,659 A-t/Wb
The magnetic flux is calculated as
¢ = F/Ry = 420/252,659 = 1.66 x 107> Wb
b. The flux linkage is computed as follows:
A =N¢ = (350)(1.66 x 1073) = 0.58 Wb-t
c. The magnetic flux density is
B =¢/A=(1.66%x10"%/(16x10"%)=1.04 T

A similar magnetic circuit is used in electrical machines, electric meters,
and protective relays.

DRILL PROBLEMS

D4.1 The magnetic circuit shown in Fig. 4.1 has an air gap cut in the right
leg of the core. The air gap is 0.1 mm long. The coil is connected to a volt-
98¢ source, and the current drawn is adjusted so that the magnetic flux density in
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the air gap is 1.5 T. Assume that flux fringing in the air gap is negligible. Usg
the dimensions and the relative permeability of the magnetic core specified iy
Example 4.1.

a. Find the value of the current.

b. Calculate the magnetic flux.

c. Determine the flux linkage of the coil.
D4.2 A magnetic core is built in the form of a circular ring having a meay
radius of 10 cm. A coil containing 150 turns is wound uniformly throughoyt
the length of the core. The coil is connected to a voltage source, and it drawg
a current of 15 A.

a. Determine the mmf of the coil.

b. Calculate the magnetic field intensity in the core.

D4.3 The circular ring of Drill Problem D4.2 has a mean Cross-sectiong|

area of 25 cm?. The relative permeability of the material of the ring is 1500, |

Calculate

a. The magnetic flux in the core

b. The magnetic flux density in the core

¢. The flux linkage of the coil

d. The reluctance of the core
D4.4 A magnetic core has a circular cross-sectional area of 2.0 in?, a mean
path length of 10 in, and an air-gap length of 0.125 in. A 350-turn coil is
wound around the magnetic core, and a current of 5 A is supplied to the coil.
Assume that the relative permeability of the core is infinite and fringing of flux
in the air gap is negligible.

a. Calculate the reluctance of the magnetic circuit.

b. Find the magnetic flux density in the air gap.
D4.5 Repeat Drill Problem D4.4 assuming that the core has a relative per
meability u, = 5000.

4.3 FARADAY'S LAW

In 1820 Oersted observed that a compass needle is deflected by a current
carrying conductor. In 1831 Faraday discovered the principles of inducet
electromotive force (emf) on which the design and operation of generators
motors, and transformers are based. Faraday’s experiments and findings can bt
described as follows:
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{A tlmle—varylpg r.nagne.tic field induces an electromotive force that produces a current
in a closed circuit. This current flows in a direction such that it produces a magnetic

field that tends t i . 53 :
field. o oppose the changing magnetic flux of the original time-varying

Mathematically, Faraday’s law can be stated as follows:

emfzﬂ

e 4.9)

where A is the total flux linkage of the closed
path. A nonzero val
may result from any of the following conditions: e of dydr

a. A time-varying flux linking a stationary path

b. Relative motion between a steady flux and a closed path
¢. A combination of the first two

If the closed path consists of a winding wi
. g with N turns and we assume that
each turn links the same flux ¢, then the induced emf is given by :

(4.10)

where A = N¢ = total flux linkage.

EXAMPLE 4.3

The flux density B is normal to the pl i
plane of the rectangular loo d
outward as shown in Fig. 4.5, and it is equal to ¢ pand directed

B = Bycoswt u

maximum value of flux density in tesla
= constant radian frequency
t = time in seconds

= unit vector normal to the loop

. Find an expression for the induced emf exy, between terminals x and y.

. If a resistor R is connected between terminals x and y, determine the

magnitude and direction of current in the resistor at + = 0 and at ¢t =
7w/ Q2w) s.
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—a—>]
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FIGURE 4.5 Rectangular loop.
Solution
a. If flux increases outward, p'oint x will have a higher potential than poing

y. The magnetic flux is given by

b = JB-dS = Bab = Bpab coswt

where ab = area of the loop.

The induced voltage is found as
d¢
exy = N:l?
= Ni(B ab coswt)
T

= —Bpabw sinwt
= Boabw cos (wt + 7/2)
since the loop contains N = 1 turn.
b. The current i(¢) that will flow through a resistor R connected across

terminals x and y is given by

i(t) = exy(1)/R

Boabw
R

i0) = cos (%) -0

At t = 7/Qw):

i(zl:;)=30;bwc

osfo () + 7] - -2~

r
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Faraday"s law is used to derive the expression for the induced emf in mag-

etic circuits. Such magnetic circuits have cores that are made of magnetic
aterials. Hence, a few remarks are given here on the losses associated with
agnetic materials.

There are two sources of losses associated with magnetic materials. The first
Joss 18 called eddy current loss. Because of the time variation of flux in the
cOrEs eddy current loops are induced in the core. Since the core is made of
ferromagnetic materials that contain resistances, current flow results in power
joss 1N the form of heat. To reduce the effects of eddy currents, magnetic
sructures are usually built of laminations, or thin sheets, that are insulated
from each other by a thin coat of insulating varnish.

The second loss is called hysteresis loss. This loss is the energy required to
move the magnetic dipoles in the material. This energy is also dissipated as
peat. To reduce hysteresis loss, core material is usually made of good-quality
electrical steel having a narrow hysteresis characteristic loop. These losses due
1o hysteresis and eddy currents are collectively known as core losses or iron

lossés -

4.4 INDUCTANCE AND MAGNETIC ENERGY

Consider the magnetic circuit shown in Fig. 4.6. If the coil is connected to a
voltage source of voltage v, a current i will flow. The current produces magnetic
flux ¢, as shown in the figure. The total flux linkage A of the coil containing
N turns is given by

A=N¢ 4.11)

_If l.eakage flux is neglected, the magnetic flux is equal to the mmf of the
coil divided by the reluctance of the flux path:

oM N oo
R 1/(nA) *-12)
where
I = mean length of the flux path
A = cross-sectional area of the core
M = permeability of the core
The self-inductance L of the coil is defined as follows:
[ - total flux linkage of the coil A
[, = =2 (4 13)
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Substituting Eq. 4.12 into Eq. 4.11 and dividing by the current i yields thy
coil inductance: .

2
A _ Npa (4.1
l

When the voltage applied to the winding shown in Fig. 4.6is a time-vary'ing
voltage, the current that flows and the magnetic flux produced are a1§o timg
varying. Therefore, by Faraday’s law, an emf is induced across the coil. Thj

induced voltage is given by

dr  d(Li) di
= _—-=—>=L—+— (4.15
T dt dt )!
!
The energy delivered to the inductor over the time interval fron} to to 1)
is calculated as the integral of the power. If it is assumed that at time #g =
0,ip = 0, and at time t1,i = i1, then the energy is found as follows:

t 1 I
dA
W= J pdt = J iedt = J i<E>dt (4.16)
to to fo
A 1 A 1
W=|idA LJMM <2L> i (4.17)
Ag Ao
i |
W=L|idi=5Lii .19

where \g = ip = O attop = O and Ay = Li at time ?7.

————————— ~
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i | |
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+ ! |
1
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O] |
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FIGURE 4.6 A simple inductor.
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Next, suppose a second coil is added on the right leg of the magnetic circuit
gs shown in .F1g. 4.7. If the first coil is excited (i # 0) and the second coil is
jeft unenergized (i = 0), there is flux linking coil 2. The source of this flux

s the current i1 in coil 1. Then, similar to Eq. 4.13, the mutual inductance
Lol is defined as

total flux linking coil 2 Ay
current flowing through coil 1 = i;

Ly = (4.19)

Assuming leakage flux is negligible, the total flux linkage in coil 2 may be
expressed as follows:

A1 = Nagpoy = Nagp (4.20)
where
& = Nyig _ Niiy
R 1/ (uA)

Substituting the expression for ¢ into Eq. 4.20 and dividing the result by i1,
the mutual inductance L,; is obtained.

A
Lot = NoN,y (MT)

4.21)
On the other hand, if the second coil is excited (i, # 0) and the first coil is

unenergized (i; = 0), the flux produced by coil 2 will link coil 1. Therefore,
the mutual inductance L, is defined as

_ total flux linking coil 1 A2
L12 = < > = =5 (4.22)
current flowing through coil 2 in
[

. A .

11 I I 2
O— t T -0
+ ! 7 +

| !
1 —b M1 Ny &—— v2
- : —t -
P = =
l\____(__—_/)

FIGURE 4.7 Mutual inductance.
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Again assuming that leakage flux is negligible, the total flux linkage is

r

A2 = Nig12 = N1o (4.23,
where
g = Njiy _ Njiy
R 1/(nA)

Substituting the expression for ¢ into Eq. 4.23 and dividing the result by’
i, the mutual inductance L3 is obtained. ‘

A
L1 = NiN» (B_)

l (4.24

It may be observed from Egs. 4.21 and 4.24 that L1 = L.

EXAMPLE 4.4

The magnetic circuit shown in Fig. 4.7 has the following dimensions: A =
12 cm? and I, = 50 cm. The magnetic core has a relative permeability u, =
20,000. The first coil has N1 = 500 turns and the second has N» = 1000 turng,

a. The first coil is supplied with a current i; 10 A, while the second
is left unenergized (open circuited). Calculate the self-inductance L of
coil 1 and the mutual inductance Ly; between the two coils.

The first coil is de-energized (i; = 0), while the second is connecte(
to a source from which it draws a current i, = 8 A. Calculate the self
inductance Ly, of coil 2 and the mutual inductance L, between the twi
coils.

Solution

a. The reluctance of the magnetic circuit is

le

R =
¢ WroAc

50 x 1072

= _ 3
(20,000)(47 X 10-7)(12 X 1074 16.58 x 10

The magnetic flux ¢; due to the current in coil 1 is found as follows:

_ Niip _ (500)(10)

~ 16.58 x 103

= 0.30 Wb

4)1 - Rc
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The flux linkages of the two coils are given by

A11 = Ni¢; = (500)(0.30) = 150 Wb-t
A21 = Nagy = (1000)(0.30) = 300 Wb-t

Therefore, the self-inductance of coil 1 is

Ly = Aii/ip = 150/10 = 15 H
The mutual inductance is given by
Ly = Ay /i =300/10 = 30 H

p. The magnetic flux ¢, due to the current in coil 2 is found as follows:

_ Naiz _ (1000)(8)

¢ R.  (16.58 x 103)

= 0.48 Wb

The flux linkages of the two coils are given by

A1z = Nig = (500)(0.48) = 240 Whb-t
Ay = Nagy = (1000)(0.48) = 480 Wb-t

Therefore, the self-inductance of coil 2 is
Ly = MAp/i, = 480/8 = 60 H
The mutual inductance is given by

Ly = Ap/ip = 240/8 = 30 H

DRILL PROBLEMS

D4.6 Find the inductance of the coil in the magnetic circuit of Problem D4.3.

g:z Calculate the inductance of the coil of the magnetic circuit of Problem

D48 In the magnetic circuit of Example 4.4, an air gap of length 0.5 mm is

Gtin the lower leg of the core. Find the self-inductances and mutual inductance
of the two coils.
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4.5 TRANSFORMERS

The transformer is an indispensable component of power systems. It is opg
of the main reasons for the widespread use of AC power systems. It makgg
possible electric power generation at the most economical voltage, transmissig,
and distribution at the most economical voltage levels, and power utilizatig,
at the most suitable voltage. The transformer is also used in measurements g
high voltages (potential transformers) and large currents (current transformers)
Other uses of transformers include impedance matching, insulating one circyj
from another, or insulating DC circuits from AC circuits.

A single-phase transformer basically consists of two or more windings coy,
pled by a magnetic core. When one of the windings (primary) is connected
an AC voltage source, a time-varying flux is produced in the core. This flux j
confined within the magnetic core, and it links the second winding. Thereforg,
a voltage is induced in the second winding (secondary). When an electricy|
load such as a resistor is connected to the secondary winding, a secondary
current flows.

A single-phase transformer is illustrated in Fig. 4.8. The primary winding
has N; turns and the secondary has N, turns. The voltages and currents ag
expressed in phasor form. In the following analysis, the capacitances of the
transformer windings are not included; they do become important at higher
frequencies.

4.5.1 Ideal Transformer

An ideal transformer is characterized by the following:

1. There is zero leakage flux. This implies that the fluxes produced
by the primary and secondary currents are confined within the core
This assumption was also made in magnetic circuit analysis (see Sec:
tion 4.2).

N Ny

FIGURE 4.8 A transformer circuit.

r
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2. The windings have no resistances. Therefore, the applied voltage v,
equals the induced primary voltage e;; that is, v; = ej. Similarly,
Vo = €9s

3, The core has infinite permeability. This implies that the reluctance of the
core is zero. Hence, negligible current is required to set up the magnetic
flux.

4. The magnetic core is lossless. Hysteresis and eddy current losses are,
therefore, negligible.

Let the mutual flux linking both windings be sinusoidal, that is,
¢bn = Opsinwt (4.25)

Then, according to Faraday’s law of electromagnetic induction, the induced
emfs may be expressed as

e = % = Nld—:lbtE = w®,N;coswt (4.26)
er = % = szi—;-btﬂ = w®,N; coswt (4.27)
The rms values of the induced voltages are
E| = LwCI)le = 4.44f D N, (4.28)
2 P
E; = LcudDPNz = 4.44f D N, (4.29)

5

where f = w/(2m) cycles per second or hertz.

The polarities of the induced voltages are given by Lenz’s law; that is, the
emfs produce currents that tend to oppose the flux change. The ratio of the
induced voltages is

5 M

E - N (4.30)
Where g is called the turns ratio. Since the transformer is ideal, the induced
Voltages are equal to their corresponding terminal voltages; that is, E; = W
and £, = V5. Hence,

Y_E

Vv, E,

(4.31)
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The assumption that the magnetic circuit of the ideal transformer is losslegg

r

implies that the mmfs produced by the windings balance or cancel each other;
that is, primary mmf equals secondary mmf. In terms of the winding currents
this may be expressed as

|

(4.32)
|

Equation 4.32 shows that the winding currents are in phase and that thej
magnitudes are related by

N1l = N2l

(4.33)

The primary voltage and current may be expressed in terms of their sec.
ondary counterparts as follows:

i =aWs (4.34)

I, = (Zl{)h (4.35)
Multiplying Eqs. 4.34 and 4.35 together yields

Vil = Wl (4.36)

Equation 4.36 states the power invariance law across the ideal transformer. In
other words, the power input to the transformer is equal to its power output.

Dividing Eq. 4.34 by Eq. 4.35 gives the secondary impedance referred to
the primary side.

i _a*
L= (4.37)
Z, = a*Z, (4.38)

The equivalent circuit of an ideal transformer is illustrated in Fig. 4.9, with
all quantities referred to the same side.

EXAMPLE 4.5

A 60-Hz ideal transformer is rated 220/110 V. An inductive load Z; = 10 +
j10 Q is connected across the low-voltage side at rated secondary voltage:
Calculate the following:
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I
V1@ Ey %Hi aEy aVy 221:a222
(a)
aly Iy +

+ +

TR

Zy =Ry +jXp

(®)

FIGURE 4.9  Equivalent circuit of an ideal transformer: (a) all iti i ide;
(b) all quantities referred to secondary side. (@) all quantites eferred to primary side:

b. Load impedance referred to the primary
¢. Power supplied by the source

Solution
a. The turns ratio is
a=W/V, =220/110 = 2
The primary and secondary currents are found as follows:

v,  110/0°

L=-%= = T.78 L4
2= 7 = o0~ T84 A
1
I, = <E>12 = (1/2)(7.78 /=45°) = 3.89 /—45° A

b. The load impedance referred to the primary side is
Zy = a*Z, = (2)*(10 + j10) = 40 + j40 Q

¢. The power supplied by the source is computed as follows:

P =P
P =P

Valycos6 = (110)(7.78)cos45° = 605 W
I3R, = (7.87)%(10) = 605 W




