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Preface

During the last fifty years, the field of Electrical Engineering has become very diversified and
is much broader in scope now than ever before. With emerging new topic areas, ranging from
microelectro-mechanics to light-wave technology, the number of Electrical Engineering courses
available to students has considerably increased. In order to keep pace with the progress in
technology, we must adopt to provide the students with fundamental knowledge in several
areas. Power System Engineering is one of such areas. This book describes the various topics in
power system engineering which are normally not available in a single volume.

To briefly review the content of this text, Chapter 1 provides an introduction to basic
concepts relating to structure of power system and few other important aspects. It is intended
to give an overview and covered in-depth.

Chapters 2 and 3 discuss the parameters of multicircuit transmission lines. These parameters
are computed for the balanced system on a per phase basis.

Chapter 4 addresses the steady-state and transient presentation and modeling of synchronous
machine.

Chapter 5 deals with modeling of components of power system. Also, the per unit system is
presented, followed by the single line diagram representation of the network.

Chapter 6 thoroughly covers transmission line modeling and the performance and
compensation of the transmission lines. This chapter provides the concept and tools necessary
for the preliminary transmission line design.

Chapters 7 presents comprehensive coverage of the load flow solution of power system
networks during normal operation. Commonly used iterative techniques for the solution of
nonlinear algebraic equation are discussed. Different approaches to the load flow solution are
described.

Chapters 8, 9 and 10 cover balanced and unbalanced fault analysis. The bus impedance
matrix by the Zpyg building algorithms is formulated and employed for the systematic
computation of bus voltages and line currents during faults. Symmetrical components technique
are also discussed that resolve the problem of an unbalanced circuit into a solution of number
of balanced circuits.

Chapter 11 discusses upon the concepts of various types of stability in power system. In
particular, the concept of transient stability is well illustrated through the equal area criterion.
Numerical solution for the swing equation is also defined.

Chapter 12 deals with AGC of isolated and interconnected power systems. Derivation of
governor and turbine models are presented. Both steady-state and dynamic analysis are
presented. Treatment of generation rate constraint in mathematical model is also discussed.
Multiunit AGC system is discussed.

Chapter 13 discusses the AGC in restructured environment. Block diagram representation
of AGC system in restructured enviornment is discussed and equivalent block diagram is
presented for easy understanding. Different case studies are presented.

Chapter 14 deals with corona loss of transmission lines. All mathematical derivations are
presented in detail and the factors affecting the corona are discussed.
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Chapter 15 deals with sag and tension analysis of transmission lines. Catenary and Parabolic
representation are presented. Effect of wind pressure and ice coating on conductors are considered
and mathematical derivations are presented.

Chapter 16 deals with optimal system operation. A rigorous treatment for thermal system
is presented. Gradient method for optimal dispatch solution is presented. Derivation of loss
formula is also presented.

Every concept and technique presented in each chapter is supported through several
examples. At the end of each chapter, unsolved problems with answers are given for further
practice. At the end a large number of objective type questions are added to help the students
to test himself/herself. As listed in the bibliography at the end of this book, several excellent text
are available which will help the reader to locate detailed information on various topic of his/
her interest. After reading the book, students should have a good perspective of power system
analysis.

The author wishes to thank his colleagues at I.I.T., Kharagpur, for their encouragement
and various useful suggestions.

My thanks are also due to New Age International (P) Limited, especially its editorial
and production teams for their utmost cooperation in bringing out the book on time.

Last, but not least, I thank my wife Shanta for her support, patience, and understanding
through the endeavour.

I welcome any constructive criticism and will be very grateful for any appraisal by the
reader.

DEBAPRIYA DAS
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Structure of Power Systems and
Few Other Aspects

1.1 POWER SYSTEMS

Generation, Transmission and Distribution systems are the main components of an electric
power system. Generating stations and distribution systems are connected through transmission
lines. Normally, transmission lines implies the bulk transfer of power by high-voltage links
between main load centres. On the other hand, distribution system is mainly responsible for the
conveyance of this power to the consumers by means of lower voltage networks. Electric power
is generated in the range of 11 kV to 25 kV, which is increased by stepped up transformers to
the main transmission voltage. At sub-stations, the connection between various components
are made, for example, lines and transformers and switching of these components is carried out.
Transmission level voltages are in the range of 66 kV to 400 kV (or higher). Large amounts of
power are transmitted from the generating stations to the load centres at 220 kV or higher. In
USA it is at 345 kV, 500 kV and 765 kV and Britain, it is at 275 kV and 400 kV. The network
formed by these very high voltage lines is sometimes called as the supergrid. This grid, in turn,
feeds a sub-transmission network operating at 132 kV or less. In our country, networks operate
at 132 kV, 66 kV, 33 kV, 11 kV or 6.6 kV and supply the final consumer feeders at 400 volt three
phase, giving 230 volt per phase.

Figure 1.1 shows the schematic diagram of a power supply network. The power supply
network can be divided into two parts, i.e., transmission and distribution systems. The
transmission system may be divided into primary and secondary (sub-transmission) transmission
system. Distribution system can be divided into primary and secondary distribution system.
Most of the distribution networks operate radially for less short circuit current and better
protective coordination.

Distribution networks are different than transmission networks in many ways, quite apart
from voltage magnitude. The general structure or topology of the distribution system is different
and the number of branches and sources is much higher. A typical distribution system
consists of a step-down transformer (e.g., 132/11 kV or 66/11 kV or 33/11 kV) at a bulk supply
point feeding a number of lines with varying length from a few hundred meters to several
kilometers. Several three-phase step-down transformers, e.g., 11 kV/400 V are spaced along the
feeders and from these, three-phase four-wire networks of consumers are supplied which give
230 volt single-phase supply to houses and similar loads. Figure 1.3 shows a typical distribution
system.
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Figure 1.2 shows part of a typical power system.

Large generators—thermal,
hydro, nuclear

T Step-up transformer

Transmission system
400 kV >
200 kV Tie-line to
other systems

Step-down

transformer _ _
Large industrial
Sub-transmission system [————» _<onsumers

S e TV BT

66 kV

Small local
kL independent power
Step-down producers
"T‘ transformer
Medium Large

Primary distribution system ———® consumers

@_BE_ 33kV _BE_@ Small

11 kv embedded generators
e.g. wind generators

Secondary distribution system
400 V

Vo

Small Consumers (400 V three phase or 230 V per phase)

Fig. 1.1: Schematic diagram of a power supply system.
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? f ? ? Step-up generator
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Load

E—» To rest
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Circuit
breaker

{1 Load
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Embedded
generation
Step-down
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To Loads

Fig. 1.2: Part of a power system.
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Sub-transmission System
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g; |;r\:| circuit breaker g; a;
3 Pole mounted {1
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point

/
% )
To secondary

E-CQ: & distribution
o0 kL o

& system
Normally

open tie-switch =f Three-phase
= Single-phase

Fig. 1.3: Typical distribution system.

1.2 REASONS FOR INTERCONNECTION

Generating stations and distribution systems are connected through transmission lines. The
transmission system of a particular area (e.g., state) is known as a grid. Different grids are
interconnected through tie-lines to form a regional grid (also called power pools). Different
regional grids are further connected to form a national grid. Cooperative assistance is one of the
planned benefits of interconnected operation. Interconnected operation is always economical
and reliable. Generating stations having large MW capacity are available to provide base or
intermediate load. These generating stations must be interconnected so that they feed into the
general system but not into a particular load. Economic advantage of interconnection is to
reduce the reserve generation capacity in each area. If there is sudden increase of load or loss
of generation in one area, it is possible to borrow power from adjoining interconnected areas. To
meet sudden increases in load, a certain amount of generating capacity (in each area) known as
the “spinning reserve” is required. This consists of generators running at normal speed and
ready to supply power instantaneously.

It is always better to keep gas turbines and hydro generators as “spinning reserve”. Gas
turbines can be started and loaded in 3 minutes or less. Hydro units can be even quicker. It is
more economical to have certain generating stations serving only this function than to have
each station carrying its own spinning reserve. Interconnected operation also gives the flexibility
to meet unexpected emergency loads.

1.3 LOAD CHARACTERISTICS

Total load demand of an area depends upon its population and the living standards of people.
General nature of load is characterized by the load factor, demand factor, diversity factor,
power factor and utilization factor. In general, the types of load can be divided into the following
categories: (1) Domestic (2) Commercial (3) Industrial (4) Agriculture.
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Domestic Load: Domestic load mainly consists of lights, fans, refrigerators, airconditioners,
mixer, grinders, heaters, ovens, small pumping motors etc.

Commercial Load: Commercial load mainly consists of lighting for shops, offices,
advertisements etc., fans, heating, airconditioning and many other electrical appliances used in
commercial establishments such as market places, restaurants etc.

Industrial Loads: Industrial loads consists of small-scale industries, medium-scale
industries, large-scale industries, heavy industries and cottage industries.

Agriculture Loads: This type of load is mainly motor pump-sets load for irrigation purposes.
Load factor for this load is very small, e.g., 0.15-0.20.

1.4 POWER FACTOR OF VARIOUS EQUIPMENTS

Total kVA (or MVA) demand depends on the power factor of various equipments and lagging
power factor of some of the equipments are tabulated below:

Induction motors : 0.6-0.85
Fractional HP motors 0.5-0.80
Fluorescent lamps : 0.55-0.90
Neon signs : 0.40-0.50
Fans : 0.55-0.85
Induction furnaces : 0.70-0.85
Arc welders : 0.35—-0.55

1.5 BASIC DEFINITIONS OF COMMONLY USED TERMS

Connected Load: Each electrical device has its rated capacity. The sum of the continuous
ratings of all the electrical devices connected to the supply system is known as connected load.

Demand: The demand of an installation or system is the load at the receiving terminals
averaged over a specified interval of time. Here, the load may be given in kW, kVA, kiloamperes,
or amperes.

Demand Interval: It is the time period over which the average load is computed. The time
period may be 30 minute, 60 minute or even longer.

Maximum Demand: The maximum demand of an installation or system is the greatest of
all demands which have occurred during the specified period of time. Maximum demand
statement must express the demand interval used to measure it. For example, the specific
demand might be the maximum of all demands such as daily, weekly, monthly or annual.

Coincident Demand (or Diversified Demand): It is the demand of composite group, as
a whole, of somewhat unrelated loads over a specified period of time. It is the maximum sum of
the contributions of the individual demands to the diversified demand over a specific time
interval.

Noncoincident Demand: It is the sum of the demands of a group of loads with no
restrictions on the interval to which each demand is applicable.

Demand Factor: It is the ratio of the maximum demand of a system to the total connected
load of the system. Thus, the demand factor (DF) is given as:

Maximum demand

DF .. (1.1)

~ Total connected load
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The demand factor is usually less than 1.0. Demand factor gives an indication of the simultaneous
operation of the total connected load. Demand factor can also be found for a part of the system,
for example, an industrial or commercial or domestic consumer, instead or the whole system.

Utilization Factor: It is the ratio of the maximum demand of a system to the rated
capacity of the system. Thus, the utilization factor (UF) is

_ Maximum demand of the system

vr= Rated system capacity -(1.2)

The rated capacity of the system may be selected to be the smaller of thermal-or voltage drop
capacity. The utilization factor can also be obtained for a part of the system.

Plant Factor: Also known as capacity factor or use factor. It is the ratio of the total actual
energy produced over a specified period of time to the energy that would have been produced
if the plant (or generating units) had operated continuously at maximum rating. Therefore, the
plant factor is,

Actual energy produced

Plant Factor = Maximum plant rating x7T -(1.3)

Plant factor is mostly used in generation studies. It is also given as,

Actual energy generation

Annual Plant Factor ..(1.4)

Maximum plant rating

Actual annual energy generation

or Annual Plant Factor ..(1.5)

Maximum plant rating x 8760

Diversity Factor: It is the ratio of the sum of the individual maximum demands of the
various subdivisions or groups or consumers to the maximum demand of the whole system.
Therefore, the diversity factor (FD) is given as

Sum of individual maximum demand

Coincident maximum demand ..(1.6)
n
2P
. FD= "~ (L)

where

P.

. = maximum demand of load i

P, = coincident maximum demand of group of n loads.

The diversity factor can be equal or greater than unity. From eqn. (1.1), the demand
factor is

Maximum demand

DF= Total connected load

Maximum demand = Total connected load X DF ...(1.8)
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For i-th consumer, let us assume, total connected load = TCP; and demand factor = DF;.
Therefore, eqn.(1.8) can be written as:

P, =TCP, x DF, ...(1.9)
From eqns. (1.7) and (1.9), we get

n
Y TCP,DF,

FD=%521L— ..(1.10
5 (1.10

C

Coincidence Factor: It is the ratio of the maximum coincident total demand of a group of
consumers to the sum of the maximum power demands of individual consumers comprising the
group both taken at the same point of supply for the same time. Therefore, coincidence factor

(CF) is

Coincident maximum demand

Cr= Sum of individual maximum demands +(1.11)
PC
o CF="% — (1.12)
P,
i=1
From eqns. (1.12) and (1.7), we get
CF= 75 (1.13)
~ FD (1.

Thus, the coincidence factor is the reciprocal of the diversity factor.
Load Diversity: It is the difference between the sum of the peaks of two or more individual
loads and the peak of the combined load. Therefore load diversity (LD) is defined as

LD = [ZR]— P, .(1.14)
i=1

Contribution Factor: It is given in per unit of the individual maximum demand of the
i-th load. If C; is the contribution factor of the i-th load to the group of maximum demand,
Then,

P.=C,xP+CyxPy+..+C,XP,

P = ECiPi ..(1.15)

CF= ...(1.16)
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Case-1:
If pP=P,=P,=..=P, =P
Then

n n
PxYC NG
CF= =1 A (1.17)
Pxn n

That is, the coincident factor is equal to the average contribution factor.
Case-2:

If C,=Cy=Cy=..=C,=C,
Then
n
CxZPi
CF=—=—=¢ (1.18)
2P
i=1

That is, coincidence factor is equal to the contribution factor.

Load Factor: It is the ratio of the average load over a designated period of time to the peak
load occurring on that period.

Therefore, the load factor (LF) is defined as:

Average load

LF = " Poak load .. (1.19)
or
_ Average load xT
LE= "ok load x T
LF= Energy served (1.20)

Peak load xT

where T = time, in days, weeks, months or years. If T'is large, LF is small. The reason for this
is that for the same maximum demand, the energy consumption covers a larger time period and
results in a smaller average load. Load factor is less than or equal to unity. Annual load factor
is defined as:

Total annual energy
Annual peak load x 8760

Annual Load Factor = ..(1.21)

Loss Factor: It is the ratio of the average power loss to the peak-load power loss during a
specified period of time. Therefore, the loss factor (LLF) is defined as:

Average power loss

LLF = ..(1.22)

Power loss at peak load

Equation (1.22) is applicable for the copper losses of the system but not for iron losses.
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Example 1.1: A power station supplies the load as tabulated below:

Time Load
(hours) (MW)
6 AM -8 AM 1.2
8 AM -9 AM 2.0
9 AM — 12 Noon 3.0
12 Noon — 2 PM 1.50
2 PM -6 PM 2.50
6 PM — 8 PM 1.80
8 PM - 9 PM 2.0
9PM - 11 PM 1.0
11 PM -5 AM 0.50
5AM -6 AM 0.80

(a) Plot the load curve and find out the load factor.

(b) Determine the proper number and size of generating units to supply this load.
(¢) Find the reserve capacity of the plant and plant factor.

(d) Find out the operating schedule of the generating units selected.

Solution:
(a) Figure 1.4 show the plot of load curve

3.0
2.0
MW)
T
r
6 10 2 6 10 2 6
AM AM PM PM PM AM AM

—— Time (hours)

Fig. 1.4: Load curve of Ex-1.1.

Units generated during 24 hours
=2Xx12+1x2+3%x3+2%x15+4x25+2x1.8+1x%x2
+2%x1+6x0.5+1x0.8) MWhr.
= 37.80 MWhr

Units generated

Average load = - ;
verag Time in hours

37.80
Average load = “on = 1.575 MW.
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Load factor,

IF = Average load
"~ Maximum load

Maximum load = 3 MW

1575
= T3 =0.525

(b) Maximum demand = 3 MW. Therefore, 4 generating units of rating 1.0 MW each may be
selected. During the period of maximum demand 3 units will operate and 1 unit will remain as
stand by.

(c¢) Plant capacity = 4 X 1.0 = 4.0 MW
Reserve capacity =4 — 3 =1 MW
From eqn. (1.3),

Actual energy produced

Flant Factor = Maximum plant rating xT

Actual energy produced = 37.80 MWhr
Maximum plant rating = 4 MW
Time duration 7' = 24 hours

37.80

—— =0.39375.
4x24

Plant Factor =

(d) Operating schedule will be as follows:
One generating unit of 1 MW:— 24 hours
Second generating unit of 1 MW:— 6 AM — 9 PM (15 hours)
Third generating unit of 1 MW:— 9 AM — 12 Noon
2 PM - 6 PM
(7 hours)

Example 1.2: A generating station has a maximum demand of 80 MW and a connected load of
150 MW. If MWhr generated in a year are 400 x 10°, calculate (a) load factor (b) demand factor.

Solution:
Maximum demand = 80 MW
Connected load = 150 MW
Units generated in one year = 400 x10> MWhr
Total number of hours in a year T = 8760

3
Average load = 400107 =45.662 MW
8760

Average load

Load factor, LF= Maximum load

45.662
F=

=0.57
80
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Demand factor,

Maximum demand

DF = Connected load
DF = & =0.533
150

Example 1.3: A sample distribution system is shown in Fig. 1.5. One of the feeders supplies an
industrial load with a peak of 2 MW and the other supplies residential loads with a peak of 2
MW. Combined peak demand is 8 MW. Determine (a) the diversity factor of the load connected
to transformer (b) the load diversity of the load connected to transformer. (c) the coincidence
factor of the load connected to transformer.

Transformer kL

Sub-transmission

Distribution
T sub-station
%I %I Primary
feeders
[\ J

Reserved for
future loads

Industrial Residential
load load

Fig. 1.5: Sample distribution system of Ex-1.3.

Solution:
(@) From eqn.(1.7), diversity factor is

n n=2
P P.
FD:Igi l gl:(PﬁPﬁ
PC PC PC

P, =2MW, P, =2 MW and P, = 3 MW

_@2+2)
= =

FD 1.33

(b) From eqn. (1.14), load diversity is,

LD = [EPJ—PC

n=2 P, =P,=2MW, P,=3 MW
LD=FP+P)—P,=(2+2)-3
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. LD=1MW

(¢) From eqn.(1.13), coincidence factor is,
11
FD 133
CF = 0.75.

CF =

1.6 RELATIONSHIP BETWEEN LOAD FACTOR (LF) AND
LOSS FACTOR (LLF)

In general, loss factor can not be determined from load factor. However, the limiting values of
the relationship can be established. Fig. 1.6 shows an arbitrary and idealized load curve and it
does not represent a daily load curve.

A
Peak load
P2 — —
e)
®
o
-
T Pag f========== = m e m e Average load
Off-peak load
P e ___
1 . :
! |
! I
! 1
! |
7 Peak loss I !
3 LZ — —
T Lyg ===~ Average loss
Ly === \ '
! i .
o t T — Time

Fig.1.6: Idealized load curve.

Assume that at peak load P,, loss is L, and at off-peak load P, loss is L.
The load factor is,

LF=—=—F— .. (1.23)

From Fig.1.6,
_ Pyxt+ Py x(T-1)
Pavg - T
From eqns. (1.23) and (1.24), we obtain

..(1.24)
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P, xt+ P, x(T -t
LF=—2 1 X'~

P, xT
or
_t_ h (Tt
LF = T + P, x| 77 ...(1.25)
The loss factor is
L
LLF= % = =% ..(1.26)
Lmax L2
where
L, .. = maximum power loss = L,
L,,, = average power loss.
From Fig. 1.6, we obtain
_ Loxt+ Ly x(T-1)
Loy, = T .(1.27)
From eqns. (1.26) and (1.27), we get
Lo xt+ Ly x(T-1)

where
t = peak load duration
(T - t) = off-peak load duration.

The copper losses are the function of associated loads. Therefore, the loss at off-peak and
peak load can be expressed as:

L,=Kx p? ...(1.29)
Ly=Kx p} ...(1.30)
From eqns. (1.28), (1.29) and (1.30), we get,
i (B (1
LLF = T+ P, T ...(1.31)

By using eqns. (1.25) and (1.31), the load factor can be related to loss factor for three
different cases:

Case-1: Off-peak load is zero.

Here, P, = 0 and L, = 0, therefore, from eqns. (1.25) and (1.31), we have

¢
LF=LLF = T ...(1.32)

That is load factor is equal to loss factor and they are equal to ¢/T constant.
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Case-2: Very short lasting peak.
Here, t >0
Hence in eqns.(1.25) and (1.31),

T-t
T — 1.0

Therefore,

LLF — (LF)* ...(1.33)
Case-3: Load is steady
Here, t 5T

That is the difference between peak load and off-peak load is negligible. Thus from eqns.
(1.25) and (1.31),

LLF — LF ...(1.34)
Therefore, in general, the value of the loss factor is
(LF?><LLF<LF ...(1.35)

Therefore, the loss factor cannot be determined directly from the load factor. However, an
approximate formula to relate the loss factor to the load factor as:

LLF = 0.3LF + 0.7(LF)* ...(1.36)

1.7 LOAD GROWTH

Load growth is the most important factor influencing the expansion of distribution system.
Forcasting of load increases is essential to the planning process. If the load growth rate is
known, the load at the end of the m-th year is given by

P =P,1+ g™ ..(1.37)
where

P, =load at the end of the m-th year.

P, = initial load (load at the base year)
g = annual load growth rate

m = number of years.

1.8 MULTIPHASE SYSTEMS

Three-phase system is universally used. However, attention has been given in recent years to
the use of more than three phases for power transmission purposes. In particular, six and
twelve phase systems have been studied. Advantages of six and twelve phase systems relative
to three phase systems are as follows:

1. Thermal loading capacity of lines is more.

2. Corona effects is less because for a given conductor size and tower configuration the stress
on the conductor surface decreases with the number of phases.

3. The higher the number of phases, the smaller the line-to-line voltage becomes relative to
the phase voltage, resulting in increased utilization of rights of way because of less phase-
to-phase insulation requirement.
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4. Existing double-circuit lines (two three-phase circuits on each tower) could be converted to
single circuit six-phase lines. It is always advantageous to describe multiphase systems in
terms of the phase voltage rather than line-to-line, as in the case for three-phase systems.
The transmission efficiency is higher.

A six-phase supply can be obtained by suitable arrangement of the secondary windings of
a three phase transformer. Figure 1.7 shows the transformer connections and phasor diagram.

The windings on the three limbs of the transformer are centre-tapped with the taps mutually
connected.

(a) (b)

Fig.1.7: Six-phase system (a) transformer connection (b) phasor diagram.

From Fig. 1.7(b)

Vat = Van = Vi = Vi ...(1.38)
Therefore for six-phase system line-to-line voltage is equal to the phase voltage in magnitude.

Example 1.4: A sub-station supplies power to four feeders. Feeder-A supplies six consumers
whose individual daily maximum demands are 70 KW, 90 KW, 20 KW, 50 KW, 10 KW and
20 KW, while maximum demand on the feeder is 200 KW. Feeder-B supplies four consumers
whose daily maximum demands are 60 KW, 40 KW, 70 KW and 30 KW while maximum demand
on feeder-B is 160 KW. Feeders C and D have a daily maximum demand of 150 KW and 200 KW
respectively, while the maximum demand on the station is 600 KW.

Determine the diversity factor for consumers of feeder-A and B and for the four feeders.

Solution:
From eqn.(1.6), diversity factor 1is,

Sum of individual maximum demands

Coincident maximum demands
For feeder-A, Coincident maximum demand = 200 KW

FD. = (70+90+20+50+10+20) 13
AT 200 o
For feeder-B
D, = (60+40+70+30) 195
B 160 o
Diversity factor for the four feeders,
(200 +160 + 150 + 200)
FD = =1.183

600
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1.9 DISADVANTAGES OF LOW POWER FACTOR

For a three-phase balanced system, if load is P;, terminal voltage is V and power factor is cos ¢,
then load current is given by

ie.,
1.

I = - (1.38)
L= TV cost -G

If P;, and V are constant, the load current [j, is inversely proportional to the power factor,
if cos ¢ is low, I}, is large. The poor power factor of the system has following disadvantages:

Rating of generators and transformers are inversely proportional to the power factor.
Thus, generators and transformers are required to deliver same load (real power) at low
power factor. Hence, system kVA or MVA supply will increase.

. At low power factor, the transmission lines, feeders or cable have to carry more current for

the same power to be transmitted. Thus, conductor size will increase, if current density in
the line is to be kept constant. Therefore, more copper is required for transmission line,
feeders and cables to deliver the same load but at low power factor.

Power loss is proportional to the square of the current and hence inversely proportional to
the square of the power factor. More power losses incur at low power factor and hence poor
efficiency.

Low lagging power factor results in large voltage drop which results in poor voltage
regulation. Hence, additional regulating equipment is required to keep the voltage drop
within permissible limits.

Electric utilities insist the industrial consumers to maintain a power factor 0.80 or above.

The power tariffs are devised to penalize the consumers with low lagging power factor and force
them to install power factor correction devices for example shunt capacitors.

1.10 VARIOUS CAUSES OF LOW POWER FACTOR

1.

2.

Most of the induction motors operate at lagging power factor. The power factor of these
motor falls with the decrease of load.

Occurrence of increased supply mains voltage during low load periods, the magnetizing
current of inductive reactances increase and power factor of the electrical plant as a whole
comes down.

Very low lagging power factor of agriculture motor pump-set.

Arc lamps, electric discharge lamps and some other electric equipments operate at low
power factor.

. Arc and induction furnaces operate on very low lagging power factor.

The average power factors of some of the electrical equipments are given in Section-1.4.

Example 1.5: Peak demand of a generating station is 90 MW and load factor is 0.60. The plant
capacity factor and plant use factor are 0.50 and 0.80 respectively. Determine (a) daily energy
produced (b) installed capacity of plant (c) reserve capacity of plant (d) utilization factor.

Solution:

(a) Maximum demand = 90 MW
Load factor = 0.60
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Average demand = (Maximum demand) x (Load factor)

Average demand = 90 X 0.60 = 54 MW.
Daily energy produced = (Average demand) x 24
=54 x 24 = 1296 MWhr.

(b) From eqn. (1.3),

Actual energy produced

Plant factor = Maximum plant rating x T'

Plant factor = 0.50
Actual energy produced = 1296 MWhr.

1296
Maximum plant rating = 050 x 24 =108 MW

Installed capacity = 108 MW.

() Reserve capacity = (Installed capacity) — (Peak demand)
Reserve capacity = (108 — 90) = 18 MW.

(d) From eqn.(1.2), utilization factor is,

_ Maximum demand of the system

UF= Rated system capacity
UF = 108 0.833.
EXERCISE-1
1.1 Load duration data of a system are given below:
Load (MW) Duration (hours)

2.0 8760
4.0 7000
6.0 4380
8.0 2628

10.0 1752

12.0 876

15.0 87

Plot the load duration curve and determine the load factor. Ans: 0.39

1.2 A power plant has a peak demand of 15 MW, load factor is 0.70, plant capacity factor is 0.525 and
a plant use factor of 0.85. Determine (a) daily energy produced (b) reserve capacity of the plant
(c) the maximum energy that could be produced daily if the plant operating schedule is fully loaded
when in operation.

Ans: (a) 252 MWhr (b) 5 MW (¢) 296.47 MWhr.
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A generating station has peak demand of 120 MW and its connected load is 200 MW. The energy
produced annually is 4 X 10> MWhr. Determine (a) load factor (b) demand factor

Ans. (a) 0.38 (b) 0.60.
A power plant has to meet the following load demand:
Load A: 100 MW from 8 AM — 6 PM
Load B: 150 MW from 6 AM — 10 AM
Load C: 50 MW from 6 AM — 10 AM
Load D: 20 MW from 10 AM - 6 AM
Plot the daily load curve and determine (a) diversity factor (b) load factor (c) daily energy produced.
Ans: (a) 1.067 (b) 0.439 (¢) 3160 MWhr.
From a load duration curve, following data are available:

Maximum demand on the system is 40 MW. The load supplied by the two generating units is 28
MW and 20 MW. Unit no. 1 is the base unit and works for all the time. Unit no. 2 is peak load unit
and works only for 40% of the time. The energy produced annually by unit 1 is 2 x 10® units and
that by unit 2 is 15 % 168 units. Find the (a) load factor (b) plant capacity factor (c) plant use factor
of both the units. Also (d) determine the load factor of the total plant.

Ans: (@) 0.815, 0.356 (b) 0.815, 0.856 (c) 0.815, 0.214 (d) 0.613



Resistance and Inductance of
Transmission Lines

2.1 INTRODUCTION

Power system engineering is that branch of Electrical Engineering which concerns itself with
the technology of generation, transmission and distribution of electrical energy. The power
system growing into a vast and complex system represents one of the most vital systems in
every modern nation. The basic purpose of a transmission network is to transfer electric energy
from generating units at various locations to the distribution system which ultimately supplies
the load. Transmission line also interconnect neighbouring power utilities which allows not
only economic dispatch of electrical power within regions during normal conditions, but also
transfer of power between regions during emergencies.

An overhead transmission line consists of a group of conductors running parallel to each
other and carried on supports which provide insulation between the different conductors and
between each conductor and earth. A transmission line has four parameters—resistance,
inductance, capacitance and shunt conductance. The shunt conductance accounts for leakage
currents flowing across insulators and ionized pathways in the air. The leakage currents are
negligible as compared to the current flowing in the transmission lines. The series resistance
causes a real power loss in the conductor. The resistance of the conductor is very important in
transmission efficiency evaluation and economic studies. The power transmission capacity of
the transmission line is mainly governed by the series inductance. The shunt capacitance
causes a charging current to flow in the line and assumes importance for medium and long
transmission lines. These parameters are uniformly distributed throughout but can be lumped
for the purpose of analysis on approximate basis.

2.2 LINE RESISTANCE

The dc resistance of a solid round conductor is given by

p-l
Ry, = (2.1
de A ( )
where p = resistivity of conductor

[ = length of conductor

A = cross sectional area of conductor
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The conductor resistance is affected by three factors: frequency, spiraling, and temperature.

The dc resistance of a stranded conductor is greater than the value given by eqn. (1.1)
because spiralling of the strands makes them longer than the conductor itself. The increase in
resistance due to spiralling is around 1% for three strand conductors and about 2% for
concentrically stranded conductors.

When an alternating current flows through a conductor, the current distribution is not
uniform over the conductor cross-sectional area and the degree of non-uniformity increases
with increase in frequency. The current density is greatest at the surface of the conductor. This
causes the ac resistance to be somewhat higher than the dc resistance. This effect is known as
skin effect. The ac resistance is usually referred as the effective resistance of the conductor.

The conductor resistance increases with the increase of temperature. Since the value of p
is given at a specific temperature and the line operates at higher temperature, the actual
resistance is higher than the value found in eqn. (2.1). For small changes in temperature, the
resistance increases linearly as temperature increases and the resistance at a temperature 7T'is
given by

Ry=R(1+a, 7 ..(2.2)
where Ry = resistance at T°C
R, = resistance at 0°C

0, = temperature coefficient of resistance at 0°C.

By using eqn. (2.2), the resistance R, at a temperature 7,°C can be found if the resistance
R, at a temperature T',°C is known, i.e.

By, _ T +1oy, (2.3)
Rl Tl + 1/(10
For aluminium l/o, = 228

0

2.3 INDUCTANCE—BASIC CONCEPTS

From our basic understanding of electromagnetic field theory, we know that a conductor
carrying current has a magnetic field around it. The magnetic lines of force are concentric
circles having their centres at the centre of the conductor and are arranged in planes
perpendicular to the conductor.
The voltage induced in a conductor is given by
dy

E= ar volt ...(2.4)

where y represents the flux linkages of the conductor in Wh-Turns. Eqn. (2.4) can be written in
the form

dy di di
=—.—=L-—
di dt dt +(2:5)
ay . : :
when L = 2 s the inductance in Henrys.

In a linear magnetic circuit, flux linkages vary linearly with the current such that the
inductance remains constant and is given by
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L= % Henry

or v=1L ...(2.6)
If the current is alternating, eqn. (2.6) can be written as
A=LI ..(2.7)
where A and I are the rms values of flux linkages and current respectively.

Making use of Ampere’s law which relates magnetic field intensity H to the current I, oseq-
§H dl = Ienclosed "'<2‘8)

The flux density (wb/mt?) is given by
B=u-H ...(2.9)
where u =1, 1,. W, =41 x 107" Henry/mt is the permeability of free space and y, is the relative
permeability.
One can obtain the flux linked with the circuit by integrating the flux density over any

surface bounded by the conductors composing the circuit. Then using eqn. (2.6), the inductance
can be computed.

Replacing 4 in eqn. (1.4) by jw, the steady state ac voltage drop due to alternating flux
t

linkages can be obtained as
V=jwLI = jw\ ...(2.10)

Similarly, the mutual inductance between two circuits is defined as the flux linkages of one
circuit due to current in the second circuit, i.e.,

M,, = % Henry ..(2.11)
1

The voltage drop in circuit 2 due to current in circuit 1 is given by
V2 :]LU M21 ‘ Il :]wal VOltS ...(2.12)

The concept of mutual inductance is required while considering the coupling between
parallel lines and the effect of power lines on telephone lines.

2.4 INDUCTANCE OF A SINGLE CONDUCTOR

Transmission lines are composed of parallel conductors and can be assumed as infinitely long.
First we will develop expressions for flux linkages of an isolated current carrying cylindrical
conductor with return path lying at infinity. This will form a single turn circuit and magnetic
flux lines are concentric closed circles with direction given by the right-hand rule. To calculate
the inductance of a conductor, it is necessary to consider the flux inside the conductor as well
as the external flux. This division is helpful as the internal flux progressively links a smaller
amount of current as we proceed inwards towards the centre of the conductor and the external
flux always links the total current inside the conductor.
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2.4.1 Internal Inductance

Figure 2.1 shows the cross-section of a long cylindrical
conductor of radius r carrying a sinusoidal current of rms
value I.

The mmf round a concentric closed circular path of
radius x internal to the conductor as shown in Fig. 2.1 is

$H, dl =1, (2.13)

where H_ = magnetic field intensity
(AT/m) at a distance x
meters from the centre of
the conductor.

Fig. 2.1: Flux linkages of a long
) round conductor.
I, = current enclosed (Amp) upto distance x.

Since the field is symmetrical, H, is constant for all points equidistant from the centre.
Therefore, from eqn. (2.13), we have

2 H, = I, ..(2.149)
Neglecting skin effect and assuming uniform current density we have

NN
N

From eqns. (1.14) and (1.15) we obtain,
_ Ix

X onr?

AT/m ...(2.16)

For a nonmagnetic conductor with constant permeability |, the magnetic flux density B,
at a distance x from the centre is

wo 1
T 2nr?
where |, is the permeability of free space (or air) and is equal to 47 x 10" H/m.
The differential flux d¢, for a small region of thickness dx and one meter length of the
conductor is

B,=p, - H, x (2.17)

Mo - I
o2nr?

The flux do¢, links only the fraction of the conductor. Therefore, on the assumption of
uniform current density, only the fractional turn (mx?*nr?) of the total current is linked by the
flux, i.e.

do,=B, dx-1= X dx ...(2.18)

2
x Mo I 3
= | = |doy = ——x"dx
d, = [rz) ¢ Y- ..(2.19)
Integrating from o to r, we get the total internal flux linkages as
el I
Ao = | o= a’dx = L;Ln Wh-T/m ..(2.20)

2nr
(o]
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-7
. = AEX10T o e
8n
e 1 o
or L, = ?t =5 %10 " Him ..(2.21)

Note that L, is independent of the radius of the conductor.

2.5 INDUCTANCE DUE TO EXTERNAL FLUX LINKAGE

L m——

Figure 2.2 shows two points P and @ at distances D; and e >

D, from a conductor which carries a current of I Amperes. 0 ,__:\::\\\
Since the magnetic lines of flux are concentric circles around / 7 - \i \\\‘ \
the conductor, whole of the flux between points P and @ ':' ! Or \J?\—dx
lies within the concentric cylindrical surfaces which pass ' ' @X '}",‘ ,",:_
through these points. The field intensity at a distance x is \\ \\ D, /,’/,’ J
\ Seeo T UNG S
H, = L atm 222 M
X ST
and Flux density Fig. 2.2: Flux linkages between two
1 external points P, Q.
B, = Lot Whm? .(2.23)
2nx

The flux outside the conductors links the entire current I and hence the flux linkage dA, is
numerically equal to the flux d¢,. The flux d¢, for a small region of thickness dx and one meter
length of the conductor is given by

dh,=do,=B, - dx-1= };"—.Idx Whb/m length of the conductor

X

..(2.24)

Therefore, the total flux linkages of the conductor due to flux between points P and  is
LJZ wl, wl.(D,
= —dx = —2—In| —= ! .2
Apq * ome X o n( D, Wb—T/m (2.25)
1

The inductance between two points external the conductor is then

A
Loy = 2 _ Koy Dy | v/
1 2n D,
- 7| Dy
L.,.=2x%x10 ln(—) H/m ...(2.26)
D,

2.6 INDUCTANCE OF A SINGLE PHASE TWO WIRE LINE

Figure 2.3 shows a single phase line consisting of two solid round conductors of radius r; and
ro spaced distance D apart. The conductor carry equal currents but in the opposite directions.
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These currents set up magnetic field lines that links between the conductors as shown in
Fig. 2.3.

Inductance of conductor 1 due to internal flux L® _ . LO
is given by eqn. (2.21). As a simplifying assumption LTI \\\ ~ // ///,:::\\
we can assume that all the external flux set up by I/'I/ RN P =N
current in conductor 1 links all the current upto L A A @ i
the centre of conductor 2 and that the flux beyond AN /' A RN // /
the centre of conductor 2 does not link any current. N :I:/// ,'I \\ \\\: N I:/,
This assumption gives quite accurate results ¢ “—D —>,
especially when D is much greater than r; and r,. ' I
Thus, to obtain the inductance of conductor 1 due Fig. 2.3: Single phase two wire lines.

to the external flux linkage, substituting D; = ry
and Dy, = D in eqn. (2.26).

Ll(ext) =2x10"1n (2) H/m (227)
A

The total inductance of conductor 1 is then
Ll = Lint + Ll(ext)

L, = L 107 +2x107 2
2 n

2 x 10‘7& +1n 2)

n

1
2x107 | In et +1n2

n
_ -7 D
re
D
=0.4605 log | — | mH/km ...(2.29)
n
where ri=mn e™V4=0.7788 r

The radius r{ is the radius of a fictious conductor which has no internal inductance but has

the same total inductance as the actual conductor.
Similarly, the inductance of conductor 2 is

D
L, =0.4605 log(—,) mH/km ...(2.30)
"2

The total inductance of the circuit is
L=L+1L,
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=0.921 log mH/km ...(2.31)
"
If the two conductors are identical, i.e.,
r, =1, =71, then
D
L =0.921 log m mH/km ...(2.32)

Eqn. (2.32) gives the inductance of a two wire line in which one conductor acts as a return
conductor for the other. This is known as loop inductance.
From eqn. (2.29), the inductance of conductor 1 can be written as:

L, = (0.4605 logl, + 0.4605 log ?) mH/km .(2.33)
r

Similarly, the inductance of conductor 2,
_ 1 D
L,=04605 log = + 0.4605 log T mH/km ...(2.34)
r

As both the conductors are identical, hence we can write L; = L, = L. Therefore, inductance
per phase per km length of the line is given by

L= (0.4605 1ogl, +0.4605 log ?) mH/km ...(2.35)
r

From eqn. (2.35), it is clear that the first term is only a function of the fictious radius of the
conductor. The first term of eqn. (2.35) can be defined as the inductance due to both the internal
flux and that external to conductor 1 to a radius of 1 mt. The second term of eqn. (2.35) is
dependent only upon the conductor spacing and this is known as inductance spacing factor.

2.7 SELF AND MUTUAL INDUCTANCES

The inductance per phase for the single-phase two wire line (Fig. 2.3) can also be expressed in
terms of self inductance of each conductor and their mutual inductances. Let us consider the
single phase circuit represented by two coils characterized by the self inductances L;; and Lo,
and the mutual inductance M;,.

Figure 2.4 shows the single-phase line viewed as two

. . . . . 1
magnetically coupled coils and the magnetic polarity is —m

shown by dot symbols. ° T
The flux linkages A; and A, can be written as: M, =M,
2 @
Ay = My, + Lyyl,  ...(2.37) hd
Since I, =-I,, we get

_ Fig. 2.4: The single phase two wire
M = (Lyy — My -.(2.38) lines viewed as two magnetically

7\2 = (_M21 + Loy 1, ...(2.39) coupled coils.
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Therefore, we can write

Ll = Lll - M12 ...(2.40)
Ly, =-M,, + Lo ..(2.41)

Comparing eqns. (2.40) and (2.41) with eqns. (2.33) and (2.34), we get
Ly, = Ly, = 0.4605 log(l’) mH/km .(2.42)

r
M,, = M, = 0.4605 log(%) mH/km (2.43)
The above described approach of self and mutual inductances can be extended to a group of
conductors. Let us consider n conductors carrying phasor currents I, I, ..., I, such that

L+L+..+1 =0 ..(2.44)

Generalize formula for the flux linkages of conductor i is given by

A= Lyl + ZMijIj ...(2.45)
j=1
J#E1L
or we can write A; = 0.4605 | I; logl, + ZIJ- 1ogDL mWb-T/km ...(2.46)
nooj=1 ij
Jj#i

2.8 TYPE OF CONDUCTORS

So far transmission lines consisting of single solid round conductors for forward and return
paths have been considered. Transmission line conductors used in practice are always stranded
to provide the necessary flexibility for stringing. Stranded conductors are also known as composite
conductors as they compose of two or more elements or strands electrically in parallel. The
conductors used for transmission lines are stranded copper conductors, hollow copper conductors
and ACSR conductors. In overhead transmission lines, ACSR conductor is most commonly
used. The low tensile strength of aluminium conductors is made up by providing central strands
of high tensile strength steel. Such a conductor is known as aluminium conductor steel reinforced
(ACSR).
ACSR conductors have the few advantages:

1. It is cheaper than copper conductors of equal resistance.

Corona losses are reduced because of the larger diameter of the conductor.

3. It has superior mechanical strength and hence span of larger lengths which results in
smaller number of supports for a particular length of transmission line.

ro

The total number of strands (S) in concentrically stranded conductor with total annular
space filled with strands of uniform diameter (d) is given by

S=3y>—3y+1 ..(2.47)
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where y is the number of layers where in the single central strand is counted as the first
layer. The overall diameter (D) of a stranded conductor is

D=©2y-1)d .(2.48)

Figure 2.5 shows the cross-sectional view of an
ACSR conductor with 24 strands of aluminium and 7
strands of steel.

Expanded ACSR conductors are used in extra high
voltage (EHV) transmission line. By the use of a filler
such as paper or hessian between various layers of
strands so as to increase the overall conductor diameter
to reduce the corona loss and electrical stress at
conductor surface. Bundled conductors are commonly

Steel strands

Aluminium
strands

used in EHV transmission line to reduce the corona Fig. 2.5: Cross-sectional view of
loss and also reduce the radio interference with ACSR conductor (7 steel strands and
communication circuits. 24 aluminium strands).

2.9 INDUCTANCE OF COMPOSITE CONDUCTORS

In the previous sections, solid round conductors

were considered for the calculation of a OP b O
inductance. However, stranded conductors are O ¢
used for practical transmission lines. Figure 2.6 O ¢ , O O
shows a single phase line comprising composite O a

conductors X and Y. The current in X is [ n Oy Om
referenced into the page and the return current - ~ - ~ ~ ~
in Yis—I. Conductor X having n identical strands ~ Composite conductor-X Composite conductor-Y
or subconductors, each with radius r,. Conductor Fig. 2.6: Single phase line consisting of

Y having m identical strands or subconductors two composite conductors.

with radius ry. It is assumed that the current
is equally divided among the subconductors. Thus, each subconductor of X, carry a current I/n
and each subconductor of Y, carry a current —I/m.

Applying eqn. (2.46) to subconductor a, we get

I 1 1 1 1 1
A, = 0.4605 —<log — +1 +1 +1 +...+log—
{og ’ ogD ogD OgD 8 }

n

[ ab ac ad an

+1 +...+1
Dab' 8 Dac' o8 Dam}

I
—0.4605 —{log + log
m

aa’

1
Dy - Dy - Dyereoo. Dy )™

. ...(2.49)
r, Dy, D,, Doy .... D,,)"

or A, = 0.4605 I log

The inductance of subconductor a is
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1
(Do -Dyys - Dyrrr.. Dy )™

L, = 04605 n log |~ e .(2.50)
(. Dy, Dy, Doy .. Dy )™

The average inductance of any one subconductor of composite conductor X is:

L+ Ly +L +..+L,

avg —

L ...(2.51)

n
Since conductor X is composed of n subconductors electrically in parallel, its inductance is
Ly L,+L,+L +..+L,

L=~ = ..(2.52)

Substituting the values of L, L, L, ..., L, in eqn. (2.52) we get,

L, = 04605 log (D—m) mH/km .(2.53)
Dgsx
where Dy = {(Dyw Day - Dy) oo (Dyyr Dy .o D)} (2.54)
1/n?
Deg = {(Dga Dy, . D) oo (Do Dy .. Do) ..(2.55)
where D, ,=Dy=..=D,=r/

D, is the mn th root of the mn terms, which are the products of all possible mutual distances
from the n subconductors of conductor X to m subconductors of conductor B. It is called the
mutual geometric mean distance (mutual GMD). Dgy is the n” root of the product of n”* terms
consisting of ry” of every strand times the distance from each strand to all other strands within
group X. The Dy is defined as the self geometric mean distance (self GMD) of conductor X.

The inductance of the composite conductor Y can also determined in a similar manner.
In this case, mutual GMD will remain same, i.e., D, is same but self GMD Dgy will be
different.

2.10 INDUCTANCE OF THREE PHASE TRANSMISSION
LINES WITH SYMMETRICAL SPACING

Figure 2.7 shows the conductors of a three phase transmission
line with symmetrical spacing. Radius of conductor in each
phase is r.

Using eqn. (2.46), the total flux linkage of conductor in
phase a is given by

1 1 1
Ay = 0.4605(Ia log?+lb log5+1C logB) ...(2.56) 5 e
Assuming balanced three phase currents, we have Fig. 2.7: Three-phase line with
L+ +1=0 symmetrical spacing.

or L +1.=-1 ..(2.57)
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Using eqns. (2.56) and (2.57), we get

A, = 0.4605 (Ia log i, - I, log
r

1

b)

D

Ay = 0.4605 I, log(D) mWb-T/km

7

Therefore, =
r

L, = 7;—3 = 0.4605 log(D) mH/km
a

..(2.58)

...(2.59)

Because of symmetry, A, = A, = A, and hence three inductances are identical, i.e.,

L,=L,=L,

2.10.1
Asymmetrical Spacing

In actual practice, the conductors of a three phase
transmission line are not at the corners of an equilateral
triangle because of construction considerations. Therefore
with asymmetrical spacing, even with balanced currents,
the flux linkages and inductance of each phase are not the
same. A different inductance in each phase, resulting in
unbalanced receiving-end voltages even when sending-
end voltages and line currents are balanced. Figure 2.8
shows the conductors of a three phase transmission line
with asymmetrical spacing.

Inductance of Three Phase Transmission Lines with

Fig. 2.8: Three phase line with
asymmetrical spacing.

Using eqn. (2.46) will result in the following flux linkages.

A, = 04605 {Ia log 1, + I}, log D1

r

hy = 04605 {Ia 1ogDL + T, log L + 1, log——

ab

ca

] log— 1o 1 lo L (7]
? By 8 Dab g Dca 2
or in matrix form Ay, | =0.4605|log— log— log I,
ab be
1 1 1
Ae log— log—  log—= || 1. |
S L Dca Dbc r i

ab

rl

Therefore symmetrical inductance matrix L is given by

+ I.log

5

ca

Dbc

be r’

5
)

% = 04605 {Ia 1ogDi P 1ogDi + 1 log~

...(2.60)

..(2.61)

...(2.62)

...(2.63)



Resistance and Inductance of Transmission Lines 29

1
log— log— 1
s o8 ab o Dca
B 1 1 1
L =0.4605|log— log— log mH/km ...(2.64)
Dab be
1
log— log— log—
L ca be .

For balanced three-phase currents with I, as reference, we have

L=021,
...(2.65
I.=al, (2.65)
where the complex operator oo = 1/120° and o =1|240°. Note that o® = 1.
Using eqns. (2.63) and (2.65), we get
A 1 9 1 1
L. = —-2=04605|log— + o“ log— + alog— ...(2.66
N Ia 8 r g Dab g Dca ) ( )
Ay 1 1 9 1
L, = —=04605| o. log — + log— + " log —] ...(2.67)
b I, Dy, r Dy,
A 9 1 1 1
L.= =% =04605| a” log— + o log— + log— ...(2.68
¢ Ic 8 Dca g Dbc 8 7‘,) ( )

Equations (2.66), (2.67) and (2.68) show that the phase inductances are not equal and due
to mutual inductance they contain imaginary terms.

2.11 TRANSPOSE TRANSMISSION LINE

As mentioned in the previous section, asymmetrical spacing gives complex values of phase
inductances, which makes the study of power system difficult. However, one way to regain
symmetry in good measure and obtain a per phase model by exchanging the positions of the
conductors at regular intervals along the line such that each conductor occupies the original
position of every other conductor. Such an exchange of conductor positions is called transposition.
The transposition is usually carried out at switching stations. A complete transposition cycle is
shown in Fig. 2.9. This arrangement causes each conductor to have the same average inductance

I Conductor a Conductor ¢ Conductor b
bﬁ\ o - )
5 Conductor b Conductor a Conductor ¢
QF be. .—_>
[b
[a ]C
a D.. E:onductor c Conductor b Conductor a
c —>
“— [ —» 4“— I —» <+«—— 11 —»

Fig. 2.9: Transposition cycle of three-phase line.
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over the transposition cycle. Therefore, the inductance per phase can be obtained by finding the
average value of eqns. (2.66), (2.67) and (2.68).

L= M ...(2.69)
3
_ D
or L =0.4605 log D—m mH/km ...(2.70)
where D,, = (Dy, Dy, D.)"® and D, = 1.

Generally modern transmission lines are not transposed. However, for the purpose of
modeling, it is very much practical to treat the transmission line as transposed.

2.12 INDUCTANCE OF THREE PHASE DOUBLE CIRCUIT LINES

A three phase double circuit line consists of two parallel conductors for each phase. It is common
practice to build double-circuit three phase lines for greater reliability and higher transmission
capacity. To enhance the maximum transmission capability, it is desirable to have a configuration
which results in minimum inductance per phase. This is possible if mutual GMD (D,,) is low and
self GMD (D) is high.

Figure 2.10 shows the three sections of the transposition cycle of a double circuit three
phase line. This configuration gives high value of D, (Reader may try other configurations to
verify that these will lead to low D).

To calculate the inductance, it is necessary to determine D, or Geometric Mean Distance
(GMD) and self GMD D..

’

a ¢ [ b b a
: T N di—»O d—»O d—»O
D d d, dz\
b / a a c Il
% =0 % \‘o S g o u Yo
D \
c a b ¢ b
4.0 o) o o
Section-1 Section-1L Section-111

Fig. 2.10: Arrangement of conductors in a double circuit three phase line.

Doy = Dy, * Dy " D)™ (2.71)
where D,, = mutual GMD between phases a and b of section-I of the
transposition cycle
= (Dd, Dd2)1/4 = (Dd2)1/2
D,. = mutual GMD between phases b and c¢ of section-I of the
transposition cycle
= (Ddy Ddy)"* = (Dd,)"?
D., = mutual GMD between phases ¢ and a of section-I of the
transposition cycle
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= (2Dd, - 2Dd))"* = (2 Dd,)'*

/
Hence Deq = {(Dd2)1/2 X (Dd2)1/2 (2Dd1)1/2 }1 3
111 1
D,, = 26D2 -d,? - d,© (2.72)

It may be noted that D, will remain same for the section-II and section-III of the transposition
cycle as the conductors of each parallel circuit rotate cyclically.

Equivalent self GMD D, can be given as
D,=(D,, D, D, ..(2.73)
where D, = Self GMD in section-I of phase a (i.e., conductors a and @) is
= (' dy 1’ dg)'* = ('dy)"?
Dy = @'d,r d)"* = (rd)"?
D, = (rdsrdy) Y™ = (dy)?

1/3
DS — {(r/ d3)1/2 . (r'd1)1/2 . (rl d3)1/2}

— (r/)1/2 . (d1)1/6 . d31/3 (274)

D, also remains same in each transposition section because of the cyclic rotation of the
conductors of each parallel circuit over the transposition cycle.

The inductance per phase is

D
L =0.4605 log ( Deq] mH/km

S

21/6 Dllzd%/S d11/6

1/2 g41/6 41/3
)2 dVs d}

= 0.4605 log( ] mH/km

1/2 1/3
= 0.4605 log 196 [ D| [ % mH/km
r’ ds

© ) \ds

= 0.4605 log ( ' ] . ( 2) mH/km
r

1/3

1 213 dy |
= =(0.4605 log +0.4605 log | == mH/km
2 r d3

[Ly — M] .(2.75)
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where L, = self inductance of each circuit

1/3

= 0.4605 log (2 -
r

D] mH/km ...(2.76)

M = mutual inductance between the two circuits

PREL
= 0.4605 log (d—3) mH/km L(2.77)
2

This is well known results for the two coupled circuits connected in parallel.
GMD method is also applied for untransposed lines and is quite accurate for practical
purposes.

2.13 BUNDLED CONDUCTORS

It is economical to transmit large amount of power over long distances by EHV lines and EHV
lines are usually constructed with bundled conductors. Bundled conductors increase the self
GMD and line inductance is reduced considerably which increase the power capability of the
transmission line. Bundled conductors also reduce the corona loss, surge impedance and radio
interference. The bundle usually comprises two, three or four conductors as shown in Fig. 2.11.

A T
BN N

Fig. 2.11: Configuration of bundled conductors.

Geometric mean radius of bundled conductors can be obtained in the same manner as that
of stranded conductors.

For a two conductor arrangement,
1

Dg= (r.d)2 ..(2.78)

For a three conductor arrangement
1

Dg= (r.d?)3 ..(2.79)

For a four conductor (quadruplex) arrangement,

1 1
Dy = (r'd.d.2d)* = (V2 d°)* ..(2.80)
Where r’ is the fictitious radius of each subconductor in the bundled.

Example 2.1: Fig. 2.12 shows a stranded conductor having 7 identical strands each of radius
r. Find the self geometric mean radius of the conductor and the ratio of Dgto overall conductor
radius. Comment on the results.
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Solution. The distances from strand 1 to other strands are
Dyy=Dyg=Dy7=2r
D, =4r
D,;= 2V3.r =Dy

The self GMD of the seven strand conductor is the

49th root of the 49 distances.
Thus

Fig. 2.12: Cross-section of a
seven strand conductor.

1
6 49
D, = {{(V’)7-D122-D123-D14-D17} -(2’")6}

Where r’ is the fictitious radius of each conductor. It is raised to the 7th power to account
for seven strands. The term D?,"D3;. D,, D,, represents the product of distance from one
outside strand to all other strand. This product is raised to the sixth power to account for the
sixth outside stands. The term (2r)° is the product of the distances from the central strand to
every outside strand.

Dg = 2.177r.

The overall conductor radius is 3r. Therefore, the ratio of Dg to overall conductor radius is
2.177r/3r = 0.7257. As the number of strands increases, this ratio approaches 0.7788 which is
that for a solid conductor.

Example 2.2: A three phase, 50 Hz, 30 Km long line has four No. 4/0 wires (1.5 cm dia) spaced
horizontally 2mt apart in a plane. The wires are carrying currents I, I, I. and the fourth wire
is a neutral carries zero current. The phase currents are:

1,=-80+j24 Amp
I, =-20 +j26 Amp
1.=50-j50 Amp
The line is untransposed.
(a) Find the flux linkages of the neutral wire.

(b) Find the voltage induced in the neutral wire.
(c) Find the voltage drop in each of the three-phase wires.

— 2m— ple—— 2m—ple—— 2m— i

Solutions.

Fig. 2.13: Arrangement of conductors.

15
D,=6m, D, ,=4m, D, =2m,r= 320.75cm=0.0075mt

Flux linkages of the neutral wire n.
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Ay = 0.4605 (Ia log—— + T, log—— + I log — )me—T/km

Dan Dbn Dcn

Jy = 0.4605 (Ia log% i1, logi +1,log %) mWb—T/km

o A, =—0.4605(0.778 I, + 0.602 I, + 0.301 I,) mWb—T/km
Substituting the values of I, I, and I,, we get
A, =—0.4605{-23.34 + j 18.672 — 12.04 + j15.652 + 15.05 — j 15.05} mWb-T/km
A, =—0.4605{-20.33 +j 19.274} mWb—T/km = 0.4605 (20.33 —j 19.274)mWb—T/km

(b) The voltage induced in the neutral wire is
V,=jok, X 30 =j 2n X 50 X 30 X 0.4605 x 1073 (20.33 —j 19.274) volts

= 121.58|-435° volts.
(¢) From eqn. (2.60), the flux linkages of the conductor a are
1 1 1
A, =0.4605 I, log— + I} log—+ I log— mWb—T/km
r’ D 2D
Substituting I.=—,+1)

J = 0.4605 {Ia log > + 1, log% +1,log@D) + 1, log(ZD)}
r

J = 0.4605 {Ia log 22 4 1, log 2} mWb—T/km
r
Similarly,
1 1 1
A, = 0.4605 1, log— + I} log =+ I log — ¢ mWb-T/km
D r’ D
1 1
A, = 0.4605 {Ia logB + Iy log—+1,log D+ I log D}
r

A, = 0.4605. I, log 2, mWb—T/km
r

1 1 1
A. = 0.4605 {Ia logﬁ + 1 logB +1, logp}

A = 0.4605 {Ib log2D + I, 1log2D + I, log% +1,10g l} mWh—T/km
r
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A. = 0.4605 {Ib log2 + I, log 2} mWb—T/km
r
Therefore,

AV, = 0.4605 X jo x 1073 (Ia g 22 4 1, log2) x 30 volts,
r

AV,=j4.34 |1, log + I, log2 | volts.

4
7788 %75
100

=j 4.34 (2.835 I, + 0.301 I,) volts.
AV, =j 4.34 {2.835 (=30 + j24) + 0.301(=20 + j26)}
AV, =j 4.34 {-85.05 —6.02 + j68.04 + j7.826}
=j 4.34 {-91.07 + j 75.866)
= (-329.25 — j395.24)
= _(329.25 + j395.24) volts.
= 514.4 |230.2° volts.

AV, = jo % 30 X 0.4605 x 107 (=20 +26) X log —2volts.
7788 %75

100
AV;, = j11 (=20 + j26) volts.

=11 (-26 —j20) = | 360.8 |217.56° volts.

AV, =jw x 30 x 0.4605 x 1073 (logZ.Ib +1, logz%))
r

. 7 j 4
=434 10301(-20 + j26) + (50— 50) log e

100
=j4.34 {-6.02 +j 7.826 + 141.77 — j 141.77}
=j4.34 {135.76 — j 133.944}

= (581.31 +j589.2} = | 827.7|45.4°volts.

Example 2.3: A single-phase 50 Hz power line is supported on a horizontal cross-arm. The
spacing between the conductors is 4 mt. A telephone line is supported symmetrically below the
power line as shown in Fig. 2.14. Find the mutual inductance between the two circuits and the
voltage induced per km in the telephone line if the current in the power line is 120 amp.
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Solution:
P,
(R
>
d,=3.20 mt J
d,=25mt 2
1 m d,
T

Fig. 2.14: Power and telephone lines for example 2.3.

Flux linkages of telephone line 7T}

Ay = 0.4605 Ilni - Ilni = 04605 Ilogd—szb—T/km.
d, d, d,

d
Similarly Apy = 0.4605 T logd—1 mWb—T/km.
2

Total flux linkage of the telephone circuit

Ap = Ay — Apg = 0921 I'log ((2—2) mWb—T/km.

1

d
Mutual inductance M= XTT =0.921 log (d—z) mH/km.
1

M= 0.921log (z—i) mH/km = 0.0987 mH/km.

Voltage induced in the telephone circuit
Vi=jo MI

[Va| = 0 M.|1| = 21nf x 0.0987 x 10 x 120 volts/km

V| = 8.72 V/km.

Example 2.4: Derive the formula for the internal inductance of a hollow conductor having
inside radius r; and outside radius r, and also determine the expression for the inductance of a
single-phase line consisting of the hollow conductors described above with conductors spaced a
distance D apart.
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Solution: Using eqn. (2.14),

H = Iy
X 2mx dx
Using eqn. (2.15), we can write '
(s -t) /2
L= 2 2 I
np—n
2 .2
H = [x n )x—x[
T —h 2R Fig. 2.15: Cross sectional view of
. holl ductor.
Using eqn. (2.18) and (2.19), we get ofiow conductor

do=u,. H, . dx

2 _ 2
x° —-r
and dh, = [ 5 ;)-dq)

rp—n

2
2 2
x“ —r I

rn —n

Integrating we get,

I 1
Mint = HO—Q{Z(’”; _’”14)_’“12(’“22 - 12)"""14 lnr—z}
Zn( 2 2)

L, = 1 x1077 x ;2{(1"24 - r14) - 41‘12 (r22 - rf) + 47‘14 In rl} H/mt.
2 (rz2 - rlz) "
0.05 15
= — {(r; - r14) —4r? (r22 - rf) +4r!In l} mH/km
= ,1

Using eqn. (2.27)
L, =2% 1072 H/m = 04605 log (2) mH/km
ex r‘2 7"2

Inductance of a single hollow conductor of 1 km length is
L= Lint + Lext

44 2(2 2
aror| ) )

. D
alp2 — 2\ 2 2\? 2 2 n Ty
R —n n—n n—n
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2, .2
(rz +r1) r r 2 D
=02 T T A 2lnr—+lnr— mH/km
4lry —n ry =1y (7”2 —’”1) 1 2

Example 2.5: Determine the inductance per km of a transposed double circuit three phase
transmission line shown in Fig. 2.16 one radius of the each conductor is 2 cm.

Solution:
7.5m 0.75m

a J m C1 d1=7.5m
! N/ d,=9.0m

r=2cm i 1
=0.02 ' S
pozm Mo g, = {42+8.252}2

\@U =9.17m
1
D= {42 +7.52}2
=4.07m

1
c Q ----------- A4 d3 = {82 +7-52}2

Fig. 2.16 =10.96 m

Using eqn. (2.7)
1

Deq = (Dab'Dbc'Dca)S

D, = DdQ)% = (407 x 9.17)% m=6.11m

(

Dy = (Ddz)% =6.11 mt

D, = (2D dl)% = (2x4x 7.5)% =7.74 m
(611x6.11x 7.74)% =6.611m
(

eq:

r’dS)%; D, = (r’d4)%; D, = (r’dS)%

|

1 L
Ds = (Dsa Dsb l)sc)5 = {r’dS(r’d4)2}
1o 1 1 o1
Dy = ()2.(ds)3.(dy)® = (002 x0.7788)* x (10.96)" x (9)°
D,=04m

The inductance per phase

D
L =0.4605 log [#) mH/km

S
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= 0.4605 log (%) mH/km = 0.56098 mH/km

Example 2.6: Determine the inductance of a single-phase transmission line consisting of three
conductors of 2 cm radii in the ‘go’ conductor and two conductors of 4 cm radii in the return,
conductor, as shown in Fig. 2.17.

Solution: fe——6m —>
. o
------
n=3
4 Em 4m m =2
------ O O
G
4 m Composite conductor
Y
------ —O:
%{_J
Composite conductor
X
Fig. 2.17
Daa/ = 6m
D, =10m D, = 7211m
Dy =7211m |Dy,, = 7211m
Dbb’ = 6m

Using eqn. (2.54)
1

Dm = {(Daa' Dab') (Dba' Dbb')(Dca' ch')}mn
1
D, = (6x7211x7211x6x10x7.211)6m

=7.162 m.
Using eqn. (2.55)
1
D = {(Daa Dy, Dac) (Dba Dy, DbC) (Dca D DCC)}n_Z
D, =Dy =D, =r/=07788 r,

,_ 07788 x 2

< m = 0.015576 m
100

1/9
D, = {(0.015576)3 4)* (8)2} m=0.734 m
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Using eqn. (2.53)

L. = 0.4605 log | 2 | mH/km = 0.4605 log | <102
D 0.734

sX

. L, =0.455 mH/km
Now Dsy = (Da'a' Da'b' Db'a’ l)]o’b’)ll4 = (Da'a' Da’b')1/2

. 0.7788 x 4
D,,=r,=——m
Y 100

o m =0.031152 m
D, =(0.031152 x 49)"* m = 0.353 m

D
L, =0.4605 log | — |= 0.4605 log 7162 mH/km
D, 0.353

L, =0.602 mH/km
Total inductance = L, + L, = 1.057 mH/km.
Example 2.7: A single circuit three-phase transposed transmission line is composed of 2 ACSR

conductor per phase with horizontal configuration as shown in Fig. 2.18. Find the inductive
reactance per km at 50 Hz. Radius of each subconductor in the bundle is 1.725 cm.

Solution:
d=05m

O

S

@_

S Y

Dy = (Dy, Dy D)™?

D,,={D-(D+d) - (D-d)D)" =D,

D,, = D,. = {6(6.5) (5.5)6}'* =5.989 m

D, =1{2D@2D - d) (2D + d) - 2D}'*

D, =1{12:(11.5) (12.5)-12}V*=11.994 m
D,, = {5.989 x 5.989 x 11.994}® = 7.549 m

0.7788 x 1.725

1/2
x 0.5 =
100 ) 0.0819 m

DS — (r/d)l/Z - (

Inductance L =0.4605 log 7549
0.0819

) = 0.904 mH/km
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X, = Lw = 0.904 x 107 x 21 X 50 Q/km = 0.284 Q/km

Example 2.8: Determine the geometric mean radius of a conductor in terms of the radius r of
an individual strand for (a) three equal strands as shown in Fig. 2.19(a) and (b) four equal
strands as shown in Fig. 2.19(b).

oGO
colNes

Fig. 2.19 (a) Fig. 2.19 (b)

Solution:

(@ D,= (@ -2r- 20" =r(0.7788 x 413 =1.46 r

1/4
) =1.722 r

() D= (- 2r 2r- 220" = {07788 x 82
Example 2.9: A three-phase untransposed transmission line and a telephone line are supported
on the same towers as shown in Fig. 2.20. The power line carries a 50 Hz balanced current of 150
Amp per phase. The telephone line is located directly below phase C. Find the voltage per km
induced in the telephone line.

Solution:

a b c

4m 4m O _____
a2
Doy 2 4m
D, \
| l
T\ x@f;
1.2 m—p
Fig. 2.20

D,, = J46)? + 4% =6096 m D, = J(86)% +4%2 =9484 m
D, = VB4 +4%2 =525 m D, = JAA? +4%2 =841 m

From Fig. 2.20, the flux linkage between conductors 7} and T, due to current I, is

D
Ao(I,) = 0.4605 I, log ( Da2 ) mWb—T/km

al

The flux linkage between conductors 7 and T, due to current I is
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Ao, = 0.4605 I, log (g ) mWb-T/km

bl

Since D, = Dy, Mol is zero.
Total flux linkage between conductors 7T and T, due to all currents is

Mg = Mo(L) + Apo(ly) + k(1))

Ao = 0.4605| 1, log(Daz ) + 1 log(h) mWb-T/km
Dal Dbl

For positive phase sequence, taking I, as reference

I, = I,|-120°,
a2 o Db2
Ao = 0.4605 [I log( ) +1,1-120 log( ] mWb-T/km
Mg = 04605 I, [log( ) + 1|-120° log( ) mWb—T/km

The instantaneous flux linkage can be given as:

A = V2 |Ayy| cos(wt + o)

Therefore, the induced voltage in the telephone line is

V= %(7&{;) = — V2w Ayl sin (wt + &) Volt/km

=2 w |Ais] cos (wt + o+ 90°) Volt/km

Vrms = w|7h12| o +90°

Jw Aqs Volts/km

0.4605 x 150 0° |:l gﬁ + log(6'096) x 1 —120°:| mWb—T/km

Now Mz 841 525

69.075[0.0522 + 0.0649|-120°] mW-T/km

>
S
o

Il

=(1.364 —j3.88) mWb-T/km = 4.112|-70.6° mWb-T/km
Ve =JW Ay =j2 - 1+ 50 X 4.112]-70.6° X 1073 Volts/km

Ve = 1291]194° Volts/km
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Example 2.10: A single circuit three phase transmission line is composed of three ACSR
conductor per phase with horizontal configuration as shown in Fig. 2.21. Find the inductive
reactance per km at 50 Hz. The radius of each subconductor in the bundle is 1.725 cm.

Solution:
;o b d=045m

@ D=14m C@
o . 0Oid

— 045 m «0.45 m¥ 4045 me—
< 14m »e 14 m >
Fig. 2.21

Using eqn. (2.79)

D, = ("d)¥* = | 0.7788 x 112
100

1/3
X (0.45)2) m

=0.1395 m
Deq = (Dab ’ Dbc ’ l)ca)ll3

- 1/9
Dy, = {Dysy Day Da Dy Dy Dy Doty Doy Dy }

Dy=14m,D, =14 m, Dy, =14 m, D, » = 14.45m, D, = 13.55 m

S= /(045 - (0225)* =0.389 m

D, = (0.389)% + (13.775)? = 13.78 m

D, = (14225)% + (0.389)? =14.23 m; D, = D,y = 13.78 m
D,y =14.23 m =D,
D,, = {14 X 14.23 X 14.45 X 13.78 x 14 x 14.23 X 13.55 X 13.78 x 14}'*m
=14dm=D,;D,=28m
D, =(14x14%x28)""m=17.6 m

B D, _ 17.6
L =0.4608 log D mH/km = 0.4605 log 01395

S

) mH/km

=0.968 mH/km
X, =Lw=0.968 x 1073x 2 X 1 x 50 = 0.304 Q/km
Example 2.11: A single circuit three phase transmission line is composed of four ACSR conductor

per phase with horizontal configuration as shown in Fig. 2.22. Find the inductance per km
length of the transmission line. Radius of each conductor in the bundle is 1.725 cm.
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Solution:
D=14m
d=0.5m
r=1.725cm

P e I R I
© ©

O O, ONNO.

14 m 14 m

A

R S

Fig. 2.22

U4 1/4
Dy = (r' J2 d3) = (0.7788 X % X N2 % (0.5)3) m

=0.2207 m
D, = (Dy, Dy, D))"= (14 x 14 x 28)3 = 17.638 m

17638

0.2207) mH/km

D,
L= O4605log(D ) O4605log(

L =0.876 mH/km.

Example 2.12: A 50 Hz, single phase transmission line and a telephone line are parallel to each
other as shown in Fig. 2.23. The transmission line carries an rms current of 200 amp. Assume
zero current flows in the telephone wires. Find the magnitude of the voltage per km induced in
the telephone line.

Solution:

Fig. 2.23

Dalz 1’42 +32 =5m
D,, = 46% +3% =6.708 m

From Fig. 2.23, the flux linkages between conductor T, and T, due to current I, is

Ao (L) = 0.4605 I log (gaz ) mWb—T/km

al
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Since from symmetry Dy;= Dyo, Ai5(Z) = 0.

Total flux linkages between conductors T} and 7T, due to all currents

Mo = Ao(ly) + Ao(Ly) = 0.4605 I, log (&) mWb—T/km

al

M5 = 0.4605 log (675—08) mH/km = 0.05877 mH/km
. Magnitude of the voltage drop in the telephone line
| Vems | = 0 * Mys - I, = 21 X 50 x 0.05877 x 1072 % 200 Volt/km
| Vims| = 3.692 Volt/km.

Example 2.13: Determine the self inductance, mutual inductance and the inductance per phase
of a three phase double circuit transposed transmission line as shown in Fig. 2.10. Radius of
each conductor is 1.266 cm and D =5m, d; =4 m, d, = 6.403 m and d; = 10.77 m.

Solution: Using eqn. (2.72)
D, =216 DI2. g V3. q V6 = 916 . (5)2 (5.403)"3 (4)6 m
eq .
D, =1.1222 x 2.236 X 1.857 X 1.26 = 5.871 m
Using eqn (2.74)

1266 )"
D= ()2 (d)Y- (dy)® = (0-7788 x W) x ()" @0.77)"?

. D, =0.0992 x 1.26 x 2.208 = 0.276 m
Using eqn. (2.76), self inductance is

’

1/3 1/3
L, = 0.4605 log[z D) 2 X5

mH/km = 0.4605 log | o=rae——one
T 100

6.3

L,=0.4605 log | ————
0.00985

) mH/km = 1.292 mH/km

Using eqn. (2.77), mutual inductance is

d, \° 10.77
M = 0.4605 log d—3 mH/km = 0.4605 log (—)

3 6.403

M =+0.0696 mH/km
Using eqn. (2.75)

L= %(LS - M) =0.6112 mH/km
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Example 2.14: A split phase, single phase transmission line is shown in Fig. 2.24. Conductors
a and b in parallel form one path while conductors a’and b”in parallel form return path. The
current is equally shared by the two parallel conductors. Determine the total inductance per km
of the line. The radius of each conductor is 1.2 cm.

Solution:
a b a b

I I
I I
I I
I I
I I
:4—0.2 m :i< 1.2m >i< 0.2 m—»:

Fig. 2.24

Using eqn. (2.32), total inductance

S

L =0.9211 log (ll))—m) mH/km

19 12
D,=|0.7788 x — x 0.2 m = 0.0432 m
100

D, ={16%14%x12x1.4Y=13928 m

L =0.921 log 1.3928
0.0432

) mH/km = 1.389 mH/km.

Example 2.15: A single phase double circuit transmission line is shown in Fig. 2.25. Determine
the total inductance per km of the line. The radius of each conductor is 1.26 cm.

Solution:

«—D=3m— r=1.26cm

Fig. 2.25

Total inductance

D,
L =0.921 log D mH/km
S

1 126 )2
Ds= (".d)2 = (0.7788 X o 1) m = 0.099 m
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Dy =D, =3m; D, = V3> +1® =3.162m =D,
1 1
Dy, = (Dy Dy Dy Dy )t = (3% 3162)2 =3.08 m

L =0.921 log 308 mH/km = 1.375 mH/km
0.099

Example 2.16: A three phase transmission line has an equilateral spacing of 6 m. It is desired
to rebuild the line with same D,, and horizontal configuration so that the central conductor is
midway between the outers. Find the spacing between the outer and central conductor.
Solution:
Using eqn. (2.59), we get

L = 0.4605 log (2,) mH/km D=6m
r 9 o r = radius of the
conductor
When conductors are placed in horizontal
configuration (Fig. 2.26 (b)). 5
D .
L = 0.4605 log [ re,q) Fig. 2.26 (a)

D= o). © O ©

eq ' . .
—(———d—»

1 Fig. 2.26 (b)
d23
L =0.4605 log | —— | mH/km.
r

For both the cases, inductance is equal, therefore,

1

3
0.4605 log di, = 0.4605 log (2,)
r r

D 6
d= —m = — m=4.762 m.
32 3J2
Example 2.17: Determine the inductance per km/phase of a double circuit three phase line as
shown in Fig. 2.27. The radius of each conductor is 1.5 cm.

Solution:
a b c a’ b c
O ® O O O O  oztrEm
: : : : : : r=15cm
—1.75 M 1.75m—>p—1.75 Mm—>p€—1.75 Mm—>—1.75m—» =0.015m

Fig. 2.27
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D
We know, L =0.4605 log | 2L

D,
From the symmetry of the configuration,

1
Dsa = Dsb = Dsc = (7’"3d)§ m.
1 1
Ds: (Dsa Dsb Dsc)3 =D, = (r’.3d)2 m

sa

1 1 1
Dab = (dab'dab"da’b'da'b')Z = (d4d2d d)Z = d(8)4

1 1 1
Dy = (dye-dyer-dye-diyer )1 = (d.4d.2d. d)* = d(8)*

1 1 L

Dca = (dCa'dCa"dc'a'dc'a’)Z = <2dd5d Zd)Z = d(2())Z
1 1 1
Dy = (Dy Dy . Dy, )3 = d(8x8x20)12 = (1280)2 d

D, =1815d=3176 m
1

D, = (07788 x 0.015 x 3 x 1.75)* m = 0.2476 m

L = 0.46051log 3176
0.2476

)mH/km =0.5103 mH/km

Example 2.18: Determine the inductance per km per phase of a double circuit three phase line
as shown in Fig. 2.28. The radius of each conductor is 1.5 cm.

Solution:
r=15cm=0.015m

G 0 6 O 0 O

—d—Pe—0—pe—d—Pe—d—pe—d—»

d=175m
Fig. 2.28
L = 0.4605 log Deq mH/km = 0.4605 log 3.33 mH/km
D, 0.2246
| =0.539 mH/km

1
Ds = (Dsa Dsb l)sc)g

1 1
D, = (r'5d)?; Dy, = (r"3d)2
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1
D,, = (0.7788 x0.015 x5 x 1.75)> =0.32 m

N | =

Dy, = (0.7788 x 3x 1.75)% = 0.2476 m

1
D,, = (07788 x 0015 x 1.75)> =0.143 m

1
D, = (0.32 02476 x0143)* =0.2246 m]|

1

Deq = (Dab Dbc l)ca)3
1 L

Dy, = (dyy-doyr- dyry-dyy)* = (d.4d . 4d.d)4= 3.5 m
1 1

Dy = (dye.dper- diye- diyer)* = (d.2d.2d.d)4=2.4Tm

1 1
Doy = (deg-degr-dyrg-dyryr )* = (2d.3d.3d.2d)4 = 4.28 m

1
D,, = (35x247x 428)"=[3.33 m]

Example 2.19: One circuit of a single phase transmission line is composed of three solid
1.265 cm radius conductors. The return circuit is composed of two solid 2 cm radius conductors.
Conductor layout is shown in Fig. 2.29. Find the inductance of the complete line per km.

Solution:
a b c a b
© O O O O

“5m pie—5m pe——10m—pe—5m

— N )
Conductor X Conductor Y
n=3,r,=1.265cm, m=2
r,= 2cm
Fig. 2.29

Using eqn. (2.54), we can write,

D
L, = 0.4605 log (D—m) mH/km

L, = 0.4605 log [D—m) mH/km
D

sy
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Applying eqn. (2.54), we get
1 1
D,y = {Dyy - Doy - Dy Dty Dy Dy} = (20 x 25 x 15 x 20 x 10 x 156
. D, =16.8 m
Applying eqn. (2.55), we obtain,

1
sz = {DaaDabDac . DbanbDbc . l)cal)cbl)cc}9

_ 0.7788 x 1.265

100 m = 0.00985 m

— — — ’
Daa_Dbb_Dcc_rx

1
D, = {(0.00985)3 X5 Xx10x5x5Hx10x 5}9 =0.73 m

1 1
Dy, = {DyyDyy -Dyy Dy }* = (000985 x5)* m = 0.222 m.

L, = 0.4605 log (%) mH/km = 0.627 mH/km

L= 0.4605 log 168 mH/km = 0.865 mH/km
Y 0222

Total inductance
L=L;+L,=(0.627 + 0.865) mH/km = 1.492 mH/km.
Example 2.20: A three phase, 50 Hz transposed transmission line has a flat horizontal

configuration as shown in Fig. 2.30. The line reactance is 0.405 2 per kilometer. The conductor
radius is 2.568 cm. Determine the phase spacing D.

Solution:
We know
D 2 - g
L = 0.4605 log [ ‘i‘l) mH/km @ p-1om O ©)
r —0D ; D—»

D Fig. 2.30
= 0.4605 x 1072 log (%) H/km; r" = 0.7788 X 2.568 cm = 0.02 m

D, = (D.D.ZD)é = D(2)§

1
D.23
r‘l

X, =Lo=2xmx 50 x 0.4605 x 10 log =0.405 Q
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EXERCISE

2.1. A single phase transmission line is composed of three conductors having radius r, = 0.5 cm. The

return circuit is composed of two conductors having radius r, = 2.5 cm. Fig. 2.31 shows the
conductor arrangement. Find the inductance.

G R S s
‘\_’_m\/ \_,_—Y\/

Conductor y

Ans. 1.486 mH/km
2.2. Determine the GMR of the bundle

consisting of n similar subconductors
as shown in Fig. 2.32.

1
n-1 "~
Fig. 2.32 Ans. [r'(ZR)n‘l 1 sin (Ke)}”

2.3. Fig. 2.33 shows the configuration of a three phase line. (a) calculate the inductive reactance per km

at 50 Hz. (b) Find the radius of the equivalent single conductor line that would have the same
inductive reactance as the given line.

a b (o
r=3.5cm
.................. O i O O i O o O
46 cm < 17m Pid 17m
------------------- Q Q O i O o O
é“460m‘>§

Fig. 2.33

Ans. (a) 0.291 ohm/km

(b) 26.72 cm
2.4. Configuration of a three phase, 60 Hz transposed transmission line is shown in Fig. 2.34. The line
reactance is 0.486 ohm/km. The conductor GMR is 2.0 cm. Determine D.
a

c

b

Fig. 2.34

Ans. 10 m
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2.5.

2.6.

2.7.

2.8.

2.9.

2.10.

2.11.

2.12.

A bundled conductor line has four conductors per bundle. The four sub-conductors are placed at the
corners of square of side 25 cm. The diameter of each sub-conductor is 3.146 cm. Find GMR of this
configuration.

Ans. 12.826 cm

A single phase 35 km long transmission line consists of two solid round conductors, each having a
radius of 4.5 mm. The conductor spacing is 2.5 m. Calculate the equivalent radius of a fictitious
hollow, thin-walled conductor having the same equivalent inductance as the original line. What is
the value of the inductance per conductor?

Ans. 3.5 mm, 46 mH.

A telephone line runs parallel to an untransposed three-phase transmission line as shown in
Fig. 2.35. The power line carries balanced current of 400 Amp per phase. Find the mutual inductance
between the circuits and calculate the voltage induced in the telephone line. Assume f = 50 Hz.

a b (o] _>1m-<_
O—5m—9—s5m—9F—— 15— O
bt

Fig. 2.35
Ans. 4.4 x 1073 140° mH/km, 0.553| 140° V/km .

Calculate the loop inductance per km of a single phase line comprising of two parallel conductors
1 m apart and 0.5 cm in radius, when the material of conductor is (i) copper and (i) steel of relative
permeability 50.

Ans. () 2.22 mH/km; (i7) 7.12 mH/km

a a
Fig. 2.36 shows a single phase double circuit @ @
transmission line. Conductors a and b are in T sm
parallel form one path while conductors a’ and b 1m
” are in parallel form the return path. The current b l b
is equally shared by the two parallel lines. @ ----- O
Compute the total inductance per km of the line. Fig. 2.36 Ans. 1.42 mH/km

The radius of each conductor is 1.0 cm.

Fig. 2.37 shows a double circuit three phase transmission line. Diameter of each conductor is 4 cm.
Determine the inductance per km per phase.

1o ——unt
R .

Fig. 2.37
Ans. 0.617 mH/km
A single overhead conductor 1.956 cm diameter is mounted 6.705 m above the ground. Derive an

expression for the inductance and calculate the value per km.
Ans. 1.492 mH/km

A three phase transmission line having conductor radius 1.25 cm and spaced 3 m apart in a
horizontal plane. Determine the inductance of each conductor (line to neutral).

Ans. L, = (1.22 — j 0.12) mH/km; Ly = 1.14 mH/km
Lc=(1.22 +j 0.12) mH/km



Capacitance of Transmission Lines

3.1 INTRODUCTION

Transmission line conductors exhibit capacitance with respect to each other due to the potential
difference between them. This capacitance together with conductance forms the shunt admittance
of a transmission line. The conductance is the result of leakage over the surface of insulators
and is negligible. When an alternating voltage is applied to the transmission line, the line
capacitance draws a leading current. The line capacitance is proportional to the length of the
transmission line and may be neglected for a line less than 100 km of length.

3.2 ELECTRIC FIELD AND POTENTIAL DIFFERENCE

It is well known that an electric field exists around a current carrying conductor. Electric
charge is a source of electric fields. Electric field lines originate from positive charges and
terminate at negative charges. The amount of capacitance between conductors is a function of
conductor radius, spacing and height above the ground. By definition, the capacitance between
the conductors is the ratio of charge on the conductors to the potential difference between them.
Figure 3.1 shows a long straight solid cylindrical
conductor has a uniform charge (assumed positive
charge) throughout its length and is isolated from other
charges so that the charge is uniformly distributed D,
around its periphery, the electric flux lines are radial.
Since the equipotential surface is orthogonal to electric q D, X5
flux lines, the equipotential surfaces are concentric
cylinders surrounding the conductors.
From Gauss’ theorem, we know that the electric
field intensity at a distance y from the axis of the
conductor is Fig. 3.1: Electric field of a long
straight conductor.

E,=—L1 — vim (3.1
2n e, y

Where q is the charge on the conductor per meter length. y is the distance in meters and €,

is the permittivity of the free space. The permittivity of free space is 8.854 x 1072 F/m. Points

X; and X, are situated at distances D; and D, from the centre of the conductor. The potential

difference between cylinders from position X; to X, is numerically equal to the work done in
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moving a unit charge of one coulomb from X, to X, through the electric field produced by the
charge on the conductor.

Therefore,
VlZ = E dy = dy
y
Dy D, 2n e, y
q D,
Vi2= 9 . ln(Dl )Volts ..(3.2)

V., is the voltage at X; with respect to X,. V5 is positive, when q is positive and D, > Dy, i.e.,
X is at higher potential than X,. For alternating current, V,, is a phasor voltage and q is a
phasor representation of a sinusoidal charge.

3.2 POTENTIAL DIFFERENCE IN AN ARRAY OF SOLID
CYLINDRICAL CONDUCTORS

N
m G O

In

g Yid

i a1
g, 01
2
Fig. 3.2: Array of N conductors.

Neglecting the distortion effect and assuming that the charge is uniformly distributed
around the conductor, with the following constraint.
g tqyt..+tgy=0 ...(3.3)
Now apply eqn. (3.2) to the multiconductor configuration shown in Fig. 3.2. Assume conductor
m has a charge q,, coulomb/m. The potential difference Vi;(q,,) between conductors K and i due
to the charge q,, alone is

q D,
Vics = _dm ) im_ | Volt ..(3.4
ki (@) om e, n(DKm) 0 (3.4)

When K = mor i =m, D,, =r,. Using superposition, the potential difference between
conductors K and i due to the all charges is
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2ne

ZQm (DK )Volts ...(3.5)

o m=1

3.3 CAPACITANCE OF A SINGLE PHASE LINE

Figure 3.3 shows a single phase line consisting of two long solid conductors having raidus r; and
rq respectively. Conductor 1 carries a charge of q; coulombs/m and conductor 2 carries a charge
of gy coulombs/m. The field of the first conductor is disturbed due to the presence of the second
conductor and the ground. The distance between the conductors is D and D is much greater
than the raddi of the conductors. Also, the height of the conductors from the ground is much
larger than D. Therefore the effect of distortion is negligible and the charge is assumed to be

uniformly distributed.
)

r @m @qz

R D >

Fig. 3.3: Single phase two-wire line.

The potential difference V,, can be obtained in terms of ¢; and g, by using eqn. (3.5). Thus,

2

1 D
Vi = > an ln( o ) Volt

2w €, o 1m
Vig = q ln + g, In % Volt (3.6)
12 1 Dn 2 Dy ..(3.
Since 9,=—q,, Dyy=Dy=D, Di;=r and Dy, =r,
D
Vlz = 275 e - Q1 ln 5i| Volt
D
Vig = —11n Volts
2T €, [rlrz
Cpo=4 - TS F/m (3.7
Vie In D
Ve
Ifri=ryg=r
Cpy = “65 F/m (3.9
In| —
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00121
27 Jog (@) "
Eqn. (3.9) gives the line-to-line capacitance between the conductors. For the purpose of

transmission line modeling it is convenient to define capacitance between each conductor and
a neutral as shown in Fig. 3.4.

F/km ...(3.9)

o—4—=o0 O——*+—-0
C’12 C1n CQn
(a) (b)
Fig. 3.4: (a) line-to-line capacitance (b) line-to-neutral capacitance.

Since the potential difference to neutral is half of V,,, therefore, C;, = C,, = 2C}4

or
Cih=0Cy, = puF/km ...(3.10)
i D )
log| —
r

The associated line charging current is

3.4 CAPACITANCE OF THREE PHASE TRANSMISSION LINES

Figure 3.5 shows a three phase line, each with radius r and lines are transposed.

a c b

9 fe— 1 —» — 11— T —»

Fig. 3.5: Three phase transmission line (fully transposed).

For balanced three phase system
qa + % + q.= 0 (312)
Potential difference between phase a and b for the first transposition cycle can be obtained
by applying eqn. (3.5), V() is,

q. ln%+ Qy lnDL+ q. ln% ...(3.13)

o 12 D31

1
Vab (I) = on
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Similarly for the 2nd transposition cycle.
D r Dy, |
ID) = Zn—2 + g In— +q, In 3L ..(3.14
VandD = o= < _q D Dy, q Dy (3.14)
For the third transposition cycle
1 | D r Dy, |
VvV, = In=L+q In—+¢q, In =2 ..(3.15
anT1D) one, _Qa - ay D, gc D, | ( )
The average value of V is,
1
V= g[vab @ + V,, D) + V,, 11D)]
I 1
3
Vi = L ¢, In Dy Doy Dyy)” qp In L
® 2me, r 1
L (Dy3 Dy3 Dyy)?
1 | D, r
V. = ZIn—2 4+ g, In— ...(3.16
or ab = oo . q - ay Deq ( )
1
Where Dy, = (Dyy Dyy Dy )3 .(3.17)
Similarly average value of V, is
.l D,
Vie = galn =% 4+ ¢, In — ..(3.18)
2n e, r D,
Adding eqns. (3.16) and (3.18), we get
p \
Vy+ V.= —|q. In [—q) +(qy + ¢.)In — .(3.19)
2n e, r eq
From eqn. (3.12), substituting g}, + q. = —q, in eqn. (3.19), we have,
D,
Vi + v, = ln[ ‘*‘1) .(3.20)
21 €, r
Phasor diagram for balanced three phase V.,
system is shown in Fig. 3.6. :
Vca
Vbc

Fig. 3.6: Phasor diagram for balanced
three phase system.
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From Fig. 3.6, we can write

Vi =V — Vi ...(3.21)

Vie= Van— Veu ...(3.22)
Also

Vin = Voo | —120° ...(3.23)

V., =V, |-240° ...(3.24)

Adding eqns. (3.21) and (3.22) and substituting
Vin = Van|—120° and V,, =V, |-240° , we have

Vit Ve =3V,

an

From eqns. (3.20) and (3.25), we have,

D

%h{ﬂ) -3V

21 g, r
D

Qa eq
_da | Zea | _
Ime, n[ . ) Vi ...(3.26)

The capacitance per phase to neutral of the transposed transmission line is then given by

...(3.25)

c, =3 _ 2TS .(3.27)
Van Deq
In
r
or
C,.= 0'0232 WF/km .(3.28)
log| —*4
r

For equilateral spacing, Dy = Dy3 = D3, = D, and D,, = D. Therefore,
0.0242

C,= uF/km ...(3.29)
i D ]
log| —
r

The line charging current for a three phase transmission line
I (line charging) = joC,, Vi A/phase/km. ...(3.30)

3.5 BUNDLED CONDUCTORS

As mentioned in chapter-2 (section-2.13), the bundle usually comprises two, three or four
conductors. Geometric mean radius of the bundle conductor calculated earlier for the inductance
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calculation with the exception that the radius r of each conductor is used; If d is the bundle
spacing, then for two conductor arrangement,

1
D, = (rd)? (3.31)
For three conductor arrangement (equilateral triangle)
1
D, = (r.d2)3 ...(3.32)
For a four conductor (quadruplex) arrangement,
1
D, = (\/E.r.d?’)4 ..(3.33)
Considering the line to be transposed, the capacitance per phase is given as
c,.= 99242 | pim .(3.34)
! =
og o)

S

3.6 CAPACITANCE OF THREE PHASE DOUBLE CIRCUIT LINES

Figure 3.7 shows three phase double circuit line with the three sections of the transposition

”T? e ”ﬁw ﬁi\@

\M@ \f; | N

Section-1 Section-11 Section-IIT

Fig. 3.7: Three sections of three phase double circuit transposed line.

Each phase conductor is transposed within its groups. The effect of ground and shield wires
are considered to negligible. In this case per phase equivalent capacitance to neutral is

c. = 29242 pim ...(3.35)
log —eqa
Where D,
1
Deq: (Dab Dbc l)ca)3 (336)

D, = (D,, Dy, D, )? ..(3.37)
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Dab = (dab . dab
Dbc = (dbc' dbc

D,

ca

-

1

(Dd, )

(dca . dca'

=

1 1
s dgy-dyy)* = (D.dy.D.dy)* = (Ddy)?

=

1 1

s.dye-dye)t = (D.dy.D.dy)t = (Ddy)?

1 1 1

)i = (dy.dy.dy.dy) = (dyds)?

|

oy -d

c’a’ * Yc’a

[SCRI

(Dd, )%. (dyds)

N |

1
1 1]s
D, = {Dd, .d}.d}
111 1
Deq_ D3.d23. dls. d; ...(3.38)
Now
1
Dsa_(rd3)2
1
Dy, (rd4)2
1
D, (rd3)2
1
1 1 L3
D, = {(rd3)2.(rd4)2.(rd3)2}
1
1 1)
D,=|r.dy.r2.d?
o111
D,=r3.d3.r6.d§
111
D, = r2.d3.df ...(3.39)

Note that D, and D, will remain same for section-II and section-III of transposition cycle.

Substituting D, and D, in eqn. (3.34), we have,
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C,. = 00242 WF/km ..(3.40)

o 1111
3 43 6. db
D3.d3.df.d
111
2 43 (46
r¢.ds.d;

log

3.7 EFFECT OF EARTH ON THE CAPACITANCE

The effect of the presence of earth can be accounted for by the method of image charges
introduced by Kelvin. Figure 3.8(a) shows a single conductor with uniform charge distribution
and with height h above a perfectly conducting earth plane. Consider that the conductor has a
positive charge g coulomb/m, an equal amount of negative charge —g¢ coulomb/m is induced on
the earth. The electric field lines will originate from the positive charge on the conductor and
terminate at the negative charge on the earth. Also, the electric field lines are perpendicular to
the surfaces of earth and the conductor. Figure 3.8 (b) shows that the earth is replaced by image
conductor, lies directly below the original conductor. The electric field above the plane (dashed
line) is the same as it is when the ground is present instead of image conductors. Therefore, the
voltage between any two points above the earth is the same in Fig. 3.8 (a) and Fig. 3.8 (b).

Earth plane
(zero potential)

Fig. 3.8 (a): Single conductor and Fig. 3.8 (b): Earth plane and image charge
earth plane. of one conductor.

3.8 CAPACITANCE OF A SINGLE PHASE LINE CONSIDERING
THE EFFECT OF EARTH

Figure 3.9 shows a single phase line with flat horizontal spacing. The earth plane is replaced by
separate image conductor for each overhead conductor.



62 Electrical Power Systems

1
r
g1=q g, =—q
h
"""""""""""" T""""'Eéﬁﬁa'aﬁé
h
3 l 4
@ D ») «— image conductor
B=-q1=—q 9.=-G,= @

Fig. 3.9: Single phase transmission line with images.

Potential difference between conductors 1 and 2 can be easily obtained by applying eqn.
(3.5), 1.e.

D2m
Vig = 27 €, mzllqm [Dlm)
1 D, D,
V,, = 1 +qol +qql +qy In| =2+ 3.41
12 2n e, q1 H(Dn) D) n( 12) ds n[Dw) q, n ( 14)] ( )
Dy, =Dyy =71, D1y =Dy = D.
Dy =Dy, =V4h?® + D* | D;5 = D,, = 2h
q1=9,9:=—q, q3=—qand g, = q
27 one a4 r a4 D a4 2h q /4h2+D2

Vo= 1 2q In 2 +2q1In L
127 2ne, 1 r 1 42 + D2
V= a4, D .2h

T | "ah? + D’
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Vie= 9 15 D. - | Volts ...(3.42)
T E 1
o D2 2
r.l+ Y
4h
q T &,
Cyy = Voo F/im ...(3.43)
12
In b
1
2 )2
r.|1+ D—
0.0121
Cyp= uF/km ..(3.44)
log D

2 )2
From eqn. 3.44, it is observed that the presence of earth modifies the radius rto r [1 + f?j )

2
However, the term D—2 is small and hence the effect of earth on line capacitance is

4h
negligible.
Reader is asked to derive the expression of capacitance considering the effect of earth for
three phase transposed transmission line. [Hint: apply eqn. (3.5)]

Example 3.1: Fig. 3.10 shows a completely transposed 50 Hz, 250 km long three phase line has
flat horizontal phase spacing with 10 m between adjacent conductors. If the outside radius is 1.2
cm and the line voltage is 220 kV, determine the charging current, per phase and the total
reactive power in MVAr supplied by the line capacitance.
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:4— 0.4 m—>: :4—0.4 m—»: :4—0.4 m—>:
a a b | 14 c c
< 10m >e 10m o

I I I
Fig. 3.10: Three phase bundled conductor line.

Solution. Outside radius
r,=12cm=0.012m., d=04m

D, = Jr,.d = /0012 x 04 =0.0693 m

1

Deq = (Dab 'Dbc 'Dca)3

1 1
D,, = {du -day -dory - dy} =(10 X 104 x 9.6 X 10)* = 9.995 m
Dy, = Dy, = 9.995 m

=

1
Dea = {dy.dey dyry -dorg }* =(20 X 19.6 x 20 x 20.4)4 =19.997 m = 12.6 m

1
D, = (9995 x 9995 x 19.997)% = 12.594 m (exact).
However, approximate value of D,, can be calculated quickly, which is very very close to
exact value, i.e.
1
Doy = (10 x10 x20)3 = 12599 m ~ 12.6 m
Applying eqn. (3.34),

0.0242
o = uF/km
1o %
g D,
0.0242
Con F/km
126
log
0.0693

C,, = 0.0107096 uF/km
or C,, = 0.0107096 x 107® x 250 Farad.
C,, = 2.677 x 107 Farad.

Applying eqn. (3.30),
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Ichg = jO) CanVLN
[Ihg| = ® Cyy | Vin|. Amp/phase

. 220
VLN:Van 0 |VLN| = |Van| = ﬁkv

220
[ Ihg | = 21 %X 50 X 2.677 X 1076 x f kA/phase

| Ihg | = 0.1068 kA/phase Ans.
Q. (Three phase) = C,, | Vi |?

=2n x 50 x 2.677 x 107® x (220)> MVAr.
=40.70 MVAr. Ans.
Example 3.2: Calculate the capacitance to neutral per km with and without considering the

effect of earth. Radius of the conductor is 0.01m, spaced 3.5 m apart and 8 m above the ground.
Also compare the results.

Solution. Applying eqn. (3.44)

C, = 0.0121 \Fkm

D

1
2 \2
r 1+D—

r=001lm, D=35m A=8m

log

0.0121

C;5 (earth) = puF/km
log 35 :
2 )2
0011+ (35)
4% 82
0.0121
C,, (earth) = ——————— uF/km = 0.00477 pF/km
12 € ) log (341.915) © a

C,, (earth) = C,, (earth) = 2C,, (earth) = 0.00955 pF/km.

Now for line to neutral capacitance without considering the effect of earth, applying eqn.
(3.10),



66 Electrical Power Systems

= 0.00951 uF/km.

C,,(earth)  0.00955
C,, 000951

Presence of earth increases the capacitance by 0.42%, which is negligible.

Therefore =1.0042

Example 3.3: Determine the capacitance and charging current of a 200 km long, transposed
double circuit three phase line as shown in Fig. 3.11. The line operates at 220 RV and radius is
2 cm.

Solution.

r=2cm=0.02m

Fig. 3.11

Applying eqn. (3.35),

0.0242

uF/km

d;=75m; dy=+(4)*+(825)% =9.168 m,
dy= \®)? +(75) =10.965m,d, =9 m, d;= 8 m,

D =4.07m.
From eqn. (3.38), we have
11 11 1 1 1
D.,= D3d3.d}.d¥ = (407)3.(9.168)%.(75)6.(8)5 m
=3.341 X 1.978 = 6.61 m.
From eqn. (3.39), we have
111 1 1 1

D,=r2d3.d§ = (002)%.(10.965)3.(9)6 m

S

=0.14142 x 2.2216 X 1.442 m = 0.453 m.

00242
an 6.61
log| —
0453

uF/km = 0.02078 uF/km
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Line length is 200 km.
: C,, (total) = 0.02078 x 200 = 4.157 uF.

Charging current,
|Ichg| =0 Can | VLNl

220
Vin=V._ 0% .. Vinl = |V.,| = —=kv
LN an |_ | LN | | an | \/g

220

V3

| Lngl =271 % 50 x 4.157 x 107° x kA/phase

= 0.1658 kA/ph.

Example 3.4: Figure 3.12 shows a 3 phase, 50 Hz, 132 kV overhead transmission line has
conductors placed in a horizontal plane 4.56 m apart. Radius of the conductor is 1.12 cm. If the
line length is 100 km, calculate the charging current per phase. Assume complete transposition.

Solution.
a b c
o o 6
I I 1
M— 456m > 456m — i
Fig. 3.12

Applying eqn. (3.28),

1
D, = (456 x 456 x 9.12)3 = 5.745 m

r=112cm =0.0112 m

L =100 km
0.0242 .
Con =75 )% 100 uF = 0.8929 uF = 0.8929 x 10 6F
0.0112
6. 132
[Lng| = ® Cpp - | Vin| = 21 % 50 X 0.8929 x 107 X —= kA/ph

J3
=0.021377 kA/ph = 21.377 A/ph.

Example 3.5: Figure 3.13 shows the conductor configuration of a bundled single phase overhead
transmission line. The line is operating at 132 kV, 50 Hz. Radius of each subconductor is 0.67
cm. Find the equivalent representation of the line and capacitance between the lines.



68 Electrical Power Systems

Line -A Line -B
a @*d 4§ a, l— 0 —plt— o —»
T ST
) O
Solution. L \ /

Fig. 3.13

h =0.0866 m

D=6m; d=0.1m; r=0.67cm=0.0067 m.
Now

1 1
Dgy = (rd2)3 = (0.0067 X (0.1)2)3 = 0.0406 m

1

Dgp={(r.d.2d).(r.d.d.).(r.d.2d)}®

1 1 2 1
= (r7.d%.9° = (r)s.(@*.(®?
1,2 1
= (0.0067)s (0.1)5.(4)° = 0.1885 x 0.2154 x 1.1666
= 0.0473 m.

1

Deq = {(dalbl da1b2 dale ) (da2b1 dazbz dazbs ) (dasbl dasbz dasbs )} ’

dyp, =6.1m; d,,=62m; dy,,=63m; dy =6.0m;

1

dyp, = 6.1 m; dyy =6.2m; dyy = {(0.0866)2 + (6.15)2}5: 6.1506 m

1 1
dogp, = {(0.0866)2 " (6.05)2}5 = 6.0506 m;  dyp,= {(0-0866)2 + (6-25)2}2 =6.2506 m

D, ={(6.1x 6.2 x6.3)(6 x 6.1 x 6.2)(6.0506 x 6.1506 x 6.2506)}%m

D, =6.15 m.

A B

r,=0.0406m ! T r,=0.0473m

'«—D=6.15m—>»!

Fig. 3.14: Equivalent configuration.
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Now applying eqn. (3.7), we have

T €,
D

VTaTB

X 8.854 x 10712

Cap= F/im
6.15
In
[\/0.0406 X 0.0473)

CAB = F/m

In

Cap = 0.00562 pF/km Ans.

Example 3.6: Find out the capacitance and charging current per unit length of the line when the
arrangement of the conductor is shown in Fig. 3.15. The line is completely transposed. The
radius of the conductor is 0.75 cm and operating voltage is 220 RV.

Solution.

d=

:4-0.4 m-»: :4-0.4 m-»: :4-0.4 m-»:

I | 1 I | 1 , I | 1 ,

a® ' Q« b 1 QP c@ I ©c
1 1 1
1 1 1
«—5m »le 5m——»
Fig. 3.15

1
D, = (r.d)? = (00075 x0.4)2 =0.05477 m

1
Deq = (Dab Dbc l)ca)5

1
D,y =Dy, Dyy Dy, Dy )t = (5% 5.4 x 4.6 5)& =4.992 m

D,.=D,, =4.992 m

1 1
Dy = (dye doer dyre dyr )t = (10 x 10.4 x 9.6 x 10)1 = 9.996 m

1
D, = (4.992 x 4.992 x 9.996)3 = 6.292 m

Now applying eqn. (3.34)
0.0242 0.0242

C= D, uF/km = 6992 uF/km
log| —=% log| ————
D, 0.05477

C,n = 0.011746 uF/km Ans.
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220
[ Ing| = © Cop | Vin| = 21 x 50 X 0.011746 x 10°° x —= kA/ph/km

V3

| Ihg | = 0.4687 A/ph/km Ans.

Example 3.7: Find out the capacitance of the line as shown in Fig. 3.16. The radius of the each
sub conductor is 1 cm.

—fE) b O cO
dI 0.6m
JO g0) 20
1 I ]
: i :
1< 6m pi< 6m p!
Fig. 3.16

Solution.
r=1lcm=0.01m

D, = (. d)% = (001 x 0.6)% =0.07746 m

1
Deq ( ab Dbc ca )

| =

Dy, = (dab Aoy dyry, da’b')4

dy,=6m; dy,=6m; dy =6+ (0.6 =6.03m
dyp = 6.03 m

1
D,, = (6 x 6.03 x 6.03 x 6)+ m = 6.015 m

D,,=D,,=6.015m
Dca = (dac . dac’ da’c da’c’)i

dpe=dye=12m; dyy =dy.= V(12?2 + (0.6)2 m = 12.015 m

1
.= (12x 12,015 x 12.015 x 12)4 m = 12.0075 m

1
D, = (6.015x 6.015 x 12.0075)3 = 7.573 m

@
i

Applying eqn. (3.34)
0. 0242 0.0242

C,= uF/km = TET3 uF/km
j ( 0.07746 )

= 0.01216 uF/km.
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Example 3.8: Find the 50 Hz susceptance to neutral per km of a double circuit three-phase line
with transposition as shown in Fig. 3.17. Given D = 6 m and r = 1 cm.

T S R A

¢ D I|l D .I' D 'I‘ D ,I‘ D ,l
Fig. 3.17
Solution.
r=1lcm=0.01m

Applying eqn. (3.28)

c = 00242 o

an
€eq

r

log

1

Dy = (Dab Dy, Dca)g

1 1 1
D,y = (dyy, dyy dyy dyy)* = (D.4D. 2D.D)* = D(®)*

1
Dy =6(®%m =10.09 m.

1 1 1
Dbc = (dbc' dbc" db'c d]o'C')Z = (D 4D.2D. l))Z =D (8)4

1
6(8)4 =10.09 m.

1 1 1
Dey = (dog- Aoy dera-dore )* = (2D.D.5D.2D)* = D (20)*

ca

1
D, = 6(20)* =12.688 m

1
D, = (1009 x 10.09 x 12.688)3 = 10.89 m

0.0242

Con = 09 MF/km = 0.007968 uF/km
log| —>2
001

Susceptance = @ C,,= 2 X 50 x 0.007968 X 10° mho/km
=2.5x 10° mho/km  Ans.
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Example 3.9: A three phase, 50 Hz overhead line has regularly transposed conductors are
horizontally spaced 4m apart. The capacitance of such line is 0.01 yuF/km. Recalculate the
capacitance per km to neutral when conductors are placed equilaterally spaced 4 m apart and
are regularly transposed.

Solution. When conductors are horizontally spaced, applying eqn. (3.28),

¢ - 00242 o

—eq
r

log

1
Do = (4x4x8)3m=5.04m
C,, = 0.01 uF/km

10g(5'04) _ 00242 _, o
r

0.01
r=0.019m

In the 2nd case conductors are placed equilaterally, therefore D, = D.

c, = 00242 _  0.0242 WF/km
lo D lo 4
e loo19
C,, = 0.0104 pF/km Ans.
Example 3.10: Calculate the capacitance to neutral of a 1 2
single phase line composed of four equal strands as % &3
shown in Fig. 3.18. The radius of each subconductor is : ;
0.5 cm. ! D !
: =45m :
Solution.
Applying eqn. (3.10) Fig. 3.18
Cp. = Cy 0.0242 Flk
oo | 2
)

,‘, D, = (dyy dyy dye dpg)* = (r. 2r.2+/2.7. 2r)4
a d
g“ D,=1.834 r = 1.834 x 0.005 m

D, =0.00917 m
00242

Cp=Cy = o WFfkm.
log | ——2>—
0.00917
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= 0.008993 uF/km.

Example 3.11: Find out the capacitance per km to neutral of the three phase line as shown in
Fig. 3.19. The lines are regularly transposed. The radius of each subconductor is r = 0.5 cm.

Solution.
C

a b
&) &) &) r=0.5cm

| | I =0.005m
:4—5m—>~—5m—>l

Applying eqn. (3.34),

¢ = 00242 L

1
D, = (rx2rx 2r)é = {(0.005)3 x 4}3 =0.00793 m

S

Deq: (5X5 X 10)% =6.3m

00242

an — 6.3
log [t
0.00793

C uF/km

C,, = 0.00834 uF/km  Ans.

Example 3.12: Find out the capacitance per km to neutral of the three phase line as shown in
Fig. 3.20. The lines are regularly transposed. The radius of each conductor is r = 0.5 cm

Solution.

a b c
& & &
i<—5m—>i<—5m—>i

Fig. 3.20
Applying eqn. (3.34)
0.0242
C,= puF/km
lo Deq
8\

S

D, = (5><5><10)ém=6.3m
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1
D;:@xmx2%ix2ﬁ4=L&Mr=L%4memm

=0.00917 m.

00242

an — 6.3
log o
0.00917

C,, = 0.00853 uF/km.

C uF/km

Example 3.13: Derive an expression for the charge value per meter length of conductor a of an
untransposed three phase line as shown in Fig. 3.21. The applied voltage is balanced three
phase. Also find out the charging current of phase a.

Solution.
Taking phase a as reference
A V]
Vo= —]0°
G
Vab
Va, = [VI[30°
n Vi = | V]| =90°
Vca
‘ >, Ve = V][ 150°
V.= V|| =30°

A

O
Y __

A

o]

©
- ©
___VL___@

Fig. 3.21
Applying eqn. (3.5)
1 D r D
= In—+q,In—+gq, In—|=|V||30°
Vab 27560 |:Qa n r Qb n d qc n 2D:| | | (L)
1 2D D r
= In — In = In — | =| V|| -30°
Vac 2TC EO |:Qa n r + Qb n D + qc n 2D:| | | (”)

% tatq =0
@ =—(qa +q0) ... (i)
From eqns. (i) and (iii), we get
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D D
29, In—+¢q,In o = 2n €,| V|| -30° ...(iv)
r r

Solving eqn. (ii) and eqn. (iv),

o [ - 2] ]

9. =
(ZInDlnlr)—anDInD)

r r 2r

F/m Ans.

Charging current of ph. a
I, = wgq,[90° =2nfq, [90° Amp. Ans.

Example 3.14: Fig. 3.22 shows a 400 RV, three phase bundled conductors line. Find the
capacitive reactance to neutral in 2/km at 50 Hz. Radius of each subconductor is 1 cm.

Solution.
—» 03m — —» 03m — —» 03m e—
O | O« b 1 Or O ! O
| | |
1 1 1
:< 5m #:1 5m #:
1 1 1
! ! !
Fig. 3.22
Applying eqn. (3.34)
0.0242
C,= puF/km
log —eq
DS
We know that
1 1

Deg= (Dap - Dye - Dep)3 = (55 x10)3m = 6.3 m.

1
(r.d)z = (0.01x 0.3)% = 0.0547 m.

D, =
0.0242
C,= 63 uF/km = 0.01174 uF/km
log -
0.0547
C,, = 0.01174 x 1078 F/km.
1 10° B
| Xon|= = Q =271132.8 QYkm. Ans.
oC 21 x 50 x 0.01174

an

Example 3.15: Determine the line to line capacitance of a single phase line having the following
arrangement of conductors, one circuit consist of three wires of 0.2 cm dia each and the other
circuit two wires of 0.4 cm dia each.
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Solution.

g 5
4m 4m m_= 3
& n=2
--Y-Oob o-Y--
b
4m
Composite conductor
- —&-@ ¢ Yy
Composite conductor
X
Fig. 3.23

1
D¢y = {Dyur- Dy Dy Dy Doy Doy}

1
= (6x7.211x 7.211x 6 x 10 x 7.211)6

=7.162 m.
r, = 02/2=01cm=0.001m

r, = 0.4/2=0.2cm =0.002 m
1
sz = {(Daa Dab DHC) (Dbﬁ Dbb DbC) (Dca DCb DCC )}9

1

= {(0.001)3 (4)* (8)2}9

=0.294 m.
1 1
D,, = {(dwa-dyr)}> =(0.002 x4)2
D,, =0.0894 m.
Applying eqn. (3.7),
n 8854 x 10712 x
C,, = S =Fm= " Fim,
D 7162
In| ———e4 1
DD V0.294 x 0.0894
sX sy
Cyy = 0.00734 pF/km Ans.
EXERCISE

3.1. A double circuit three phase line has its conductors at the vertices of a regular hexagon of side 2m.
Diameter of each conductor is 2.5 cm. Find the capacitance per phase per km.

Ans. 225 X 107 pF/km
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3.2. Fig. 3.24 shows a double circuits three-phase transposed line composed of two conductors. The
conductors have a radius of 2.203 cm and a GMR of 1.737 cm. The bundle spacing is 0.45 m. Find
the capacitance per phase per km. Find this value when the circuit arrangement is a,b,¢;, a9bsCs.

a
< 16 m >
10m * '
hO L @ :
1O: A O Ob2
< | 24 m d
9m
o @ O i Oa
< O 17m >
Fig. 3.24

Ans. 0.024 uF/km, 0.022 pF/km

3.3. Find the capacitance of phase to neutral per km of a three-phase line having conductors of 1 cm
radius placed at the corners of a triangle with sides 5m, 6m and 7m respectively. Assume that the
line is fully transposed and carries balanced load.

Ans. 8.72 x 1072 uF/km

3.4. A three-phase transmission line has inductance 1.2 mH/km. The diameter of each conductor is 4
cm. The conductors are equilaterally spaced. Determine the capacitance of phase to neutral.

Ans. 9.652 x 107 uF/km

3.5. Fig. 3.25 shows the arrangement of a three phase line. The diameter of each conductor is 6 cm and
the spacing between the phase conductors is 0.35 m. Determine the capacitance and charging
current per km, if the line is operating at 50 Hz, 220 kV.

a , a b K c , ¢
6516 010 616
——Am——pe——— A m——]
Fig. 3.25
Ans. 11.71 x 107 pF/m/ph;

0.467 Amp/km/phase

3.6. Fig. 3.26 shows a three phase double circuit line. Radius of each conductor is 1 cm. Determine the
capacitance and charging current per km. Assume that the line is transposed and operating voltage

is 220 kV, 50 Hz.
F O —8

2.2m
-f-e 0o
L 0O

Ans. 0.020168 pF/km
0.8043 Amp/km
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3.7.

3.8.

3.9.

3.10.

3.11.

3.12.

A single phase overhead transmission line 32 km long consists of two parallel conductors each
0.5 cm radius and 3 m apart. If system is operating at 66 kV, 50 Hz, determine the charging current
with line open circuited.

Ans. 2.904 Amp

A conductor 0.3 cm in radius and 1000 m in length is suspended at constant height 10 m above the
sea water. Calculate the capacitance between conductor and earth.

Ans. 0.0027 uF

A single phase line operating at 60 Hz consists of two 4/0 12-strand copper conductors with
1.524 m spacing between conductor. Line length is 32.16 km and radius of the conductor is
7.01 mm. Determine the line-to-line capacitance and line-to-line admittance. If the operating
voltage is 20 kV, determine the reactive power in kvAr supplied by this capacitance.

Ans. 0.166 uF; j6.27 x 107 mho;
25.1 kVAr
For the single phase line of problem 3.9, has flat horizontal spacing with 5.486 m average line

height. Determine the effect of the earth on capacitance. Assume a perfectly conducting earth
plane.

Ans. 0.166628 uF

For the single phase line of problem 3.10, calculate the conductor surface electric field strength in
KV, /cm. Also calculate the ground-level electric field in KV, /m directly under the conductor.
The operating voltage is 20 kV.

rms’

Ans. 2.66 KV, J/cm; 0.0485 KV/m

Fig. 3.27 shows the configuration of a double circuit three phase transmission line. Determine the
capacitive reactance to neutral and charging current per km per conductor at 132 kV, 50 Hz.
Assume that line is transposed.

T ________ (&—6m—B) r=0.865cm

rms’

Ans. 5.68 x 107% ohm/km; 0.2166 Amp/km



Synchronous Machine: Steady State
and Transient Operations

4.1 INTRODUCTION

One of the important elements of a powers system is the synchronous generators, which greatly
influences the system behaviour during both steady-state and transients conditions. The
synchronous machine model in steady-state and transient conditions are presented in this
chapter.

4.2 SYNCHRONOUS GENERATOR

Synchronous generator is the most important component of a power system. It converts
mechanical power into electrical form and feeds it into the power network. Large scale power
is generated by three-phase synchronous generators (alternators), driven either by steam
turbines, hydro turbines or gas turbines. The armature windings are placed on the stator
(stationary part). The armature windings are designed to generate balanced three-phase voltages
and are arranged to develop the same number of magnetic poles as the field winding that is on
the rotor.

The field is placed on the rotor and requires a relatively small power (0.2—3 per cent of the
machine rating) for its excitation. The rotor is also equipped with one or more short-circuited
windings known as damper windings. The rotor is driven by a prime mover at constant speed
and its field is excited by direct current. The generator excitation system maintains generator
voltage and controls the reactive power flow.

Synchronous machine rotor may be of cylindrical or salient construction. The cylindrical
type of rotor (round rotor) has one distributed windings and a uniform air gap. There generators
are driven by steam turbines and are designed for high speed 3000 or 1500 rpm (two and four
pole machines respectively with frequency 50 Hz) operation. The rotor of these type of generators
has a large axial length and small diameter to restrict the centrifugal forces. Nearly 65 to 70%
percent of large synchronous generators are cylindrical rotor type ranging from about 100 MVA
to 1500 MVA. A salient pole synchronous-machine is distinguished from a round rotor machine
by constructional features of field poles which project with a large interpolar air gap (non
uniform air gap). It has a relatively large number of poles, short axial length and large
diameter. The generators in hydroelectric power stations are driven by hydraulic turbines and
they have salient-pole rotor construction.
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4.3 MODEL OF GENERATOR

An elementary two-pole three-phase synchronous generator model is shown in Fig. 4.1. The
rotor and stator are made of high permeability iron to achieve a high ratio of flux density to
mmf. Figure 4.1 is highly schematic. Figure 4.1 shows each phase winding as if it were a single
turn (the coils aa’, bb” and cc’) coil placed in a single pair of stator slots. Infact, it is a multiturn
coil physically distributed in a number of stator slots. These three coils aa’, bb” and cc¢’, displaced
from each other by 120 electrical degrees. The concentrated full-pitch coils shown here may be
considered to represent distributed windings producing sinusoidal mmf waves concentrated on
the magnetic axes of respective phases. When the rotor is excited to produce an air gap flux (¢,
per pole) and is rotating at constant angular velocity (w), the flux linkage of the coil varies with
the position of the rotor mmf axis wt. The flux linkage for an N-turn concentrated coil aa’ will
be maximum at wt = 0 and zero at wt = W/2. The flux linkage with coil a is given as:

A, = No, cos (wt) ...(4.1)

Fig. 4.1: Elementary two-pole 3-phase synchronous generator.

The voltage induced in the coil aa’ is given as:

E, = —%(Xa)Z No,w sin (wt)

E =E, . cos(wt - g) ..(4.2)
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where E .« = Now = 2nf No, ...(4.3)
Therefore, the rms value of the generated voltage is
E,... =444 f N¢, ..(4.4)

Actually, the armature coil of each phase is distributed in a number of slots and the emfs
induced in different slots are not in phase and hence their phasor sum is less than their
numerical sum. Therefore, a reduction factor K, called the winding factor, must be considered.
For most of the machines K, varies from 0.85 to 0.95. Therefore, for a distributed phase
winding,

E,.. . =4.44 K, f N¢, ..(4.5)

The frequency of the armature voltage is given by

-

where n, is the rotor speed in rpm, referred to as synchronous speed.

Under normal operating conditions, three phase armature currents are balanced. Assuming
current in phase a is lagging the generated emf E, by an angle ¢, which is indicated by line pg
in Fig. 4.1, the instantaneous armature currents are

L =1, sin(wt — ¢)

L=1,,sin (wt -0 Z?E) ..(4.7)

L=1,_ sin (wt _o- %’“)

From eqn. (4.2), it is seen that the generated emf E, is maximum when rotor magnetic axis
is under phase a. In Fig. 4.1, when line pq reaches the axis of coil aa’, current in phase a reaches
it maximum value. At any instant of time, each phase winding of synchronous machine produces
a sinusoidally distributed mmf wave with its peak along the axis of the phase winding. These
mmf amplitudes are proportional to the instantaneous value of the phase current, i.e.,

F,=KI,
F,=KI, ..(4.8)
F.=KlI,

Using eqns. (4.8) and (4.7) we get,
F, =F, sin (wt— ¢)

F,=F._ sin (wt_q)_%") ..(4.9)

F.=F, sin (wt—q)—%t)

where F,=KI, .. ...(4.10)

where K is proportional to the number of armature turns per phase and is a function of the
winding type. Now the resultant mmf may be obtained by projecting these mmf on line pg and
obtain the resultant in-phase and quadrature-phase components. The resultant in-phase
components are
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F,=F, \‘Sin(wt — ) cos(wt — ) + sin(wt -0- %t) cos (wt -0- 2_7t)

3
+ sin(wt -0- %t) cos(wt -0- %)J
4

F,= F—;\‘SinZ(wt =) +sin2(wt ) —%)+Sin2(wt ) —?)J

F,=0 .(4.11)

The sum of quadrature components results in
F,=F, \‘Sin(wt — ) sin(wt — ) + sin(wt -0- 2§n) sin (wt -0- %t)

+ sin(wt -0- %) sin(wt -0- %)J

3
Fy=,Fy .(4.12)

Therefore, resultant armature mmf or stator mmf becomes
3
F,=F,+F,= EFm ...(4.13)

We therefore conclude that the resultant mmf has a constant amplitude perpendicular to
line pq.

Field alignment for synchronous generator is shown in Fig. 4.2 using space vectors to
represent the different fields.

F, &

Fig. 4.2: Phasor/vector diagram for non-salient pole synchronous generator.
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At no load (armature current is zero), the field mmf F, produces the no-load generated emf
E and this voltage is proportional to the field current known as excitation voltage. It is worth
mentioning that in Fig. 4.2 mmfs are space vectors whereas the emfs are time phasors.

When the synchronous generator is loaded, i.e., the armature is carrying balanced three
phase currents. The interaction of armature mmf and the field mmf, known as armature
reaction and produced resultant air gap mmf F,. F, is responsible for the resultant air gap flux
o, which induces the generated emf on load E,. F, induces the emf E,,, known as the armature
reaction voltage. The voltage E,, leads the armature current I, by 90° and thus can be represented
by a voltage drop across a reactance x,, due to the current I,. x,, is known as armature reaction
reactance.

From Fig. 4.2,

E=E_ +jx,1I, ..(4.14)
E, =V+rl +jx1, ...(4.15)
From eqns. (4.14) and (4.15), we get
E=V+ir, + 0+,
E=V+{r,+jx)I, ...(4.16)
where x, = (x; + x,,) is known as synchronous reactance.

The cosine of the angle between I, and V represents the power factor (cos 0) at the generator
terminals. The relative positions of F, and F, dictates the action of the synchronous machine.
When F, is ahead of F,, by an angle J,, the machine is operating as a generator and when F, falls
behind F,,, the machine will act as a motor. Figure 4.3 shows equivalent circuit of nonsalient
pole synchronous machine.

T +

E Vv

I
> AT

o>»O0r

Fig. 4.3: Synchronous machine equivalent circuit.

Figure 4.4 shows the phasor diagram of the generator for lagging, unity and leading power
factors.

E

)

1, v

(a) Logging pf load (b) Leading pf load (c) Upf load
Fig. 4.4: Phasor diagram of synchronous generator.

Voltage regulation of an alternator is defined as the percentage change in terminal voltage
from no load to rated load.
Voltage Regulation,
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- | Varl = [ Viageal % 100 = M x 100 ..(4.17)
| Vrated | | Vrated |

4.4 POWER ANGLE CHARACTERISTICS

From Fig. 4.3, the three phase complex power at the generator terminal is

Sy =3VI," ..(4.18)
Also
| ][5 -|V][0°
Ia = ||—Z—||E|_ (419)
From eqns. (4.18) and (4.19), we get
E||V V[?
S5 = 3M -6 -3 Vi | B ...(4.20)
| Z] | Z]
.. Three phase real and reactive power are:
2
Py, = 3%003([3 -9 -3 ||Z|| cosf ...(4.21)
2
Qs = S%Sm(ﬁ -8 -3 :le sin 8 ...(4.22)
If r, is neglected, then Z, = jx, and B = 90°,
Therefore,
Py, = 3%Sin8 ...(4.23)
\%
Qs = 3%(|E|cos8—|V|) ...(4.24)

S

Example 4.1: A 50 MVA, 13.8 RV, three-phase, 50 Hz synchronous generator has a synchronous
reactance of 32/phase and r, = 0. One generator is delivering rated power at a 0.85 pf lagging
at the rated terminal voltage to an infinite bus.

(a) Compute the excitation voltage per phase E and the power angle 6.

(b) With the excitation held constant at the value found in (a), the driving torque is reduced
until the generator is delivering 22 MW. Determine the armature current and the power
factor.

(c) If the generator is operating at the excitation voltage of part (a), what is the maximum
power the machine can deliver before losing synchronism?

Solution:
(a) cos 6 = 0.85 s 0=31.8°

S;y = 50[31.8° = (425 + j26.34) MVA
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V=@ = 7.96 kv

J3

Using eqn. (4.18),

. Ss  50[-31.80 x 10° A
= = = m .
* gy 3 x 7.960° P

I, =2093.8 | -31.8° Amp.

Using eqn. (4.16)
(j3) * 2093.8

-31.8°
1000 318"

E =796 + 6.28(58.2° = 1127 + j 5.33

E =12.46|25.3° kV.
Therefore the excitation voltage magnitude is 12.46 kv and power angle is 25.3°.

E =796 +

(b) When the generator is delivering 22 MW, from eqn. (4.23),

) 22 % 3 . [ 66
sin = sin =12.8°
3 %1246 x 7.96 297.54
_ 1246|12.8°-796|0°  (4.19 + j2.76)

a j3 j3
. = 16724 —56.6° Amp.

S

~
Il

The power factor is cos (56.6°) = 0.55
3 |E||V| 3x1246 x 7.96

(© Pox= = 9918 MW
X 3
;o 1246|90° — 7.96(0°  —(7.96 — j12.46)

¢ Jj3 J3
2 = 49285(32.5° Amp Ans.

~
|

Example 4.2: A 80 MVA, 69.3 RV, three-phase, synchronous generator has a synchronous
reactance of 10 2 per phase and r, = 0. The generator is delivering rated power at 0.8 pf lagging
at the rated terminal voltage to an infinite bus bar. Determine the magnitude of the generated
emf per phase and the power angle 6.

Solution:
cos 6=0.8 .. 0=36.87
S3o = 80[36.87° = (64 MW + j 48 MVAr)
. 69.3
The rated voltage per phase is V = fkv =40.01kV

V= 40.01/0° kV
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The rated current is

I = S34; _ 80[-368T" _ ers ~36.87° Amp
3V*  3x4001[0°
710 x 666.5|-36.87°
1000
E=40.01+4+j5.33=44.01+5.33
E = 4433]69° kV
magnitude of generated emf = 44.33 kV and 6 = 6.9° Ans.

E = 40.01|0° + = 40.01 + 6,665 |53.13°

4.5 SALIENT POLE SYNCHRONOUS GENERATORS

A salient pole synchronous machine (Fig. 4.5) is distinguished from a round rotor machine by
constructional features of field poles with a large interpolar air gap. The reluctance along the
polar axis, commonly referred to as the rotor direct axis is less than that along the interpolar
axis, commonly referred to as the quadrature axis. Therefore direct axis reactance x,is higher
than the quadrature axis reactance x,. These two reactances give voltage drop in the armature
and can be taken into account by resolving the armature current I, into two components I, in
quadrature and [, in phase. The phasor diagram with zero armature resistance is shown in
Fig. 4.6.

Direct axis

Quadrature
7 axis

Fig. 4.5: Schematic representation of a salient pole
synchronous generator (four poles).
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EL
A

v Xy,

/quq

Fig. 4.6: Phasor diagram of a salient pole

synchronous generator.

From Fig. 4.6,
|E| = |V] cos &+ xqly

The three-phase real power at the generator terminal is

P=3|V| |1,| cos 6
From Fig. 4.6,
| I,|cos © = I, cos & + I3 sin &
From eqn. (4.26) and (4.27), we get
P=3|V| (I,cos &+ Isin 3)
Again from Fig. 4.6,
| V| sin 6 = x,/,
_|V]sin §

Xq

1

q

From eqn. (4.25), we get
_ | E|=]V]cosd

I
d %
From eqn. (4.28), (4.29) and (4.30) we get,

Py, = 3M5in8 + 3|V

xXq 2x4%

|2 (xd - xq)

...(4.25)

...(4.26)

..(4.27)

..(4.28)

...(4.29)

...(4.30)

sin 29 ...(4.31)

In eqn. (4.31), second term is known as the reluctance power. Note that equations (4.25) and

Solution.
(a) The base voltage is

Bp= 122 = 7.967kv.

V3

(4.31) can be utilized for steady state analysis. Under transient conditions, x4 takes on different
values depending upon the transient time following the short circuit.

Example 4.3: A 25 MVA, 13.8 kV, 50 Hz synchronous generator has a synchronous reactance of
1.2 pu and a resistance of 0.02 pu calculate (a) the base voltage, base power and base impedance
of the generator. (b) The actual value of the synchronous reactance (c¢) The actual winding
resistance per phase (d) the total full load copper loss.
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25
The bare power is Sp = 3 8.333 MVA

3]
Ej \ 8
Sy (2
3
Zp="1.6176 Q.
(b) The synchronous reactance is
X, = x,(pu) X Zg = 1.2 X 7.6176 = 9.14112 Q.
(¢) The resistance per phase is

R =R (pu) X Zz =0.02 x 7.6176 = 0.1523 Q
Note that all the impedance value are on per phase basis.

The base impedance is Zg =

(d) The per-unit copper losses at full-load are
P(pu) = I*(pu) x R(pu) = 1% x 0.02 = 0.02 pu
Note that full load per unit value of I is equal to 1.

The copper losses for all these phase are

P=3x%0.02%x Sz=3x0.02x 25X 1000 = 1500 kW Ans.

Example 4.4: A 30 MVA, 15 kV, 1500 rpm, 3 phase synchronous generator connected to a power
grid has a synchronous reactance of 942 per phase. If the exciting voltage is 12 RV (line-to-
neutral) and the system voltage is 17.3 RV (line-to-line), calculate the following:

(a) The active power which the machine delivers when the torque angle Jis 30° (electrical).
(b) The maximum power that the generator can deliver before it falls out of step (losses

synchronous).
Solution.
17.3 .
(@ |E| =12kV, |V]= =22 =9988kV,x,=9Q, =30
J3
p= 1BVl 5 %x% MW = 6.658 MW.
xS

The total three-phase power delivered = 19.976 MW.

(b) The maximum power, per phase, is attained when 6 = 90°,
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P= V] sin 90°
x

Maximum these-phase power output of the alternator

_ 12 x9.988 _ 13.317 MW.

=13.317 x 3 = 39.952 MW.

4.6 TRANSIENTS OF SYNCHRONOUS MACHINE

A three-phase synchronous machine consists of three windings mounted on the stator, one field
winding mounted on the rotor and two amortisseur or damper windings could be added to the
rotor, one along the direct axis and other along the quadrature axis, which model the short-
circuit paths of the damper windings. These windings are schematically shown in Fig. 4.7.

Reference
axis

A
,/ Quadrature

axis

Direct
axis

Fig. 4.7: Schematic representation of a synchronous machine.

The idealized synchronous machine is represented as group of magnetically coupled circuits
with inductances which depend on the angular position of the rotor. It is assumed that saturation
is neglected and spatial distribution of armature mmf is sinusoidal. Figure 4.8 gives the
schematic representation of synchronous machine.
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| N\t

Fig. 4.8: Schematic representation of synchronous machine.

4.7 SIMPLIFIED REPRESENTATION OF SYNCHRONOUS
MACHINE FOR TRANSIENT ANALYSIS

For steady state operation, the synchronous generator was represented with a constant emf
behind a synchronous reactance x,. For salient pole machine, because of the nonuniformity of
the air gap, it was modeled with direct axis reactance x4 and the quadrature axis reactance x,.
Under short circuit conditions, the circuit resistance is much smaller than the reactance and
hence the stator current lags nearly 90° behind the driving voltage and the armature reaction
mmf is centered almost on the direct axis. Therefore, under short circuit conditions, the
effective reactance of the machine may be assumed only along the direct axis.

At the instant, prior to short circuit condition, there must be some flux on the direct axis
linking both the stator and rotor, due to rotor mmf only if the machine on open circuit or due
to the resultant of rotor and stator mmf, if some stator current is flowing. Under short circuit
condition, there will be sudden increase of stator current and the flux linking the stator and
rotor cannot change immediately due to eddy currents flowing in the rotor and damper circuits,
which oppose this change. The reactance of armature reaction is negligible because stator mmf
is unable at first to establish any armature reaction and value of initial reactance is same as the
leakage reactance when the eddy current in the damper circuit and eventually in the field
circuit decays, the armature reaction will be fully established.

For the purpose of explanation, imagine that the field and damper windings are the
secondaries of a transformer where primary is the armature winding. Under normal steady
state operations there is no transformer action between stator and rotor windings as the
resultant field produced by both the stator and rotor revolve with the same synchronous speed.
During short circuit conditions, rotor speed is not the same as that of the revolving field
produced by stator windings resulting in the transformer action. Therefore, damper and field
circuits resemble much more nearly as short-circuited secondaries. The equivalent circuit for
this condition is shown in Fig. 4.9 and equivalent reactance is known as direct axis subtransient
reactance.
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Fig. 4.9: Equivalent circuit for the subtransient condition.

o
Subtransient reactance xy” can be given as,

SN S B A ws2)
xd - 1 xa xf Xd .o .

The direct axis subtransient reactance x;” is only used if the initial current is important, for
example to determine the short-circuit rating of circuit breaker.

The short-circuit subtransient time constant of damper winding is very small (about 0.03 to
0.04 seeads) and this component of current decays very quickly.

Therefore, one can ignore the branch of the equivalent circuit which takes into account the
damper winding. Equivalent circuit is shown in Fig. 4.10.

Fig. 4.10: Equivalent circuit for the transient condition.

The equivalent reactance of Fig. 4.10 is known as short circuit transient reactance and is
given by

-1
. (i ; i) X .(4.33)
X, X o T

Finally, when the disturbance is over, there will
not be any transformer action between the stater and %
roter windings and the equivalent circuit is shown in
Fig. 4.11. o

The equivalent reactance of Fig. 4.11 is known as Fig. 4.11: Equivalent circuit for
direct axis synchronous reactance and is given by the steady-state condition.

Xg =%+ %, ...(4.34)
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Similar equivalent circuits can be obtained for reactances along the quadrature axis. These
reactances, xg, Xy, and x, may be considered for cases when the circuit resistance results in a
power factor above zero and the armature reaction is not totally on the direct axis.

The armature current following sudden short circuit to the armature of an initially unloaded

machine can be expressed as:

1 q )7 1 o1 Y7
i,@) = \/EEO - e + -—|e + — |sin(wt+9d) ...(4.35)
X7 X, X,

Where
7’4 = direct axis short-circuit subtransient time constant

74 = direct axis short-circuit transient time constant.

4.8 DC COMPONENTS OF STATOR CURRENTS

The expression for the armature current as given by eqn. (4.35), the unidirectional transient
component has not been considered. As we know from the consideration of the simple R-L
circuit, there will be a dc offset depending on when the voltage is applied. Similarly, in a
synchronous machine, the dc offset component depends on the instantaneous value of the stator
voltage at the time of the short circuit. The time constants associated with the decay of the dc
component of the stator current is defined as the armature short circuit time constant, T,.

Most of the decay of the dc component current occurs during the subtransient period and
because of this reason, the average value of the direct axis and quadrature axis subtransient
reactances is used for calculating t,. It's approximate value is given by,

_ (Xg + X7)

T ...(4.36
a 2R, (4.36)
Typical value of 7, is around 0.045 to 0.18 second.
The dc component current for phase ‘@’ is given by
. E, . _
i, = V2 =2sind.e .(4.37)

”
Xd

Combination of eqns. (4.35) and (4.37) will give an asymmetrical wave form, i.e.,

Ly @) = \/EEO [(i _ %) et 4 (i L )e‘t”& + Xi] sin(wt + &) + V2 Eq sin§.e Y%
d

Xq Xi Xy a Xq
...(4.38)
The maximum possible initial magnitude of the dc component current is
. E
P = 2 22 ..(4.39)
X4

Therefore, the maximum rms current at the beginning of the short circuit is
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2 2
E — E
7 max — o + 2 o
Lasy \/( X&’) ( X&’) (440)

from which

.
jmax = 3] Eo (441

The momentary duty of a circuit breaker is given in terms of the asymmetrical short-circuit
current.

4.9 EFFECT OF LOAD CURRENT

If the fault occurs when the synchronous generator is delivering a perfault load current, two
methods might be used in the solution of three-phase symmetrical fault currents.

4.9.1 Use of Internal Voltages Behind Reactances

When there is a prefault load current, three internal voltages E”, E’ and E may be considered
to be during subtransient, transient and the steady state periods, respectively and these
voltages are known as the voltage behind subtransient reactance, voltage behind transient
reactance and voltage behind synchronous reactance. Consider the single line diagram of a
loaded generator as given in Fig. 4.12.

AL
X/

Xy
iXd J7
1L

(a)

Fig. 4.12: (a) Single line diageram of a loaded generator (b) Phasor diagram.

o>»0or

From Fig. 4.11(b), we can write
E"=V+jX" L,
E'=V+jX' I, ..(4.42)
E=V+jX, L

4.9.2 Use of Thévenin’s Theorem and Superposition with Load Current

An alternate method of computing short-circuit current is through use of Thévenin’s theorem

and superposition of prefault load current. Here it is illustrated through an example.
Consider a synchronous generator feeding a synchronous motor load, over a transmission

line. Figure 4.13 (a) shows the circuit model under steady load conditions. Fault computations
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are to be made for a fault at F, at the motor terminals. Figure 4.13(b) shows the circuit
considering transient reactances (or subtransient reactances if subtransient currents are of
interest) in series with voltages behind transient reactances.

Figure 4.13 (¢) shows the Thevenin’s equivalent circuit. This circuit comprises prefault
voltage V|, in series with the passive Thevenin’s impedance network. Figure 4.13 (d) shows the
Thevenin equivalent of the system feeding the fault impedance.

Ref. Bus

()

Fig. 4.13: Short-circuit current computation using Thevenin equivalent.

From Fig. 4.13 (d), we can write

Vs
I = m ...(4.43)
Also
X3
Al = m -1 ...(4.44
BT (X + X+ Xf) (49
(X5, + X))
AL d I; ..(4.45)

mT (X + X+ X))
Postfault currents and voltages are obtained using superposition:

Ly=1,+ Al ...(4.46)
I =1 — Al (in the direction of 1))

m.
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Postfault voltage
‘/f = Vo + (_jXTH If) = VO + AV (447)

EXERCISE

4.1. A three phase synchronous generator produces an open circuit line voltage of 6000 volt when the
dc exciting current is 50 Amp. The ac terminals are then shrot circuited, and the three line currents
are found to be 660 Amp. Calculate (a) the synchronous reactance per phase (b) the terminal
voltage if three 12 ohm resistors are connected in Y across the terminals.

Ans. (a) 5.248 ohm (b) 5.5 kv.

4.2. A three phase, 50 Hz synchronous generator is driven at constant synchronous speed by a prime
mover. The armature windings are initially open-circuited and field voltage is adjusted so that the
armature terminal voltage is at the rated value (i.e., 1.0 pu). The machine has xj = 0.15 pu,
x’4=0.40 pu and x4 = 1.20 pu. Determine the steady state, transient and subtransient short circuit
currents.

Ans. 0.833 pu, 2.50 pu, 6.67 pu



Power System Components and
Per Unit System

5.1 INTRODUCTION

A complete circuit diagram of a power system for all the three-phases is very complicated. It is
very much practical to represent a power system using simple symbols-for each component
resulting in what is called a single-line diagram.

Power system engineers have devised the per-unit system such that different physical
quantities such as current, voltage, power and impedance are expressed as a decimal fraction
or multiple of base quantities. In this system, the different voltage levels disappear and a power
network consisting synchronous generators, transformers and lines reduces to a system of
simple impedances.

Another important component of a power system is the synchronous machine and it greatly
influences the system behaviour during both steady state and transient conditions. The
synchronous machine model, in steady state and transient conditions is given in chapter 4.0.

5.2 SINGLE PHASE REPRESENTATION OF A BALANCED
THREE PHASE SYSTEM

Figure 5.1 shows a simple balanced three-phase network. As the network is balanced, the
neutral impedance Z, does not affect the behaviour of the network.

]a
Ia
5 >
Z, I =0 )
_ — Py n Z
_ | S| «
+ Z ZL
+ ]
ZQ
I,

Fig. 5.1: Balanced three phase network. Fig. 5.2: Single-phase representation of a

balanced three phase network
of Fig. 5.1.



For the reference phase a,
E,=(Zs+ Z))I, ..(5.1)

Figure 5.2 gives the single-phase
equivalent of a balanced three-phase network
of Fig. 5.1.

As the system is balanced, the voltage
and currents in the other phases have the
same magnitude but are shifted in phase by
120°.

Now consider the case where a three-
phase transformer forms part of a three-phase
system. Three identical single-phase two
winding transformers may be connected to
form a three-phase transformer. The windings
can be connected in four ways, Y-Y, Y-A,
A-Y and A-A. The phase of Y-Y and A-A
transformer, there is no phase shift between
corresponding quantities on the low and high
voltage windings. However, for A~Y or Y-A
transformers, there is always a phase shift.
Figure 5.3 shows a three-phase Y-Y bank.

Schematic representation of this
transformer is shown in Fig. 5.4(a) and Fig.
5.4(b) shows the single-phase equivalent of
three-phase Y-Y transformer and Fig. 5.4(c)
shows the single-line diagram.
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Fig. 5.3: Three-phase two-winding Y-Y
transformer bank (a) Arrangements of core
and coil (b) Single-line diagram.

IC
>
»

I 1,
+ +
o ©
Van Vin
(b)

_BE_

IR

Fig. 5.4: (a) Schematic representation of three-phase y-y transformer, (b) Single-phase equivalent
of Y-Y transformer, (c) Single-line diagram of transformer.
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If the transformer is Y-A connected as shown in Fig. 5.5 and for obtaining the single-phase
equivalent circuit, the delta side has to be replaced by an equivalent star connection as shown
in Fig. 5.6. From Fig. 5.6, it is also seen that V,y leads V,, by 30°.

[ [ ]
Ae —e2a
] L b
» q
N——A <__> (__)_b—a
L /T o b
B TN [ ] [ ] c
N :‘> c’—; /
/ —p T T b
B
IS PN
C T [ ] ®
C q_| b
> q
\ ¢ P \a
N

e
o

Fig. 5.6: Y-A transformer with equivalent star connection.

Figure 5.7(a) shows the single-phase equivalent of y-A transformer and Fig. 5.7(b) shows the
single-line diagram.

- > Ny N3 . B

g @
Van
e N

(a) (b)

Fig. 5.7: (a) Single-phase equivalent of Y-A transformer, (b Single-line diagram.
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5.3 THE PER-UNIT (pu) SYSTEM

Power system quantities such as current, voltage, impedance and power are often expressed in
per-unit values. For example, if base voltage if 220 KV is specified, then the voltage 210 KV is
210/220 = 0.954 pu. One major advantage of the per-unit is that by properly specifying base
quantities, the equivalent circuit of transformer can be simplified. When expressed in per-unit
values, the equivalent impedance of a transformer whether referred to primary or secondary,
is the same. Another advantage of the per-unit system is that the comparison of the characteristics
of the various electrical apparatus of different types and ratings is facilitated by expressing the
impedances in per-unit based on their ratings. When all the quantities are converted in per-unit
values, the different voltage levels disappear and power network involving synchronous
generators, transformers and lines reduces to a system of simple impedances.
Per-unit quantities are calculated as follows:

actual quantity

per-unit quantity = base value of quantity ..(5.2)
Let us define,
S \%4 I Z
S.=—=—,V,=—7, [ ,=— and Z , = — ..(5.3
TSy R A ne S Zy 63

where, S (apparent power), V(voltage), I(current) and Z(impedance) are phasor or complex
quantities and denominators (i.e., Sg, V3, Iz and Zp) are always real numbers. To completely
define a per-unit system, minimum four base quantities are required.

Two independent base values can be arbitrarily selected at one point in a power system.
Usually, the three-phase base volt-ampere Sy or (MVA)g and the line-to-line base voltage Vj or
(kV)p are selected. The base value has the same units as the actual quantity and hence making
the per-unit quantity dimensionless. Then, in order for electrical laws to be valid in the per-unit
system, following relations must be used for other base values:

(MVA)g
R a— ..(54
BT /5 ®V), (5.4)
and Zp = M ...(5.5)
Iy
Now substituting for Iy from eqn. (5.4), the base impedance becomes
KV
Ip= ——— ...(5.6)
BT (MVA),

Note that phase and line quantities expressed in per-unit values are the same, and the
circuit laws are valid, i.e.,

Spa=Vou+ Iy (5.7)

Here S, = per-unit complex power = P, +j @,

V. = per-unit voltage

I;u = complex conjugate of per-unit current I,
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and also Viu = Zpu LIy ...(5.8)

The power consumed by the load at its rated voltage can also be expressed by per-unit
impedance. The three-phase complex load power can be given as:

Sload(S(b) 3V hase (59)
Here Sioad(ze) = three- phase complex load power
Vihase = Phase voltage
IE = complex conjugate of per-phase load current 1.
The phase load current can be given as:
V hase
L =2 ...(5.10)
Zy,
where Z;, is load impedance per phase.
Substituting [;, from eqn. (5.10) in eqn. (5.9), we get,
Vase |
Sload(S(b) 3. Vphase[ I’Zasej
L
S | hasel
load(3¢) Z;:
31V hasel”
7= M (5.11)
Sload(3¢)
Also, load impedance in per-unit can be given as
_ 4
Zpw = Z_B ..(5.12)

Substituting Z;, from eqn. (5.11) and Zy from eqn. (5.6) into eqn. (5.12), we obtain

31V pacel?
7 = | Vohasel .(MVA)B ...(5.13)

pu * 2
Sload (30) (KV)B

NOW | VL—L | \/_ | hase
| phase |2 | VLLl (514)
Using eqns. (5.13) and (5.14), we get

Vil (VA
P (KV) 123 Sload(Sq))

Z = l ol ...(5.15)

pu —
S load (pu)
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The impedance of generators, transformers and motors supplied by the manufacturer are
generally given in per-unit values on their own ratings. For power system analysis, all impedances
must be expressed in per-unit values on a common base.

When base quantities are changed from (MVA)g ;4 to MVA)g e and from (KV)g 4 to
(KV)B, new»> the new per-unit impedance can be given by

(MVA)B, new (KV)]QB,old
MVA)g a BV)F, new

Z =Z

pu, new pu, old

...(5.16)

5.4 PER-UNIT REPRESENTATION OF TRANSFORMER

It has been stated in section—5.2, that a three-
phase transformer can be represented by a
single-phase transformer for obtaining per phase
solution of the system. Figure 5.8 shows a single-
phase transformer in terms of primary and ,
secondary leakage reactances Z, and Z; and Fig. 5.8: Representation of single phase

transformation ratio 1 : a. transformer (magnetizing impedance neglected).

Let us choose voltage base on the primary side V5 and on the secondary side Vgp. Also
choose a common volt-ampere base of (VA)g.

1% 1
Now Vig == (5.17)
s @

As the (VA)p is common, we can also write

I
I"—B =q .(5.18)
SB
v
Zy =72 ..(5.19)
pB
v
Zop = Iﬁ ...(5.20)
SB

From Fig. 5.8, we can write,

Vy=Eg— Zg I ..(5.21)

E,=V,-Z], ...(5.22)
Also E . =a.E, ...(5.23)
Substituting E, from eqn. (5.23) into eqn. (5.24), we obtain

Vs=aE, - Zslg ...(5.24)
Substituting E, from eqn. (5.22) into eqn. (5.24), we get,

Vs=a(V, - Z,1,) — Zsls ...(5.25)

Eqn. (5.25) can be converted in per-unit form, i.e.,
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Viou) Vg = a[V, (0w Vi — Z, (pw) Zyp I, (o) I |
— Zg(pw) . Zgp I5(pu) Igp ...(5.28)
or

Dividing eqn. (5.26) by Vgp and using the base relationships of eqns. (5.17), (5.18), (5.19) and
(5.20), we get.

Vspw = V,(pw) — I,(pw) Z,(pu) — Is(pu) Zg(pw) .(5.27)
Now we can write

_p - —_——
Is ISB
b L
B Isp
. I(pw) = I(pw) = I(pu) ...(5.28)
Using eqns. (5.27) and (5.28) we get, I(pu) Z(pu)

Vipw) = V,(pu) — I(pu) Z(pw)  ..(5.29) v (pu) Vi(pu)
where Z(pu) = Z,(pu) + Z(pw) ...(5.30) | |
Figure 5.9 shows the per-unit equivalent circuit of the Fig. 5.9: Per-unit equivalent circuit

transformer. of single-phase transformer.

Z(pu) can be determined from the equivalent impedance
on primary or secondary side of a transformer.
On the primary side,

Z
Z.=7 +=5
1= 4t g

=—+
ZpB pB ZPB 02
Z,

Zy(pu) = Z,(pu) + Z—S

SB
Zy(puw) = Z,(pu) + Zg(pu) = Z(pu) ...(5.31)

Similarly on the secondary side,

Zy(pu) = Zg(pu) + Z,(pu) = Z(pu) ...(5.32)

Therefore, per-unit impedance of a transformer is the same whether computed from primary
or secondary side.
Example 5.1: A single phase two-winding transformer is rated 25 kVA, 1100/440 volts, 50 Hz.

The equivalent leakage impedance of the transformer referred to the low voltage side is 0.06|78°

Q. Using transformer rating as base values, determine the per-unit leakage impedance referred
to low voltage winding and referred to high voltage winding.
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Solution: Let us assume high voltage side is primary and low voltage side is secondary
windings.
Transformer rating = 25 kVA = 0.025 MVA

Vp = 1100 volt = 1.1 kV; Vg = 440 volt = 0.44 kV
MVA)g =0.025, Vg = 1.1 kV, Vg = 0.44 kV.
Base impedance on the 440 volt side of the transformer is
Vay  (0.44)*
Zgp = =
(MVA);  (0.025)

Per-unit leakage impedance referred to the low voltage side is

Z 0.06 78°
Zew = 250 =7.74x107"| 78° pu.
S Zgg 1744 P

If Z, . referred to primary winding (HV side),

= 7.744 ohm

N, ) 11 V
7 =d =1 .z =|——| x0.06|78°
P, eq s, eq [NQ) S, eq (0.44) |_

Z oy = 0.375| 78° ohm.

b, eq

Base impedance on the 1.1 KV side is

& 2
= =D g0
(MBA)p  0.025
Z (pw) Zpeq _ OST5| T8 7.74 x 1073] 78°
u) = = = . u
b Z, 484 P

Therefore, per-unit leakage impedance remains unchanged and this has been achieved by
specifying
VpB _ ‘/p, rated _ 11

= =——=25.
VSB ‘/s, rated 0.44

Example 5.2: Figure 5.10 shows single line diagram of a single- phase circuit. Using the base
values of 3 RVA and 230 volts, draw the per-unit circuit diagram and determine the per-unit
impedances and the per-unit source voltage. Also calculate the load current both in per unit and
in Amperes.

I |

I |
Sec -1 i Sec -2 i Sec -3
Vv, =220 Lo° ! !

DY@ 2
| ) C | X\ine=39 | D

T, T,

Z =(0.8 +0.3)ohm
Ty 1 3 kKVA, 230/433 volts, xoq = 0.10 pu
T,: 2 kKVA, 440/120 volts, x4 = 0.10 pu

<Ho>or]

Fig. 5.10: Single-phase circuit.
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Solution: First base values in each section have to be obtained.

Base MVA = 1000 = 0.003 and this base value will remain same for the entire network.
. (MVA)g = 0.003
Also, V1 = 230 volts = 0.23 kV, as specified in Section-1.

When moving across a transformer, the voltage base is changed in proportion to the
transformer voltage ratings. Therefore,

Voy = | 23315930 = 433 volt = 0.433 kV
230
120
and Vis = (m) x 433 volts = 118.09 volts = 0.11809 kV.
2 2
Zg = V) O 06s ohm
(MVA);  0.003
(Vgg)® _ (0433)°
Zpo = = = 62.5 oh
B2~ (MVA)s 0003 onm
2 2
Zyy= Vo) QLB _ o) g
(MVA)g 0.003
Base current in Section-3 is
_ MVA)g _ 0003 KA = 25.4 Amp

T, =
B (Vps) 0.11809

Given that X1, old = Xeq = 0.10 pu
X1, new = 0.10 pu
Therefore, for transformer-7,, no change in per-unit value of leakage reactance.

For transformer, T,

~ (0.44)*

ZBT2 =73\ - 96.8 ohm
1000

xg(0hm) = 0.1 X 96.8 = 9.68 ohm
Zps =625 Q

9.68
X9, new = 625 =0.1548 pu

Xjine (Ohm) 3
Zno 62.5

Nine (PU) = =0.048 pu
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Zy(ohm) _ (0.8+j0.3)

Z, (pu) = j0-10 j0-048 j0-1548
LP
Zps 4.64 — T T T
Iy T. i T.
= (0.1724+j 0.0646) pu. | "~ Hne : 01724
Per-unit circuit is shown in Fig. 5.11. é—)
Ve (pu) @VS=0.956|Q’ A
L(pw) = ZSTPU) j0.06846 | D
T{pu
Zp(pu) =j 0.10 + j0.048 + j0.1548
+0.1724 + j0.0646 Fig. 5.11: Per-unit circuit.
= 0.4058| 64.86°
0.956 | 0°
I =———=2355| -64.86° pu
LPW = 5 1058 64.86° [-64.867p

I; (Amp) = [ (pu) X Iz; = 2.355| —64.86° x 25.4
= 59.83| —64.86° Amp.

Example 5.3: Figure 5.12 shows single-line diagram of a power system. The ratings of the
generators and transformers are given below:

G1 : 25 MVA, 6.6 kV, x, = 0.20 pu

G2 : 15 MVA, 6.6 kV, Xgo = 0.15 pu

G3 : 30 MVA, 13.2kV, x,3=0.15 pu

T, : 30 MVA, 6.6 A—115Y kV, xr; =0.10 pu

T, : 15MVA, 6.6 A—115Y kV, xq, =0.10 pu

Ty : Single-phase unit each rated 10 MVA, 6.9/69 kV, x5 = 0.10 pu.

Draw per-unit circuit diagram using base values of 30 MVA and 6.6 kV in the circuit of
generator-1.

T, 6.6/115 kV
ﬁ A
.-If( T1( Line - 1 Line - 2 Ta(
D) ine - ine - D)
@ ) C 120 Q | j90 Q PAS @30 I\IVA
BMVA A Yy Y Y& 13.2kV
: 6.6/115 kV V3.69/6.9 xV3 kV

Fig. 5.12: Single-line diagram.

Solution: The chosen base values are 30 MVA and 6.6 kV in the generator 1 circuit.

Consequently, the transmission line base voltage of Line-1 is 115 kV. For generator-2 base
voltage is also 6.6 kV.
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As the transformer Ty is rated 6.9 kV and 69 kV per phase, the line voltage ratio is

6.9V3 / 693 = 12/120 kV. Therefore, base line voltage for generator-3 circuit is (11220) x 115 =

11.5 kV.

Therefore, line kV base on H.V. side of transformer 7’ is the same as that of transmission
line, i.e., 115 kV.

Figure 5.13 shows the per-unit circuit

diagram.

MVA); = 30

30
X, = 0.2x — =0.24 pu
gl 25 p

30
X0 = 0.15% 2= =0.30 pu
g 15 P

2
13.2
X3 = 0.15x| ——=| =0.20 pu
& (11.5) P

xp; = 0.10 pu

X9 = 0.10(%) =0.20 pu

(115)% jo-10 jo-27 j0-205  jo-11
’ 30

Xiine-2 X4

120 j0-20 j0-20
Minel = 440 = 0.27 pu
j0-30

90
Mine2 = 440 = 0.205 pu.

Fig. 5.13: Per-unit circuit diagram.

Example 5.4: A 100 MVA, 33 RV, three phase generator has a reactance of 15%. The generator
is connected to the motors through a transmission line and transformers as shown in Fig. 5.14.
Motors have rated inputs of 40 MVA, 30 MVA and 20 MVA at 30 RV with 20% reactance-each.
Draw the per-unit circuit diagram.

Solution:

—@ 40 MVA, x,., = 0.20 pu

T T,
60 Q
@ 3 E 3 E @ 30 MVA, x, = 0.20 pu
100 MVA,  110MVA Y A
33 kV A=Y 110 MVA —@ 20 MVA, X, = 0.20 pu
X, =0.15pu  32/110 kV 110/32 kV
X, = 0.08 pu X, = 0.08 pu

Fig. 5.14: Single-line diagram.
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Solution: Assuming,
(MVA); =100 and (KV)z = 33 in the generator circuit.

%y = 0.15 pu

(KV)g, line = 33 % 13—120 =113.43 kV

In the motor circuit

32
EKV)g pmotor = 11343 X — =33 kV.
’ 110
N Zy= %2 _10s90
o B~ 100 ©
Zygm =7 —@a22—9m99
B, 117 4B, 127 110 .
x71(Q) = 0.08 X 9.309 Q =0.744 Q
0.744
%71, new (PW) = 1089 = 0.0683 pu
xTZ, new (pu) = 0.0683 pu
(113.43)%
ZB, line = T =128.66 Q
60
Xiine(PW) = 123.66 = 0.466 pu
2
100 (30
Xmotor 1 (pu) =0.20x E X (33) =0.413 pu

100 (30)?
Xmotor-2 (PW) = 0.20 X ) X (ﬁ) =0.551 pu

100 (30)*
Xmotor-3 (PW = 0.20 x >0 X (ﬁ) = 0.826 pu.

Figure 5.15 shows the per-unit reactance diagram.

V0 ST
j0-0683 j0-466

j0.15

Fig. 5.15: Per-unit reactance diagram.
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Example 5.5: Three single phase transformers are given with their name plate ratings. Determine
the reactance diagram Y-Y and Y-A connections, picking the voltage and power bases for the

three-phase bank.
Transformer ratings (1 ¢) : 1000 kVA

12.66/66 KV
x;=0.10 pu
X, =50 pu
Solution: For single-phase transformer
_ KV
Zpy =
(MVA)g
_ KV,
gy = o
(MVA)g
1000
(MVA)B = m =1.0
(KV)p; = 12.66 kV
KV)p, = 66 kV
12.66)*
Ty = % Q =160.27 Q
(66)*
Zpo = Q =4356 Q

Actual reactances (referred to the primary) are:

x=0.1x160.27 Q=16.027 Q
X, = 50 X 160.27 = 8013.5 Q.

Let us consider now the three-phase interconnections of these single-phase transformers. If
we connect the primaries in Y (secondaries can be Y or A) and assume (MVA)p 30 and (KV)g 1,1,

then MVA)g 5, =3x1=3.0
(KV)p, 11 = V3 x 12.66 KV

_ BV 3x(12:66)2

Therefore Zp =
MVA)g 3 3
16.027
1= =0.1 pu
160.27
8013.5
= =50
T 6027 0 P

Reactance diagram of Y-Y and Y-A connections
is shown in Fig. 5.16. Note that reactance diagram
for A—Y and A-A is also same.

=160.27 Q

3]50

Fig. 5.16: Reactance diagram of three-phase

transformers (Y-Y, Y-A, A-Y and A-A).
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Example 5.6: Draw the per-unit impedance diagram of the system shown in Fig. 5.17. Assumed
base values are 100 MVA and 100 RV.

T 1 ) 2 T,
O3t 13t g
| emoj@+me \_‘

3L oad

Fig. 5.17: Sample power system.

G1 : 50 MVA, 12.2 kV, x, =0.10 pu

G2 : 20 MVA, 13.8kV, x4 =0.10 pu

T, : 80 MVA, 12.2/132 kV, x; = 0.10 pu

T, : 40 MVA, 13.8/132 kV, xq, = 0.10 pu

Load : 50 MVA, 0.80 pf lagging operating at 124 kV.
Solution: Base kV in the transmission line = 100 kV

12.2
Base kV in the generator circuit G1 = 100 x 132 9.24 kV.

Base kV in the generator circuits G2 = 100 x % =10.45 kV

Now, For G1,

MV, 2
S % ( A)B, new % (:K”)B, old

1, - 1, old 2
g1, new gl,o (MVA) B, old (KV) 3 new

(MVA)p, 0y = MVA)g = 100

(MVA)g o4 = Rated MVA of G1 = 50 MVA
KV)p, gq = 12.2 kV
EBV)p pew = 9.24 kV

Xg1, old = ¥g1 = 0.10 pu

X

Xg1, new — 0.10 X % X (%)Zpu = 0.3486 pu.
Similarly for G2,

Xg9 new — 0.10 X % X (%55)2 pu = 0.8719 pu
For T1, %71, pew = 0-1X 180_(;) X (%)zpu =0.2179 pu.
For T2, X2, new — 0.1% % X (%)2 pu = 0.33 pu.
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Base impedance of the transmission-line circuit,

Zy5(ohm) _ (4 + j16)

Z = =(0.04 + j0.16
12(PpW) Zs, e 100 ( j ) pu
2+ Jj8) )
Zy5(pu) = Zog(pw) = = 0(]) = (0.02 + j0.08) pu

The load is specified as:
S =50(0.8 +j0.6) = (40 + j30) MVA.

(a) Series combination of resistance and inductance: Using eqn. (5.11),

* _ o (29* ]
Z10ap (0hm) = m =307.52| -36.87° ohm
* _ ZLOAD (Ohm) 30752' —36.870

Z10ap (PW)= =

ZB, line 100

Z1 5aa (Pu) = (2.46 + j 1.845)pu
Rseries =246 pu; Xseries = 1.845 pu.

(b) Parallel combination of resistance and reactance

2
P _(124)

parallel —

= 384.4 ohm; .. R,,.p.(pu) = 3.844 pu

(124)*
parallel = T = 512.5 ohm; Xparanea(P) = 5.125 pu.

The reactance diagram is shown in Fig. 5.18. The load is represented as series combination

of R and L. 1 0.04 jo.16 2|
j0-2179 —— VW — A TLE

j0-3486 08719

Q9

002 j0.08 | j0.08 0.02

240 ©

j1.845

Fig. 5.18: Reactance diagram of example 5.6.
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Example 5.7: Figure 5.19 shows a sample power system networks. Find the current supplied by
the generator, the transmission line current, the load current, the load voltage and the power
consumed by the load.

@ T1E—- @ ._372 ®
A B Zline=(10+j1o)g C Y—A D
11.2KV A=Y 172L=309
5 MVA 10 MVA
11.2/132 kV 138/69 kV
Xr4 =0.10 pu X2 = 0.10 pu

Fig. 5.19: Sample power system network for Ex-5.7.

Solution: Choose
(MVA); = 100
KV)g =138

138
=|—|x11.2=1171k
Vi1 (132) v

Vi = 138 kV
VBS = 69 kV
138)2
o = (138" _ 190.44 Q
100
(69)*
=L =4761Q
B3 100
10+ j10 10+ j10 .
(pu) = = =0. —+
Zh 7oy 190.44 0.0525 (1 +j1) pu
zow = 30 _ 30 _46q pu

Load = 7~ 4761
Now using eqn. (5.16)

X _ le,old X (KV)]QB, old (MVA)B, new
T new MVA)g o4 (KV)%, new
Here XTl, old = O].O pu, (I{XZ)B7 old = 112 kV,
(BV)B. new = 11.71 KV, MVA)g ;4 = 5, MVA)g, e = 100
(112)2 100
X = 010 x X u = 1.83 pu.
T1, new 5 (1171)2 p p
Similarly Xpe = 0.10 X % =1pu

Note that old and new base voltage are name here.
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Finally the source voltage in per-unit,
112

1171
Figure 5.20 shows the impedance diagram of example 5.7.

|Eg| = =0.956 pu.

j1.83

A

B

[ Xo}
o}

— »jpu) 00525 j0.0525 7

0.63 pu

0.956]00

Fig. 5.20: Impedance diagram of example 5.7.

0.956 | 0°
I(pu) = — , , pu
j1.83+0.0525 + j0.0525+ j1+0.63
0.956| 0° 0.956
I(pu) = Lo

(0.6825 + j2.8825)  2.962|76.68° P

I(pu) = 0.3227| -76.68° pu
Load voltage Vi .q(pu) =0.63 X 0.3227| =76.68° = 0.203 | -76.68° pu.

P a(w) = Zi.q(pw) | I(pu) | = 0.63 x (0.3227)% = 0.0656 pu
= 0.0656 x 100 = 6.56 MW load
6
Now Iy, = 100 10 X V3 = 4934.6 Amp

3 117 x 103

11.2
I, = 133 x 4934.6 = 418.7 Amp

138
Iy = r x 418.7 = 837.4 Amp.

Generator current

I, = |I(pu) | x Ig; = 0.3227 X 4934.6 = 1592.4 Amp
Transmission line current

|L,| =0.3227 x 418.7 Amp = 135.11 Amp

Load current
|I5] =0.3227 X 837.4 = 270.23 Amp
Load voltage,

Vi.(pw) = I(pu) X Z;(pu) = 0.3227| =76.68° X 0.63 pu
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Vi(pw) = 0.2033| =76.68° pu
| V1| =0.2033 x 69 KV = 14.02 KV (Line-to-line)
Example 5.8: The single line diagram of a three-phase power system is shown in Fig. 5.21.

Select a common base of 100 MVA and 13.8 RV on the generator side. Draw per-unit impedance
diagram.

e

L 2 20k
C

I Line-1

O— ——®

1

4

o
—w
S~

€
C

T. 5 ) T
Yo v Line2 8 ¢
2C 1 132 kV |IPAS

Load
Fig. 5.21: Single line diagram of example 5.8.

G : 90 MVA, 13.8kV, x, = 18%

T, : 50 MVA, 13.8/220 kV, xp; = 10%

Ty : 50 MVA, 220/11 kV, xpy = 10%

T, : 50 MVA, 13.8/132 kV, x5 = 10%

T, : 50 MVA, 132/11 kV, xp, = 10%

M : 80 MVA, 10.45 kV, x,, = 20%

Load : 57 MVA, 0.8 pf (lagging) at 10.45 kV.
Xline1 = 90 Q

Xinez = 70 Q

Solution: The generator rated voltage is given as the base voltage at bus 1. This fixes the
voltage bases for the other buses in accordance to the transformer turns ratios.

Vi = 13.8kV
Vi, = 138] 222 | = 990 kv
13.8

Base voltage on the high voltage side of T, is
Vgs = 220 kV

and on its Low voltage side,

Vi, = 220(3) =11 kV
220
. 132
Similarly, Vs = Vg =13.8 (ﬁ) =132 kV.
Now Base MVA = 100
100

X, = 0.18x — =0.20 pu
gl 90 p
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X1 = 0.10(%) =0.20 pu
Xy = 0.10(%) =0.20 pu
Xpg = 0.10(%) =0.20 pu
Xmq = 0.10(1;)—0) =0.20 pu

For motor, using eqn. (5.16)

MVA)B, e KV, aig

MVA)g oia (BV)E, new

Here X ola (PW) = 0.20, MVA)g q = 80, (KV)p g = 10.45 kV
(MVA)B, new = 100, (KV)B, new = 11 kV

100 10.45
xm7 new (pu) =02x E X (T

xm, new (pu) = xm, old (pu) x

2
) =0.2256 pu.

Base impedance for lines

(Vpo)®  (220)*
Zp o 3= = =484 Q
B28 0 (MVA), 100

(Vigs)® (1322
(MVA); 100

Zy 56= =174.24 Q.

50
Fine-1(PW) = 727 pu = 0.1033 pu

70
Xjine-2(PU) = 17494 PU= 0.4017 pu.

The load is at 0.8 pf lagging is given by
S1(30) = 57| 36.87°

Load impedance is given by

~ (i_1)? | (1045)

L~ * - o
Sty  57]-3687

Z; = (1.532 + j1.1495) Q.
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Base impedance for the load is

(1)°
ZB, load — WQ =1.21Q

(1532 + j 1.1495)
121

The per-unit equivalent circuit diagram is shown in Fig. 5.22.

Zi(pu) = pu = (1.266 +j 0.95) pu

1 jo2 j0.1033  j02 4

Fig. 5.22: Per-unit impedance diagram of example 5.8.

5.5 METHODS OF VOLTAGE CONTROL

The methods for voltage control are the use of (i) Tap changing transformer, (ii) Regulating
transformers or Boosters, (iii) Shunt capacitors, (iv) Series capacitors, (v) FACTS devices.
In this book, first four category will be described.

5.5.1 Tap Changing Transformer

The main purpose of all power transformer and distribution transformers is to transform
electric energy from one voltage level to another. Practically all power and many distribution
transformers have taps for changing the turns ratio. Voltage magnitude is altered by changing
the tap setting and affects the distribution of VARS and may be used to control the flow of
reactive power. There are two types of tap changing transformers.

(i) Off-load tap changing transformers.
(it) Tap changing under load (TCUL) transformers.

The off-load tap changing transformer requires the disconnection of the transformer when
the tap setting is to be changed. Figure 5.23 gives the connection of off-load tap changing
transformer. A typical off-load tap changing transformer might have four taps in addition to the
nominal setting.

Tap changing under load is used when changes in turn ratio may be frequent. Basically, a
TCUL transformer is a transformer with the ability to change taps while power is connected.
Figure 5.24 gives the diagram of on-load tap changing transformer. In the position shown in
Fig. 5.24, the voltage is maximum. To change the voltage, following operations are required: ()
open Al, (i1) move selector switch P1 to the next contact, (iii) Close Al, (iv) open A2, (v) move
selector switch P2 to the next contact, (vi) close A2. These operations are required for one
change in tap position. Step-down units usually have TCUL in the low voltage winding and
de-energized taps in the high voltage winding.



116 Electrical Power Systems

Line

Winding

R R
P1 P2
[os O
o Selector Selector
switth o— @ o switch
[~
L=
T VS Taps 0—.:—0 Taps
% =t
p of winding
L=
Neutral
o 0
Fig. 5.23: Off-load tap changing transformer. Fig. 5.24: On-load tap changing transformer.

Consider the operation of a radial transmission line with tap changing transformers at both
ends as shown in Fig. 5.25. Objective is to find out the tap changing ratios required to completely
compensate for the voltage drop in the line.

1, V. Z= R+ jx Vi 2,
¢ | ° ] | 3¢ |
C | (RS |V2

te o1

Fig. 5.25: A radial transmission line with tap changing

transformers at both ends.

In Fig. 5.25, V] is the supply phase voltage and V;, is the load phase voltage. Vg and Vj are
the sending end and receiving end voltages of the line respectively.
Figure 5.26 shows the voltage phasor diagram.

Fig. 5.26: Voltage phasor diagram.

From Fig. 5.26, we have,
Vi = Vs + IR+ jX) ...(5.33)
Also, | Vg| cos &= | Vy|+|I|Rcos ¢+ |I|X sin ¢ ...(5.34)
The phase angle § is usually small, i.e., 8 = 0.0, Therefore eqn. (5.34) can be written as:
| Vg = | Vr| + |I|Rcos ¢+ |I|X sin ¢ ...(5.35)
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Now we can write,

P=|Vg| |I| cos ¢ ...(5.36)
Q= [Vg| |I]| sin ¢ .(5.37)
P
I| cos o= —— ...(5.38)
om0 =
: Q
|| sin ¢ = — ...(5.39)
|Vl
Using eqns. (5.35), (5.38) and (5.39), we get,
PR+ QX
Vsl = Vg + DX (5.40)
| Val

Since Vg =V, . tgand Vi = t; . V,, the above equation becomes

. PR+QX

ts .| Vy| = tg| Vs ..(5.41)
! A
1 PR+ QX
ta= — | tg|Vo| + ———— ...(5.42)
§ |V1|[R SN )

We assume here that the product of {g and ¢y is unity, i.e. tgtg = 1, as this ensures that the
overall voltage level remains of the same order and that the minimum range of taps on both
transformer is used. Substituting for ¢z = 1/fg in eqn. (5.42), we get

v
g = | Vel [{_ PR+ QX .(5.43)
[Vl Vil | Vsl

Example 5.9: A three-phase transmission line is feeding from a 13.8/220 kV transformer at its
sending end. The line is supplying a 105 MVA, 0.8 power factor load through a step-down
transformer of 220/13.8 kV. Total impedance of the line and transformers at 220 kV is (20 +
j120)Q. The sending end transformer is energized from a 13.8 RV supply. Find out the tap setting
for each transformer to maintain the voltage at the load at 13.8 kV.

Solution:

1
P=§><105X0.8=28MW

1
Q=5 X 105 0.6 = 21 MVAr.

The source and the load phase voltage referred to the high voltage side are:

220
Vil = | V| = == kV =127.017 kV.
Vil =1Vel =2

Using eqn. (5.43), we have
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L v2
IVzl(l_PR+QXJ

tg = | oo
A N4
V.
ere — =1.0, = R =
H [Val 1.0, R=24Q, X=120Q
[V,
2
28 x 20 + 21 x 120
o= |1.]1- )
S (127.017)
te=1.11
and tRziZO.QO.
ts

Example 5.10: A 220 RV line is fed through 33/220 RV transformer from a constant 33 RV
supply. The impedance of the line and transformers at 220 kV is (40 +j90)£2. Both the transformers
are equipped with tap changing facilities which are so arranged that the product of the two off-
nominal settings is unity. If the load on the system is 150 MW at 0.8 pf., determine the settings
of the tap changes required to maintain the voltage of the load bus at 33 kV.

Solution: Figure 5.27 shows the single line diagram of the system.

v V Vi V,

| 3¢ | ] L ve |

| JC | | | 2C |
1:ts Z = (40 + j90) Q tr: 1

Fig. 5.27: Single-line diagram of example 5.10.

Using eqn. (5.43), we have,

V2

o |l PR+@X

o= | el PR+ QX
Vil Vil V4

il _

=1.0
| V2l

220
Here V| =|V,| =—F—= =127.017 KV,
| Vil = | Vsl 73
1
P=§X15OXO.8=4OMW

1
Q=5 X 150 x 0.6 = 30 MVAr.

R=40Q, X=90Q

PRIt
o —|[1_40x40+30x90
S (127.017)%

tg=1.16 and t; =0.86  Ans.
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Example 5.11: Determine the transformer tap ratios when the receiving end voltage is equal to
the sending end voltage, the high voltage line operates at 220 kV and transmit 80 MW at 0.8 pf
an the impedance of the line is (40 + j140)$2 Assume tgtp = 1.0.

Solution: Using eqn. (5.43), we have

V2
| IVl(,_ PR+QX
vl

Vil Vel
220
V,| = | V,| = 2= =127.017 KV,
| Vol = | Vi 7
[Vl
20 -1.0
Vil

P=%X80X0.8=21.33MW

Qz%x80x0.6=16MVAr.

R=40Q, X=140Q

1/2

_ 2133% 40 + 16 x 140 |
to=|1]1- .
(127.017)

tg=1.11, - tg= ti =090 Ans.
S

Example 5.12: A 132 RV line is fed through 33/132 RV transformer from a constant 33 RV

supply as shown in Fig. 5.28. The total impedance of the line and transformers at 132 kV is (10

+j25)Q. If the load on the system is 100 MW at 0.65 pf long, calculate the setting of the tap

changer required to maintain the voltage of the load bus at 33 kV.

12 V Vi V,

| 3¢ | — YA

| pXe T ¢
1:ts e 1

Fig. 5.28: Single line diagram of example 5.12.
Solution: Using eqn. (5.43), we have
w2
b= | Vsl 1 PR+ QX
g=| = l1-——
Vil Vil V]

100 132

P=—x0.65=21.66 MW Vol = | Vi|= —F= =762 KV
3 Val = IVal= 2

100
Q= 5 x 0.76 25.33 MVAr.
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1/2

[, _ 2166x10+2533x25)"
S (76.2)2

tg=1.08, .. tg =0.92 Ans.

Example 5.13: A 12.66 RV line is fed through an 11/132 kV transformer from a constant 11 RV
supply. At the load end of the line the voltage is reduced by another transformer of nominal ratio
132/11 RV. The total impedance of the line and transformers at 132 RV is (25 + j66)2. Both
transformers are equipped with tap-changing facilities which are arranged so that the product
of the two off-nominal settings is unity. If the load on the system is 100 MW at 0.9 pf lagging,
calculate the settings of the tap-changers required to maintain the voltage of the load busbar at
11 RV.

Solution: As the voltage drop is to be completely componsated,

V| = |V,| = 232 KV =762 KV
J3

Using eqn. (5.43)
w2
. |V2|[1_PR+QXJ
A ANA

P=—-x100x%0.9=30 MW

Wl Wl

Q=_-%x100x%0.435=14.53 MVAr., R=25Q, X=66Q

2
30 x 25 + 14.53 x 66
b= 11—

(76.2)2

tg=1.19; t5=0.84.
There settings are large for the normal range of tap-changing transformers. It would be

necessary, in this system, to inject vars at the load end of the line to maintain the voltage at the
required value.

5.5.2 Booster Transformers or Regulating Transformers

Regulating transformers also known as booster transformers. These are used to change the
voltage magnitude and phase angle at an intermediate point in a line rather than at the ends
as with tap-changing transformers or the system may not warrant the expense of tap-changing.

A. Voltage Magnitude Control

Figure 5.29 shows the connection of a booster transformer for phase a. The secondary of the
exciting transformer is tapped and the voltage obtained from it is applied to the primary of the
series transformer. The corresponding secondary voltage of the series transformer is added to
the input voltage. Therefore, the output voltage is
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Van = Van T AV, (5.44)

This type of booster transformer is called an in-phase booster because the voltage are in
phase. V,! can be adjusted by changing the taps of excitation transformer. The polarity of the
voltage across the series transformer can be made reversed by changing the switch position
from S; to S,, such that V. is less than V.

a AV,
+

Series
transformer

Ven E DETY
4«

Exciting 2
transformer

n
Fig. 5.29: Booster transformer for voltage magnitude control.

B. Phase Angle Control

Booster transformers are also used to control the voltage phase angle. A typical arrangement
for phase ‘@’ of a booster transformer for phase angle control is shown in Fig. 5.30.

a AVbc a
+ fi \ Q00 O+
A
; e
+
Series
transformer ,
Voo o__‘ Vo
van /
c o g
Exciting
transformer
n
-0 0O —

Fig. 5.30: Booster transformer for voltage phase angle control.

Phase shifting is used to control active power flow. From Fig. 5.30, we can write,
Vi = Vo, + AV, ...(5.45)
Figure 5.31 gives the phasor diagram showing phase

shifting effect of phase a. or
Now let us assume.
A Vv
AV]oc = a'Vbc =a. ‘/g Van |__900 e VV:\;__——(—X— I \/an
. V . \ an

AV, = —]a\/g Voo ...(5.46) % ,’

Using eqn. (5.45) and (5.46). We have \\\r’/

Vbc

V.’ = 1—7 3V ...(5.47
an = ( ]a\/—) an ( ) Fig. 5.31: Voltage phasor diagram.
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Note that the injected voltage AV, is in quadrature with the voltage V,, thus the resultant
voltage V., goes through a phase shift o as shown in Fig. 5.31. Similar connections are made
for the remaining phases, resulting in a balanced three-phase output voltage.

5.5.3 Shunt Capacitors

Shunt capacitors are used for lagging power-factor circuits. The effect is to supply the requisite
reactive power to maintain the values of the voltage. Capacitors are generally connected to a
busbar and are disposed along the route to minimize the losses and voltage drops. Capacitor is
constant impedance type load and its value is proportional to the square of magnitude of the
voltage. Therefore, as the voltage falls, the VArs produced by a shunt capacitor falls. Thus,
when needed most, their effectiveness falls.

Figure 5.32(a) and (c) show the single line diagram of a line and its voltage-phasor diagram
before the addition of the shunt capacitor and Fig. 5.32(b) and (d) show them after the addition
of shunt capacitor.

|
o— <
[o]
I
|
o— <
.)
&
o— <

(a) (b)

Fig. 5.32: Voltage phasor diagram (a) and (c) without shunt capacitor
(b) and (d) with shunt capacitor.

5.5.4 Series Capacitors

Series capacitors, i.e., capacitors connected in series with line conductors and are used to reduce
the inductive reactance between the supply point and the load. One major drawback of the
series capacitors is the high overvoltage produced when a short-circuit current flows through it
and special protective devices need to be incorporated (i.e. spark gaps and non-linear resistors).
Figure 5.33(a) and (b) show the transmission line with series capacitor and voltage phasor
diagram.

The relative merits between shunt and series capacitors may be summarized as follows:

—

If the load VAr requirement is small, series capacitors are of little use.

If voltage drop is the limiting factor, series capacitors are very effective.

3. With series capacitors, the reduction on line current is small; hence if thermal considerations
limit the current, little advantage is obtained and shunt compensation should be used.

ro



Power System Components and Per Unit System 123

Xs

X,

Z=R+j (X ~Xo)

+0—A/\A/\—’TW\——|TO+

|
T R X T |
|
" ]
V. V. 1 | 1
S R VC : :
| | b 0 >
_o o_ TRcos 6 | I(X — X;)sin®

(a) (b)
Fig. 5.33: (a) Transmission line with series capacitor, (b) Voltage phasor diagram

with series capacitor.

The shunt capacitor improves the power factor of the load whereas the series capacitor has
little effect on the power factor.

For long transmission lines where the total reactance is high, series capacitors are effective
for improvement of stability.

EXERCISE

5.1. Three generators are rated as follows: G1 : 100 MVA, 33 kV, x,; = 0.10 pu. G2 : 150 MVA, 32 kV,

5.2.

5.3.

Xg2 = 0.08 pu G3 : 110 MVA, 30 kV, x,5 = 0.12 pu. Determine the reactance of the generator
corresponding to base values of 200 MVA and 35 kV.

Ans. x,; = 0.177 pu, x,5 = 0.089 pu, x,3 = 0.16 pu

Determine the transformer tap ratios when the receiving end voltage is equal to the sending end
voltage. The high voltage line operates at 230 kV and transmits 80 MW at 0.8 pf and the impedance
of the line is (40 + j150)Q2. Ans. tg = 1.14, ty = 0.87

Draw an impedance diagram for the electric power system as shown in Fig. 5.34, and all impedances
in per-unit on a 100 MVA base. Select 20 kV base voltage for generator. The three-phase power and
line ratings are given below.

G1:90 MVA, 20 kV, x,; = 0.09 pu

G2 : 90 MVA, 18 kV, Xge = 0.09 pu

T1 : 80 MVA, 20/200 kV, x,, = 0.16 pu
T2 : 80 MVA, 200/20 kV, x,, = 0.20 pu
Line : 200 kV, xy,, = 120 Q

Load : 200 kV, S = (48 + j64)MVA.

T |A

©—3¢ @
LOAD

Fig. 5.34: Single line diagram for problem 5.3.

Line

—+w

A/
\;m



Characteristics and Performance of
Transmission Lines

6.1 INTRODUCTION

This chapter deals with the characteristics and performance of transmission lines. It is convenient
to represent a transmission line by the two-port network, wherein the sending-end voltage Vg
and current Iy are related to the receiving-end voltage Vi and current I through A, B, C and
D parameters as

Vg=A Vi + B I Volts ..(6.1)
Ig = CVix + DI; Amp ...(6.2)
or, in matrix form,
Vol _|A B|| W
{ ISJ -|é D“ b (63)

A, B, C and D are the parameters that depend on the transmission-line constants R, L, C
and G. The ABCD parameters are, in general, complex numbers. A and D are dimensionless. B
has units of ohms and C has units of siemens.

Also the following identify holds for ABCD constants.
AD-BC=1 ...(6.4)

To avoid confusion between total series impedance and series impedance per unit length,
the following notation is used.
z=1v+j oL Q/m, series impedance per unit length

y =G +j oC S/m, shunt admittance per unit length
Z =zl Q, total series impedance

Y =yl S, total shunt admittance

[ = line length, m.

Note that the shunt conductance G is usually neglected for overhead transmission system.

6.2 SHORT TRANSMISSION LINE

Capacitance may be ignored without much error if the lines are less than 80 km long or if the
voltage is not over 66 kV. The short line model on a per-phase basis is shown in Fig. 6.1.
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This is a simple series circuit. The relationship
between sending-end, receiving-end voltages and
currents can be written as:

el AR e

The phasor diagram for the short-line is shown in
Fig. 6.2 for lagging load current.
From Fig. 6.2, we can write

| Vg| cos (8g—0g) = |I| R cos oy + ||

X sin 0y + | V| ...(6.5)
(g — Og) is very small, .. cos (83— Op) = 1.0
| Vs| = [ Vg| + |I] (R cos g
+ X sin Jg) ...(6.6)
Equation (6.6) is quite accurate for the normal range
of load.
l71=1Il=11l
6.3 VOLTAGE REGULATION Fig. 6.2: Phasor diagram.

Voltage regulation of the transmission line may be defined as the percentage change in voltage
at the receiving end of the line (expressed as percentage of full-load voltage) in going from no-
load to full-load.

NL FL
VR - VEM

Percent voltage regulation = |VFL| 100 ..(6.7)
R
where |Vfi\I L| = magnitude of no-load receiving end voltage

|VRFL| = magnitude of full-load receiving end voltage
At no load, Iy = 0, Vx = Vi'* and from eqn. (6.3),

v
V= .(6.8)

Using eqns. (6.7) and (6.8), we get,

| Vsl - A]| Vg

L
Percentage Voltage regulation = T | x 100 ...(6.9)
[ Al VR~

For a short line, |A| = 1.0, [Va | = | V|

Vsl = 1Val
| Val

Using eqns. (6.10) and (6.6), we get,

.. Percent voltage regulation = 100 ...(6.10)
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|I| (R cos oy + Xsin dp)
| Vgl

Percent voltage regulation = x 100 ..(6.11)

In the above derivation, 8z has been considered positive for a lagging load. oz will be
negative, for leading load. Therefore, for leading power factor load,
| I| (R cos 8 — X sin dg)

| VR

Percent voltage regulation = ..(6.12)

From the above equations, it is clear that the voltage regulation is a measure of line voltage
drop and depends on the load power factor.

6.4 MEDIUM TRANSMISSION LINE

For the lines more than 80 km long and below 250 km in length are treated as medium length
lines, and the line charging current becomes appreciable and the shunt capacitance must be
considered. For medium length lines, half of the shunt capacitance may be considered to be
lumped at each end of the line. This is referred to as the nominal © model as shown in Fig. 6.3.
The sending end voltage and current for the nominal © model are obtained as follows:

Z=R+jX I

Fig. 6.3: Medium length line, nominal & representation.
From KCL, the current in the series impedance designated by I, is
Y
L =1+ EVR ...(6.13)
From KVL, the sending end voltage is
Vo=V + ZL, ...(6.14)
From eqns. (6.14) and (6.13), we get,
zY
VS = (1 + T)VR + ZIR (615)
The sending end current is,
Y
Ig=1 + EVS ...(6.16)

From eqns. (6.16), (6.15) and (6.13), we get,

= v[1e 2o [1 20y 617
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Eqns (6.15) and (6.17) can be written in matrix form.
(1 + Z2_Y) Z Vg

VSJ = ...(6.18)
bz,

Therefore, the ABCD constants for the nominal © model are given by

A%
A= 1+7 , B=2Z,

C:Y(1+£), D= (1+2)
4 2

6.5 LONG TRANSMISSION LINE

For short and medium length lines, accurate models were obtained by assuming the line
parameters to be lumped. In case the lines are more than 250 km long, for accurate solutions
the parameters must be taken as distributed uniformly along the length as a result of which the
voltages and currents will vary from point to point on the line. In this section, expressions for
voltage and current at any point on the line are derived. Then, based on these equations, an
equivalent © model is obtained for long transmission line. Figure 6.4 shows one phase of a
distributed line of length / km.

I (x + AX) Z.AX ISX) I
+ - +

Vs V(x + Ax) == y.Ax YAX Z= v(x)

O>»0Or

|« ¢ >

Fig. 6.4: Schematic diagram of a long transmission line with
distributed parameters.

From KVL, we can write,
Vix + Ax) = z.Ax. I(x) + V(x)

V(x+ AAX; -V _ 2 1) ...(6.19)

As Ax =0

dV(x)
dx

=z.1(x) ...(6.20)
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From KCL, we can write,
I(x + Ax) = I(x) + y. Ax. V(x + Ax)
I(x+ Ax) — I(x) _

- y.V(x + Ax) ...(6.21)
As Ax — 0
dl(x)
ar y.V(x) ...(6.22)

Differentiating eqn. (6.20) and substituting from eqn. (6.22), we get,

d*V(x) _  dl®) _

W
12 A (€9
2
d Vgx> 2y Vx) =0 ..(6.23)
dx
Let Vv =zy ...(6.24)
d2
Therefore, dV;x) —V(x) =0 ...(6.25)
X
The solution of the above equation is
V(x) = Cie"™ + Cye™® ...(6.26)
where, v, known as the propagation constant and is given by,
y=o+jB = zy ..(6.27)

The real part o is known as the attenuation constant, and the imaginary part B is known as
the phase constant. B is measured in radian per unit length.

From eqn. (6.20), the current is,

1 dV
I(x) = 7 dg(CX)

I = L (Cren—Cye™)

I(x) = \/g (Cie™—Cye™)

I(x) = Zlc(C1 e™ —Cye™) ...(6.28)

where, Z is known as the characteristic impedance, given by

Ze = \E ..(6.29)
y
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Now note that, when x = 0, V(x) = Vi and from eqn. (6.26), we get
Ve=C; + Cy ...(6.30)
also when x = 0, I(x) = I and from eqn. (6.28), we get,

1

IR = Z_ (Cl - Cz) ...(6.31)
C
Solving eqns. (6.31) and (6.32), we obtain,
Zo1
C, = M ...(6.32)
2
Vo — Zn 1,
C,= w ...(6.33)

Substituting the values of C; and C, from eqns. (6.32) and (6.33) into eqns. (6.26) and (6.28),
we get

Ve + Zeln) o, Vi~ Zoln) o

Vix) = ...(6.34
() 2 2 (6.34)
I(x) = (Vg + ZcTg) e’™ — Vp— ZeTp) e ¥ ...(6.35)
27 27Z¢
The equations for voltage and currents can be rearranged as follows:
™ W T _ R
WVix) = Cre ™ 26 )VR +Z¢ m—e’) )IR ...(6.36)
(™ —e™) (™ +e7)
I(x) = \% I ...(6.37
(%) 27, R 9 R (6.37)
or Vi(x) = cosh(yx) Vi + Z sinh(yx) I ...(6.38)
I(x) = Zi sinh(yx) Vi + cosh(yx)I ...(6.39)
C

Our interest is in the relation between the sending end and the receiving end of the line.
Therefore, when x = [, V(I) = Vg and I(]) = Iq. The result is

Vg = cosh (YI) Vi + Z¢ sinh(yl) I ...(6.40)
1
Iy = A sinh (yl) Vi + cosh(yl)I; ...(6.41)
Therefore, ABCD constants are: ¢
A =cosh(yl) ; B = Zsinh(yl) ...(6.42)
1
C= A sinh(yl) ; D = cosh(yl) ...(6.43)
C

It is now possible to find an accurate equivalent T model for long transmission line as shown
in Fig. 6.5.
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Similar to the expressions of eqns. (6.15) and (6.17) obtained for the nominal &, for equivalent
7 model we have,

z'Y’

Ve= (1 + )VR + 2 Iy ..(6.44)

'Y’ z'Y’
Iy= Y’(l + 1 )VR + (1 + 2 )IR ...(6.45)

Now comparing eqns. (6.44) and (6.45) with eqns. (6.40) and (6.41), respectively and making
use of the identity

[ —
tanh (2] = coshD 1 (6.46)
2 sinh (y])
the parameters of equivalent © model are obtained as:
7 = Zg sinh(y]) = ZL;‘(YD .(6.47)
V!
Y’ 1 vl| Y tanh (y//2)
- —tanh |~ |=> —————
7=z sinh (y1)
= 7
+ AL > .
Is I,
L y’_ ytanh(yll2) 1 v
T 272 viI2 T 2 T

| i

Fig. 6.5: Equivalent = model for long transmission line.

Example 6.1: A single phase 60 Hz generator supplies an inductive load of 4500 kW at a power
factor of 0.80 lagging by means of an 20 km long overhead transmission line. The line resistance
and inductance are 0.0195 2 and 0.60 mH per km. The voltage at the receiving end is required
to be kept constant at 10.2 RV.

Find (a) the sending end voltage and voltage regulation of the line; (b) the value of the
capacitors to be placed in parallel with the load such that the regulation is reduced to 60% of that
obtained in part (a); and (c) compare the transmission efficiencies in parts (a) and (b).

Solution: The line constants are:
R=0.0195x%x20=0.39 Q
X =0.60 x 1072 x 21 X 60 X 20 = 4.52 Q
(@) This is a short line with I = I = Ig given by
4500

= —— Amp = 551.47 Amp.
10.2 x 0.80

1]
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From eqn. (6.6),

| Vs| = | V| + |I] (R cos &g + X sin dy)
Here | Vk| = 10.2 kV = 10200 Volt

cosdp = 0.8, sindzy = 0.6

| Vs| = 10200 + 551.47 (0.39 x 0.8 + 4.52 x 0.6)

| Vg| =11.867 kV
(11.867-10.2)

10.2

(b) Voltage regulation desired = 0.60 x 16.34 = 9.804%

Therefore, under this condition we can write

Voltage regulation = x 100 = 16.34%

102
| Vs| =11.2kV

Figure 6.6 shows the equivalent circuit of the
line with a capacitor in parallel with the load.

Assuming combined power factor of the load and
capacitor = cos dg’

Fig. 6.6

By using eqn. (6.6), we can write,
(11.2 - 10.2) x 102 = | Iz | (R cos 8y + X sin &) ..(0)

Since the capacitance does not draw any real power, we have,

4500

| =—+
] 10.2 cosdy

...(11)

From eqns. () and (ii), we get
4.52 tan oy = 1.876
tan og" = 0.415
op’ =22.5°
cos &' =0.9238
. |Ig| = 477.56 Amp.
Now Io=11-1,
Iy = 477.56| —22.5° = 441.2 — j182.75

I=55147| -36.87° = 441.2 — j330.88

I =441.2 — j182.75 — 441.2 + j330.88
I, =j148.13 Amp.

Now X, .

_ VR
€ oanx60xC

Io

~10.2x 1000
148.13
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C=38.5 uF Ans.

(¢) Efficiency of transmission

c 3 Output _ 4500
ase (a) = Output + losses 4500 + (55147)* x0.39x 107
=97.43%
4500
Case (b) n = 98.06%

4500 + (477.56)2 x 0.39 x 10>

It is to be noted that by placing a capacitor in parallel with the load, the receiving end power
factor improves from 0.80 to 0.9238.

Example 6.2: A 220 kV, three phase transmission line is 60 km long. The resistance is 0.15 £/
Km and the inductance 1.4 mH/Km. Use the short line model to find the voltage and power at
the sending end and the voltage regulation and efficiency when the line is supplying a three

phase load of
(a) 300 MVA at 0.8 pf lagging at 220 KV
(b) 300 MVA at 0.8 pf leading at 220 KV

Solution:
R=015x60=9Q

Assuming f=50 Hz.
X=2rx50x%1.4x107x 60=26.39 Q.

(a) Receiving end voltage per phase is

2200°
Vi = =127]0° kV
R= 7 0°
The three phase apparent power is 300 MVA at 0.8 pf lagging
0 = 36.87°

S = 300| 36.87° = (240 + j180) MVA

The current per phase is given by

¥ 300| —36.87°
R = S*: |—><103Amp
3V  3x127|0°

Iz = 787.4| —=36.87° Amp
From eqn. (6.6), the sending end voltage magnitude is
| Vsl = | Vg| + |I| (R cos &g + X sin o)
| V| =127 kV, |I]| = 787.4 Amp = 0.7874 kA,
R=9Q, X=26.39Q
cosdp = 0.8, sindzy =0.6
| V| =127 + 0.7874 (9 x 0.8 + 26.39 x 0.6)
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| Vg| = 145.13 kV.

. Sending end line-to-line voltage

| Vsl = /3 X 145.13 = 251.37 kV

251.37-220

1 = = 0,
Voltage regulation 290 14.26%

Per phase real power loss in the line
Pro = |I|* R=(787.4)*x 9 X 107 MW = 5.58 MW.
Per phase receiving end power

300
Py = ?XO.S =80 MW

.. Per phase sending end power
Py = (80 + 5.58) = 85.58 MW.

Transmission line efficiency is

_ B 80

= =——"_— = %.
=3 =858 93.47%
(b) V3| Vgl || =300
| Vg| =220 kV

|| =787.4 Amp

Load is at 0.8 power factor leading. For leading power factor load, eqn. (6.6) can be written

| Vs| = | Vg|+ || (R cos 8z — X sin 8g)
| V| =127 + 787.4 (9 x 0.8 — 26.39 x 0.6) = 120.2 kV
| Va1 = /3 X 120.2 = 208.2 kV

. 208.2 — 220
Voltage regulation = 990 -5.36%

Per phase real power loss = (787.4)? x 9 X 1075 = 5.58 MW

Per phase receiving end power,

300
Py = ?XO.S =80 MW

Per phase sending end power,
Py = (80 + 5.58) = 85.58 MW

Transmission line efficiency

B, 80
n=-t=—""2=9347%
B, 8558
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Example 6.3: Determine the efficiency and regulation of a 3-phase, 150 km long, 50 Hz
transmission line delivering 20 MW at a power factor of 0.8 lagging and 66 RV to a balanced
load. Resistance of the line is 0.075 Q2/km, 1.5 cm outside dia, spaced equilaterally 2 meters
between centres. Use nominal m method.

Solution: R=0.075x150=11.25Q
diameter of the conductor = 1.5 cm

5
radius r = > =0.75 cm

d =2 mt=200cm
200
L=2x10"7x (150 x 1000) In (0—75) Henry

L =0.1675 Henry
X=2x7mx50X0.1675 = 52.62 Q.

-12
The capacitance per phase = 2xmx8854x10
L ( 200 )

x (150 x 1000) = 1.49 uF.

n -
0.75

Y=joC=j2r x50 x 1.49 x 107 mho
Y =7 468.1 x 10 mho

Y 6
521234X10 mho

Z =(11.25 + j52.62) = 53.809| 77.9° Q.
Now
V3 X |Iz| % 66 x 0.8 =20 x 1000
|Iz| =218.7 Amp. at 0.8 pf lagging
Receiving end phase voltage

66
| Vg| = —= = 38.104 kV

V3

From eqn. (6.15), we have

Iy = 218.7| —36.87°
Vi = 38.104| 0°

zY
N =53.809 x 234 x 107¢| 77.9° + 90°

= 0.01259] 167.9° =| (~0.0123 +j0.00264) |
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Vg=(1-0.0123 + j0.00264) x 38.104| 0° +

(53.809] 77.9° x 218.7| —36.87°)
1000

Vg = (0.9877 + j0.00264) x 38.104| 0° + 11.76| 41.03°
Vy=37.63 +j0.1 + 8.87 + j7.72

Vo= (46.5 + j7.82) = |47.15| 9.54° | kV

Vsa.—1) = V3 X 47.15| 9.54° kV = 8166[ 9.54° kV

A 8166
S VRl

Voltage regulation VR = |A| 0.9877
Vel 66

) = 25.26%

Power loss per phase = |I|% R = (218.7)% X 11.25 X 107 MW = 0.538 MW

Per phase receiving end power

20
Py= " MW

Per phase sending end power

20
Py= ", +0538 = 7.204 MW

Transmission efficiency
20/3

= = 0,
n= oo = 92.54%,

Example 6.4: Determine the voltage, current and power factor at the sending end of a 3 phase,
50 Hz, overhead transmission line 160 km long delivering a load of 100 MVA at 0.8 pf lagging
and 132 kV to a balanced load. Resistance per km is 0.16 £, inductance per km is 1.2 mH and
capacitance per km per conductor is 0.0082 uF. Use nominal & method.

Solution:
R=0.16x160=25.6 Q

X=1.2%x107x 21 x 50 x 160 = 60.3 Q.
Y =j2n x 50 x 0.0082 x 107¢ x 160 = j4.12 X 10~* mho

Z=R+jX=25.6+j60.3=65.5167° Q.

zY
From eqn. (6.15), Vg= (1+ 7) Vi + ZIy

Phase voltage at the receiving end,

Vi = 17332@ KV = 76.21[ 0° kV
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Receiving end current

I 100100 43738 A
- Y a mp = . m
BT J3x132x10° P P

Load has lagging power factor of 0.80, i.e., 8z = 36.87°.
Iy = 437.38| =36.87° Amp

Y
- = o —4 o
9 - 65.51| 67°x4.12x 107°| 90

= (~0.0124 + j0.0053)

65.51| 67° x 437.38| —36.87°
1000

Vs = (1 —0.0124 + j0.0053) x 76.21| 0° +

Vg = 10107| 8.18° kV

Sending end line to line voltage
Vs L= /3 x10107(818° kV

=175.05 |8.18° kV
From eqn. (6.17)

zZY
T =0.00675(157°

1+ Z4—Y =0.9938|0.15°

Y(l + %): 4.12 x 107 x 0.9938(90.15°

=4.094 x 107%/90.15°

I =4.094 x 10™]90.15° x 76.21|0°

+ (1-0.0124 + j0.0053) x 437.38|-36.87°
1000

15,=10.0311|90.15° + 0.432|-36.56°
I3 =0.414]|-33.06° k Amp

I =414|-33.06° Amp
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Sending end power factor angle = 8.18° — (-33.06°) = 41.24°

Sending end power factor = cos (41.24°) = 0.752
Example 6.5: A long transmission line delivers a load of 60 MVA at 124 RV, 50 Hz, at 0.8 power
factor lagging. Resistance of the line is 25.3 £ reactance is 66.5 2 and admittance due to

charging capacitance is 0.442 x 10~ mho. Find (a) A, B, C, D constants (b) Sending end voltage,
current and power factor (c) regulation (d) efficiency of the line.

Solution:
R =25.3 ohm, X =66.50hm, Z=(25.3+ j66.5) ohm

Y =j0.442 x 10~ mho.
(@) yl= Jzyl=Jzlyl =\ZY

JZY = (253 + j665)(j0.442 x 107%)

= (0.0327 + j0.174)
A=D=cosh(yl) = cosh(\/ZY)

= cosh (0.03217 +j 0.174)

= 0.986(0.32°
B=Zsinh (y]) = [\/gj sinh(\/ﬁ)
\/Z = (393 — j72.3
v = (393 - j72.3)

B=170.3 |69.2°
C= i sinh (y1) = [g)smh (\/ﬁ)

=4.44 x 1074|90° =j4.44 x 107*

(b) Load at 60 MVA at 124 kV (line-to-line)
: Load current,

= 60 x 1000
J3 x 124

Power factor is 0.80 (lagging)
: Iz = 279.36|-36.87° Amp

Amp = 279.36 Amp

_ 124

V3

V= AVy + Bl

Vi = 716 kV (phase voltage)

Now
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V= 0.986]032° x 716|.0° + 70.31.69.2 x1322.36 —36.87

Vg = 87.84|7.12° kV

Vg L1 =V3 x 87.84|7.12° = 15214 |7.12°kV
Is= CVy + DI

Iy =j4.44 x 107 x 71.6]0° x 1000 + 0.986(0.32° x 279.36 |-36.87°
Iy =221.28 —j132.24

I = 257.78|-30.86° Amp
Power factor angle at the sending end
=7.12° — (-30.86°)
= 37.98°
Sending end power factor = cos (37.98°)
=0.788
(¢) Sending end power

Pg = /3 x 15214 x 257.78 x cos (37.98°) kW

. Pg =53520 kW = 53.52 MW
Receiving end power

Py = 60 x 0.80 = 48 MW

48
ffici = —— = 89.68%
efficiency n 5359

(d) Voltage regulation = ———x100

=24.43%

Example 6.6: A 60 Hz, 250 km long transmission line has an impedance of (33 +j104) ohm and
a total shunt admittance of 10~ mho. The receiving end load is 50 MW at 208 RV with 0.80 power
factor lagging. Find the sending-end voltage, current, power and power factor using
(a) short line approximation (b) nominal IT method (c) exact transmission line equations.

Solution:
Z = (33 + j104) = 109.11|72.4° ohm
Y =107 mho
Receiving end load is 50 MW at 208 kV, 0.80 lagging power factor.
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—36.87° =0173|-36.87°kA

I - - -
RT J§><208><080

208

V= = |0° = 120.08(0° kV

(@) Short line approximation
VS = VR + 17
Vg = 120.08(0° + 0.173[-36.87° x 109.11[72.4°
Vg = 13587|4.62°kV

VS(L-L) = 3 x135.87(4.62°kV
=235.33 | 4.62°kV
Ig=I; = 0173|-36.87°kA
Sending end power factor = cos (36.87° + 4.62°) = 0.75

Py = /3 x 23533 x 0.173 x 0.75 MW = 52.88 MW
(b) Nominal-IT method

. _3 .
A:D:1+%=1+.’X10 X20911724

= 0.9481[1°
B=Z7=10911[724°

C;y(1+%):]’x10_3
Vs =AVy + Bl

= 0.9481[1° x 120.08|0° + 109.11[72.4° x 0.173|-36.87°
Vg = 129.817|5.72° kV

Vs = V3 x129.817|5.72°k V =224.85|5.72°k V

Iy = CVy + DI
= jx107® x120.08|0° +0.9481[1° x 0.173|-36.87°
= 0.135[1023°k A

Sending end power factor = cos (10.23° — 5.72°)
= 0.997 (leading)
Py = V3 x 224.85 x 0.135 x 0.997 MW

=52.4 MW
(¢) Exact transmission line equation

vi= (\/g)lzx/ﬁ

yi= j x 107 x 109.11(72.4°

139
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vl = 0.33[812°

7o = \/Z o [POOLLUT2A _ 55057 gge
Y jx1073

A=D=cosh (y]) = (1 + YZ—Z) = 0.9481[1°

sinh (y0) = VYZ (1 + %) = 0.33/81.2°

B =Z; sinh (y]) = 330.31[=8.8° x 0.33[81.2°

— 109]72.4°
_sinh(yD) _ 0331812 _ . .
T Z. 3303188 ’

Vi =AVy + Bl

0.9481|1° x 120.08|0° +109|72.4° x 0.173|-36.87°
113.84[1° + 18.85(35.53°
= 129.806|5.72°kV

Vs wp = V3 x129.806|5.72° kV
= 224.83(5.72°k V
Iy = CVy + DI
Ig= j x 107 x 120.08[0° + 0.948[1° x 0.173|=36.87°

=0.135[1023° KA.
Sending end power factor = cos (10.23° — 5.72°)
= 0.997 (leading)

Py = V3 x 224.83 x 0135 x 0997 = 52.4 MW

Results are tabulated below:

Short line approx. Nominal-nt Exact
Vs L 235.33 kV 224.85 kV 224.83 kV
15 0.173 kA 0.135 kA 0.135 kA
pf 0.75 0.997 0.997
Ps 52.88 MW 52.40 MW 52.40 MW

From the above table, we can see that the results obtained by the nominal-nt and exact
methods are practically the same. On the other hand, the results obtained by the short line
approximation are in considerable error.

Therefore, for a long line, it is sufficiently accurate to use the nominal-r method.
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6.6 VOLTAGE WAVES

By using eqns. (6.26) and (6.27), we obtain,
Vix) = Cl.e"‘x.ejBX + Cz.e“"x.e‘jﬁx ...(6.49)
Transforming eqn. (6.49) to time domain, the instantaneous voltage as a function of ¢ and
x becomes

Vit, x) = V2 Real {C e i@+ POy 4 J2 Real {Cy.e7 X IOt =By ...(6.50)

Note that V(x) in eqn. (6.49) is the rms phasor value of voltage at any point along the line.

As x increases (moving from receiving end to sending end), the first term becomes larger

because of ™ and is called the incident wave. The second term ¢ becomes smaller and is
called the reflected wave. At any point along the line, voltage is the sum of two components.

V¢, x) = V,(¢, x) + Vy(t, x) ...(6.51)
where

Vi, %) = V2 C.e** cos(m? + Px) ...(6.52)

Vo(t, x) = J2 Coe ™ cos(wt — Bx) ...(6.53)

As we move along the line, eqns. (6.52) and (6.53) behave like travelling waves. Now
consider the reflected wave Vy(¢, x) and imagine that we are riding along with the wave. For
observing instantaneous value, peak amplitude requires that

ot—PBx=2kn
= ©,_2km, ..(6.54)
§ §
The speed can be given as
dx 0
i E ...(6.55)
. .. o 2nf
Thus, the velocity of propagation is given by v = E = T ...(6.56)

A complete voltage cycle along the line corresponds to a change of 2n radian in the angular
argument PBx. The corresponding line length is defined as the wavelength. If B is expressed in
rad/mt.

BA=2n
27

A= — ...(6.57)
p

When line losses are neglected, i.e., when g = 0 and y = 0, then the real part of the
propagation constant oo = 0. From eqn. (6.27)

y=o+jB=yzy = Jr + joL) (g + joc)

B= wJLC ...(6.58)
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From eqn. (6.29), the characteristic impedance

_ |Z_|L
Zc—\/;—\/; ...(6.59)

Which is commonly referred to as the surge impedance. Its value varies between 250 ohm
and 400 ohm in case of overhead transmission lines and between 40 ohm and 60 ohm in case of
underground cables.

From eqns. (6.56) and (6.57), we get,

1
v= ﬁ ...(6.60)
and
A= L (6.61)
fJLC T

Now for a single phase line

2
L= M—Oln(g); C= A=

27 r’ ! D
nl =2
r
LC=pye;, In (l?)/ln (DIr)
r
. . D
Approximating In (—,) =1In (D/r)
r
. LC=yye, ...(6.62)
Substituting the expression LC into eqn. (6.60) and (6.61), we get
V= 1 ...(6.63)
VvHo €o
W ..(6.64)

6.7 SURGE IMPEDANCE

When the transmission line is loaded by being terminated with an impedance equal to its
characteristic impedance, the receiving end current is

L= V& ...(6.65)
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For a loss less line Z is purely resistive. Surge impedance loading (SIL) of a transmission
line is defined as the power delivered by a line to purely resistive load equal in value to the
surge impedance of the line. SIL is given by

3| Vgl?
sir, = 21Vel ...(6.66)
Zg
Since | V| = VL atea |/ J3 , SIL becomes
V. 2
sir, = itueal” ..(6.67)

C

Example 6.7: A three phase, 50 Hz, 400 kV transmission line is 300 km long. The line inductance
is 0.97 mH/km per phase and capacitance is 0.0115 uF/km per phase. Assume a loss less line.
Determine the line phase constant 5 Zq, v and A.

Solution:

B=o/LC =21x501097 x 00115 x 10~

B = 0.00105 rad/km
Surge impedance

L 097 x 1072
Ze= 7 =y =290.43 ohm
C 00115 x 10

Velocity of propagation is
_ 1 1
N7 J0.97 x 00115 x 10~
v =2.994 X 10° km/sec.

Line wavelength is

v 1 5
A= —=—x2994 %10
f 50
A =4990 km.

6.8 POWER FLOW THROUGH TRANSMISSION LINE

Consider a sample power system as shown in Fig. 6.7.

O IVellos ABCD Vel
q |
Load

Ss = Ps +jQs Sk = Pr +jQg

Fig. 6.7: Two bus sample power system.
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Let
A=|A|[85, B=|B||dg, Vs =|Vgl[ds, Vg =|Vgll0°, D=A=|A|[d4

From eqn. (6.1), we obtain

_ Vs - AV _ |Vsl[8s —[Al[34 [VrllO®

T =
N B | BI85
\% AV
Iy= % 8g—8p — % dg— O ...(6.68)
The receiving end complex power
Skee = Prie * i Qree = 3Valr' ...(6.69)

Using eqns. (6.69) and (6.68), we get

_ o Vsl VRl | All Ve|?
SR(3¢)_ 3W SB _SS —3T SB_SA

or, in terms of line-to-line voltage

|Vswpll Vea)l |A[|Vga,pl?
Swan = — g Ba =8y - By 8 (6:70)
Separating real and imaginary parts of eqn. (6.70),
Vsl Vra. Al Veanl?
Prse = |Vsw-ll Vrenl cos (BB _ Bs) _ MCOS (BB _ BA) .(6.71)
| B| | B
V, 1% Al Veapl?
Quse) = | Vsl R(L.L)|Sin (SB_ 85) 3 Al VRl in (SB_ 5A) (6.72)
| B| | B
Similarly we can obtain
Al Vsl V; V
Py = AVswnl o5 5,) - WsenllVeanl o5 50 (673)
| B| | B|
|A||Vsq.l* . Vswull Vran| .
Qseo) = %sm (BB - 8A) - %sm (BB + BS) ..(6.74)

The real and reactive power losses are
Pross30) = Pszo)— Preso) ...(6.75)
QLosso) = @s@0) — Qrso) ...(6.76)
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FERRANTI EFFECT

During light-load or no-load condition, receiving end voltage is greater than sending end
voltage in long transmission line or cables. This happens due to very high line charging current.
This phenomenon is known as ferranti effect. A charged open circuit line draws significant
amount of current due to capacitive effect of the line. This is more in high-voltage long
transmission line. Under no load condition, I = 0, therefore, eqn. (6.40) can be written as:

Vg = Vy cosh (v))

_ Y
Ve= oh D (6.77)

Now cosh (yl) < 1, therefore V} is always greater or equal to Vg.

6.1.

6.2.

6.3.

6.4.

6.5.

6.6.

EXERCISE

Find the characteristics of the load at the sending end and the efficiency of a three phase transmission
line 160 km long delivering 15 MVA load at 110 kv, 50 Hz and 0.9 power factor (lagging) having
inductance 1.356 mH/km per phase, capacitance 0.0085 pF/km per phase and resistance 40 ohms.
Use nominal IT-method

Ans. I =170.3|20.8° Amp, Viqp, = 117.6(29.2°kV,
power factor = 0.9893, n = 95.3%

A long three-phase transmission line has resistance 63.5 ohms, reactance per phase 167 ohms,
capacitive susceptance to neutral is 1.1 X 10~ mho. Determine ABCD constants.

Ans. A=D=0.91]213°, B = 173.3(69.9°
C = 1.067 x 1073]90.7°

A 50 Hz, three phase, 275 kV, 400 km long transmission line has resistance 0.035 /km, inductance
1 mH/km and capacitance 0.01 uF/km. If the line is supplied at 275 kV, find out the MVA rating of
a shunt reactor that would be required to maintain 275 kV at the receiving end, when the line is
delivering no load. Use nominal IT method.

Ans. 47.56 MVAr (lagging)

The line constants of a transmission line are A = 0.9301/0.98° and B= 14124 |81.87° ohm. The load

at the receiving end is 60 MVA, 50 Hz, 0.8 pf lagging. The supply voltage is 220 kV. Calculate the
load voltage.
Ans. 202.2 kV

A three phase 50 Hz transmission line has impedance of (25.3 + j66.5) ohms and a shunt admittance
of 4.42 x 10~ mho per phase. If it delivers a load of 50 MW at 220 kV at 0.8 power factor lagging,
determine the sending end voltage (a) by short line approximation (b) nominal IT method (c) exact
transmission line equations.

Ans. (o) 2338(22°kV, (b) 232.2[2.33°, (¢) 230.52[2.50°kV,

The line constants of a transmission line are A = 0.986 [0.320° and B = 70.3 [69.2° ohms. Determine

the capacity of a reactor to be installed at the receiving end so that when a load of 50 MVA is
delivered at 132 kV and power factor 0.707 lagging the sending end voltage can also be 132 kV.

Ans. 4847 MV Ar.
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6.7.

6.8.

6.9.

6.10.

6.11.

6.12.

6.13.

A three phase transmission line has A= D= 0.98[15°, B= 755|80° and C =4 x 1074[91°. If an

impedance (2.64 + j42.3) ohms is connected in series with the line at the sending end, determine
the new values of ABCD constants.

Ans. A, = 0963[153°, B,= 116.8|82.8°ochms

C,=4x107"190°; D, = 098[L5°

A three phase, 50 Hz, 100 km transmission line has resistance 0.1 ohms/km, inductance
111.7 mH/km and capacitance 0.9954 x 1072 pF/ph per km. The line is delivering 20 MW at a 0.8
power factor lagging and 66 kV to a balanced load. Determine the efficiency and regulation. Use
nominal © method.

Ans. 1 =93.5%, VR =17.47%

A 132 kV, 50 Hz transmission line has the following generalised constants, A = D = 0.9696[0.49°,

B = 52.88(74.79° ohms and C = 11.77 x 10~* [90.15° mho. It is supplying a load of 125 MVA, 0.9
power factor lagging at 132 kV. Calculate the sending end voltage and current.
Ans. V4=166.1kV, Ig=554 Amp

A three phase transmission line delivers a load of 5 MW at 0.8 power factor lagging. Resistance of
each conductor is 0.5 Q/km. Receiving end voltage is 33 kV. If the line loss is not to exceed 10%,
determine the length of the line

Ans. 27.9 km.

The ABCD parameters of two transmission lines are A;, B;, C;, D; and A,, B,, C,, D,. Find the
overall ABCD parameters when (i) the two networks are connected in series (ii) in parallel.

Two overhead lines are connected in parallel to supply a load of 10 MW at 0.8 power factor lagging
at 30 kV. The resistance and reactance of one line (A) are 5.5 Q and 13.5 Q respectively and for line
(B) are 6 ohm and 11 ohm respectively, calculate (a) the KVA supplied by each line and (b) power
supplied by each line

Ans. (a) 5790, 6730 (b) 4415 kW, 5585 kW.

A long transmission line has the following generalised constants: A = D = 0.92[5.3° ; B = 65.3|81°
ohm. Two identical transformers, each of series impedance 100[70° ohms and admittance

2 % 10~% |=75° mho are connected at the two ends of the line. Determine new values of generalised

constants.
Ans. A,=D,= 0.843(26.38°, B, = 249.3|76.85° ohm

C, = 34.38 x 107" [50.9° mho
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7.1 INTRODUCTION

This chapter presents the steady-state analysis of an interconnected power system during
normal operation. The power system is assumed to be operating under balanced condition and
can be represented by a single line diagram. The power system network contains hundreds of
buses and branches with impedances specified in per-unit on a common MVA base. Power flow
studies, commonly referred to as load flow, are essential of power system analysis and design.
Load flow studies are necessary for planning, economic operation, scheduling and exchange of
power between utilities. Load flow study is also required for many other analysis such as
transient stability, dynamic stability, contingency and state estimation.

Network equations can be formulated in a variety of forms. However, node voltage method
is commonly used for power system analysis. The network equations which are in the nodal
admittance form results in complex linear simultaneous algebraic equations in terms of node
currents. The load flow results give the bus voltage magnitude and phase angles and hence the
power flow through the transmission lines, line losses and power injection at all the buses.

7.2 BUS CLASSIFICATION

Four quantities are associated with each bus. These are voltage magnitude |V |, phase angle §,
real power P and reactive power Q. In a load flow study, two out of four quantities are specified
and the remaining two quantities are to be obtained through the solutions of equations. The
system buses are generally classified into three categories.

Slack bus: Also known as swing bus and taken as reference where the magnitude and phase
angle of the voltage are specified. This bus provide the additional real and reactive power to
supply the transmission losses, since these are unknown until the final solution is obtained.

Load buses: Also known as PQ bus. At these buses the real and reactive powers are specified.
The magnitude and phase angle of the bus voltage are unknown until the final solution is
obtained.

Voltage controlled buses: Also known as generator buses or regulated buses or P —| V|
buses. At these buses, the real power and voltage magnitude are specified. The phase angles of
the voltages and the reactive power are unknown until the final solution is obtained. The limits
on the value of reactive power are also specified.
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The following table summarises the above discussion:

Bus type Specified Unknown
quantities quantities

Slack bus V], & P, Q

Load bus P, Q V], &

Voltage

controlled bus P, V| Q0

7.3 BUS ADMITTANCE MATRIX

In order to obtain the bus-voltage equations, consider the sample 4-bus power system as shown
in Fig. 7.1.

0.04

/I -

Fig. 7.1: The impedance diagram of sample 4-bus power system.

For simplicity resistances of the lines are neglected and the impedances shown in Fig. 7.1

are expressed in per-unit on a common MVA base.
Now impedances are converted to admittance, i.e.,

1 1 7.1)
y. = — = —. cen .
A
Figure 7.2 shows the admittance diagram and transformation to current sources and injects
currents I; and I, at buses 1 and 2 respectively. Node 0 (which is normally ground) is taken as

reference.
O
LLLLLL LISl

i L
116))’10 —1.25 1 Y20C+ :
E _j2 =T
Y12
2.5 —2.5
Y13 Va3
3
Yau| =25
41

Fig. 7.2: The admittance diagram of Fig. 7.1.
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Applying KCL to the independent nodes 1, 2, 3, 4 we have,
I =510V + 31 (Vi = Vo) + 335 (V1 = V)
Iy = y50Va + 312 (Vo = V) + 395 (Vo = Vo)
O =935 (V5= Vo) + 313 (V3= V) + 334 (V5= V)
0=y (V,— Vo)
Rearranging the above equations, we get
L = (o + y12 + 919 Vi—y12Vo — 313V
I = —y15Vi+ (y20 + 12+ ¥23) Vo — 23V
O=—y13V1 = y23Vo + (313 + Ya3+ ¥30 V3 — ¥34Vy
O =-y34Vs + 3,V
Let,
Yi1= 010+ y12 ¥ 19 Yoo = (oo + ¥z + Y23);
Y35 = 013 + Ya3 T 30 Yu= s
Yo=Yy =12
Yis3=Y3 =13
Yy3 = Yg5 = a3
Y3y = Y3 =y
The node equations reduce to
L =Y, Vi + Y Vo + Yi3Vs + Y0,V
I, =Yy Vi + Yoo Vo + YoV + Yo,V
I3= Y5,V + YoV + Yas Vs + Y3,V
L=Y, Vi + Y, Vot Y,Vst+ Y,V
Note that, in Fig. 7.2, there is no connection between bus 1 and bus 4,
= Y=Yy =0 Similarly Yy, = Y,, = 0. Also note that in this case I3 =0, I, = 0.
Above equations can be written in matrix form,

Lif (Y Yy, Y3 Yy ||\ V)

Iy | _ | Yy Yoy Yoy You || Vs (1.2)
Iy Yy Yy Yo Yay ||V
I, Yy Yo Yy Yiu | [V,
or in general
Ibus = Ybus‘/bus (73)

Where
Vius = vector of bus voltages

I, = vector of the injected currents (the current is positive when
flowing into the bus and negative when flowing out of the bus)

Y, . = admittance matrix.

Diagonal element of Y matrix is known as self-admittance or driving point admittance, i.e.,
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n
Y, = kZOyikmj #1 .(7.4)

Off-diagonal element of Y matrix is known as transfer admittance or mutual admittance,
ie.

Yik = Y = vk ..(7.5)
Vius can be obtained from eqn. (7.3), i.e.,
Vbus = Y_blus Ibus (76)

From Fig. 7.2, elements of Y matrix can be written as:
Y1 =10t Y12 ty13=—1.25 —j2 - j2.5 =5.75
Yoo = Y90 * Y12 t Y23 =1 —j2 —j2.5=5.5
Y3 =34 + Y13 + Vo3 =725 —j2.5-j2.5 =30
Yyy=y34 =25
Y= Y5 =12 =72
Yi3= Y5 =-13=J2.5
Y,,=Y,;=00;, Yy =Y,;,=0.0
Yo3 = V3= —yp3 =J2.5
Y3 = Yy3=—y3, =725

—jb5.75 j2  j25 0
Yy = j2 —jb5  j25 0
j25 j25 —j30 j25
0 0 j25  —j25
Example 7.1: Find out the Y matrix of the sample power 19 3

system as shown in Fig. 7.3. Data for this system are
given in Table 7.1

2
Fig. 7.3: 3 bus sample power system.

Table 7.1: Per unit impedances and line charging for
sample power system shown in Fig. 7.3

Bus code Impedance Line charging
i-k Ziy Y2
1-2 0.02 + j0.06 j0.03
1-3 0.08 +j0.24 j0.025
2-3 0.06 +0.18 j0.020

Solution:
Note that line charging admittance is considered in this example. One should represent
each line as © equivalent. First compute the total charging admittance at each bus, i.e.,
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Yio = Ttk =j0.025 + j0.03 = j0.055

_Yn | Yas _ Yis |, i3 _ . : —

= 22 4 22 212 4 228 50 03 +j0.020 = j0.05
Y20 9 9 9 9 J J J
yoo= 23L 4 282 - N3 L9 — o 095 + j0.020 = j0.045

2 2 2

1 1 - 15.82|-7156°

T2 T 002+ j0.06 | 0.0632[7156° ' :

1 1

1

= = = = 3955|-7156°
13 Z,; 008+ j024 4(0.02 + j0.06) [-7156°

1 1

1

= = = = 5273|-7156°
Y= 7 (0.06 + j0O.18)  3(0.02 + j0.06) [=7156°

Yy; = Y10+ ¥1g + Y15 = j0.055 + (15.82 + 3.955)|~71.56°

Yy, = (6.255 — j18.704)

Y,, = (6.672 — j19.96)

Yas = Y0 + Y15 + Yoy =J0.045 + (3.955 + 5.273)|~7156°

Yys = (2.918 — j8.709)

Y5 = Yoy = —y;5 = —8.955|=7156° = (~1.25 + j3.75)

Yos = Yy = —ypq = —5.273|—7156° = (~1.667 + j5)

(6255 — j18.704)

Ybus = (_5 + ]15)
(-125 + j3.75)

7.4 BUS LOADING EQUATIONS

(=5 + j15)
(6.672 — j19.960)
(1667 + j5)

(-1.25 + j3.75)
(-1.667 + j5)
(2918 — j8.709)

151

Consider i- th bus of a power system as shown in Fig. 7.4. Transmission lines are represented
by their equivalent © models. y;, is the total charging admittance at bus i.
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Yin

Yo

Fig. 7.4: i-th bus of a power system.
Net injected current I; into the bus i can be written as:
Li=yVi+yn (Vi= V) +yp (Vi= Vo) + o+ 33 (Vi= V)
L= (yio +yin+ iz Yin) Vi—ylVi = i2 Vo oo yinVaa
Let us define
Yi=Yotyutyet .t

Yii = -y
Yio = —ie
Yin = —Vin

L=Y;Vi+ Y Vi + Y Vot o+ YV

or L=Y,Vi+ zYika
k=1
k#i
The real and reactive power injected at bus i is
P —j@Q,=V* I
Ii — Pi — !Q1
Vi
From eqns (7.9) and (7.10) we get
P - j@; c
1—*#Q1 =YV + zYika
Vi k=1

k#i

P-jQ;, <
YiiVi: l—sfﬁQl _ZYika
Vi k=1

k#i

)

..(71.8)

..(7.9)

...(7.10)

(7.11)
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v=L|BJ% vy v, (1.12)

7.5 GAUSS-SEIDEL ITERATIVE METHOD

For the purpose of explanation consider a 4-bus sample power system as shown in Figure 7.5.
BUS 1 is considered as slack bus, where voltage magnitude and its angle are known.

G, 2

@7_ G,
§ K

Load

3— J_$4
Fig. 7.5: 4-bus power system.

In this case n = 4 and slack bus s = 1. From eqn 7.12 we can write

. 4
= i R _*Qi - szVk

V.=
Yn Vi z=1
#1
i=1,2,34
1#s,1e,i#1
1 | R S
VZZ—Z—*JQZ_ZYZka
%
%
1| B - i@, _
= — | —=-Y,V, - Y,,V; - Y,V
Vs, Yo | Vi 21V1 23V3 24 4_
Similarly,
1 [P -6, _
Vo= — | —=————-Y;,|V; - Y3, V, - Y,,V.
3 Yo | Vi 31V1 32V2 34 4_
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1

1| B - e,
Yy

V,=

- Y41V1 - Y42V2 - Y43V3

In the Gauss-Seidel method, the new calculated voltage at (p + 1) i.e. V,?* P immediately
replaces V. and is used in the solution of the subsequent equations. Therefore, above set of
equations can be written in iterative form, i.e.,

1 | P, —Jj@
Vz(p D= Y_ 2—*2 -Yy, Vi - Y23V3(p) - Y24V4(p)
29 (V(P))
|\ 2
1 | Py —j@
Vs(p D= Y_ 3—*3 - Y31V1 - Y32V2(p+1) - Y34V4(p)
33 (VS(P))
po_;
V4(p+ 1 — L 4—]?4 ~-Y,V, - Y42V2(p+1) _ Y43V3(p+1)
Y, (V(W)
4

Note that bus 1 is slack bus. Under normal operating conditions, the voltage magnitude of
buses are in the neighbourhood of 1.0 per unit or close to the voltage magnitude of slack bus.
Therefore, an initial starting voltage of (1.0 +j 0.0) for unknown voltages is satisfactory, and the
converged solution corelates with the actual operating states.

7.6 CALCULATION OF NET INJECTED POWER

From eqn. (7.11), we get,

Pl_—*WQl =Y,V + zYika
. k=1

1 k#i

P-jQ=Vv'|v,v, + 2 YaVi (7.13)
k=1

k#i
Let V= %00y » Y= Lo - ViZ VIS,
Vi = IV Vie= IV |8,
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P—jQ = Vi 1Yl 8; + Z| Ve [V Vi [ Bik+ 8y — 85

k;éL

P —jQ = |V;|* | Yy|cos 6; +j| V;|* | Yy| sin 6; +Z| ik Vill Vie| cos (5 + 8y — ;)

k;tl

+7 P Y [Vill Vi [sin(®y, + 8y — ;) -(7.14)
k#i

Separating real and imaginary part of eqn. (7.14)

P, = |V;|? | Yy|cos 6, +Z| el Vil Vil cos(0y + 8y —8;)

k;tL

P, = D Vil Vil Yyl cos(®y, — 8 +8,) ..(7.15)
E=1
and

~@; = | V;i|? | Yy|sin 05 + O [Vl IViI Vil sin(®y, + 8, - 8;)

k#i
= Vil Vil Yyl sin @y - 3; +8,) .(1.16)
=1
7.7 CONSIDERATION OF P-| V| BUSES
For P-Q buses, the real and reactive powers P;scheduled g @.scheduled gre known. Starting with

initial values of the voltages, set of voltage equations can be solved iteratively. For the voltage-
controlled buses (P- | V| buses), where P;*teduled angd | V| are specified, first eqn. (7.16) is solved
for @ P*ie.

QPTl= - Zllelelpl ] sin(@ — 8 +8,°) (7.17)

k=1

Then set of voltage equations are solved. However, at P-| V| buses, since | V;| is specified,
only the imaginary part of V;* " ! is retained and its real part is selected in order to satisfy.

(pH) (pr) =|Vil® (7.18)
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SR

et = {IViIZ—(ff’”)z} (1.19)

Where
e 1 = real part of V;"*!

fP* ! = imagining part of V;>*!

7.8 CONVERGENCE PROCEDURE

The updated voltages immediately replace the previous values in the solution of the subsequent
equations. This process is continued until changes of bus voltages between successive iterations
are unithin a specified accuracy, Define

AV = max Vi(p+1) - Vi(p) ,i=1,2,..,n ...(7.20)

if AV < €, then the solution has converged. € is prespecified. Usually € = 0.0001 or 0.00001
may be considered.

Another convergence criteria is the maximum difference of mismatch of real and reactive
power between successive iterations. Define

calculated scheduled
P )

AP =max ..(7.21)

Q calculated Q scheduled
i B 41

AQ =max

..(7.22)

if AP< e and AQ < €, the solution has converged. In this case € may be taken as 0.0001 or
0.00001.

Acceleration Factor
In practice, the process of convergence of GS method is slow and it requires a large number of
iterations before a solution is obtained. The process of convergence can be speeded up if the
voltage correction during iterative process is modified to
v+ V4 a(V-<p+1> _ V_(p))
1 1 1

i (acceleration)

where o is known as acceleration factor and is a real number. 1.4 < o < 1.6, recommended range
of o for most of the power system problem.

7.9 COMPUTATION OF LINE FLOWS AND LINE LOSSES

Consider the line connecting busses i and k. The line and transformer at each end can be
represented by a circuit with series admittance y; and two shunt admittances y9, and y$; as
shown in Fig. 7.6.
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L
Bus i \ Bus K
” L ﬁ
__V_'__ R¢ jik | k\"A _YE_,
> > <+ )
Si Iy Yie Iy Sii
yﬁ( Yﬁi

Fig. 7.6: Il-representation of a line and transformers connected between two buses.

From Fig. 7.6, we can write,

Ly = Iy + IS, ..(7.23)
ik = (Vi = Vi .(7.24)
IS = V; ¥ ..(7.25)

From eqns. (7.23), (7.24) and (7.25), we get,
L = (Vi— Vi + Vi 05 ...(7.26)

The power fed into the line from bus 7’ is:

Six = Py +J @i .(7.27)
Py +j@y = Vil ...(7.28)

Using eqns. (7.28) and (7.26), we get
Py +j@Qy = Vil(Vi = Vidyu + Vi 5% I*
Py +j@y = Vi(Vy = Viya + Vi Vi (%)™
Py—jQu =V, (Vi= Vo + V' Vi y%

Py— i@ = | Vil ®i - Vi i + I Vil Py % .(7.29)
Similarly, power fed into the line from bus ‘%’ is
Py— i@ = | Vil i - i Vivie + I Vil % ...(7.30)
Now Yik = i
y Y =Y (7.31)
From eqns. (7.29) and (7.31), we get
Py—j@y =~ Vi?Yy + Vi Vi + | Vi 2% .(7.32)
Yao= [Yad |0y Vi =IViI[ 8, Vi =IVil| -3
Y = J | Yik|

Py —jQu = [=| Vi|?| Yk | cos 8y + | Vi| | Vic| | Yic| cos (B — &; + &)
— [1 Vi1?| Y| sin 0y — | Vi| | Vic| | Yy | sin (85— 8; + &)
SAANEH +(7.33)
Py =—| V;|?| Yy | cos Oy + | Vi| | V|| Yy | cos By — 8 + §) ...(7.34)
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Qi = | Vi|?| Yy | sin 0y — | Vi| | Vic| | Yixc | sin By — & + &)
SAAREN ..(7.35)
Similarly power flows from bus & to i can be written as:
Py =~ Vi|?*| Y | cos Oy + | V|| V|| Yy | cos (B — 8 + &) ...(7.36)
Qui = | Vil *| Yi | sin 0y — | Vi | | Vic || Vi [ sin (@ — 8 + &)
SAANEA -(7.37)
Now real power loss in the line (i — k) is the sum of the real power flows determined from
eqn. (7.34) and (7.36)
Ploss; = Py + Py
PLossy, = ~|V;|*| Yy | cos 8y + | Vi| [ Vi| | Yy | cos (8 — & + &)
~| Vi|*| Yyl cos 8y + | V| [ Vic| | Y| cos (8 — & + &)
= —(|V;1? + | Vi|®) | Y| cos By,
+ Vil | Vil | Yik | [ cos {8y — (8;— 8y )} + cos {6y + (8;— 8y)}]
= —(|Vi|? + Vi) | Yixc| cos 0y + 2| V| | Vic| | Vi | cos By cos (8; — 8y)
PLossy = [2|V;] | Vi |cos (B; — 81) — | Vi|® = | V| 1| Vi | cos 0y -..(7.38)
Let
Yy = Gy +JBy
Gy =| Yy | cosy
By =1 Yy | sinby
PLossy, = Gy [2| Vi | Vig|cos B; — 8y) — | Vi |* = | Vi |?] -.(7.39)
Reactive power loss in the line (i — k) is the sum of the reactive power flows determined
from eqns. (7.35) and (7.37), i.e.

QLossj, = @ + @
QLossy, = |V;]?| Yy | sin 0y — | Vi| | Vic| | Yy | sin(Oy, — &; + &)
— Vi 15%| + 1 Vie|? | Vi | sin®y
— Vil | Vil | Y| sin(By — 8+ 85) — | Vi * |95l
QLossy = (| Vi |+ Vic|®) Bi— | Vi| | Vic| | Yigc| [8in(6y — ; + 8y) + sin(8y — ) + &)]
(VA2 1% + Vil 2 %)
QLossy, = (| Vi |2+ Vi|*) By — 2| Vi| | Vi| Byccos (8 = 8) = (| Vi1 5% | +1 Vil * o8 )

QLossy = By [ | Vi|2+ |V |2 =2 V4| | Vil cos (8 — 81 — [ | Vil * 19%| + 1 Vil ? 18]
..(7.40)

7.10 ALGORITHM FOR GAUSS-SEIDEL METHOD

Step-1: Initial Computation
With the load profile known at each bus (i.e. PL; and QL; are known), allocate Pg; and Qg; to all
generating units. While active and reactive generations are not allocated to the slack bus, these
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are permitted to vary during iterative process. This is must as voltage magnitude and phase
angle are specified at slack bus. With this data, net bus injected power (P; +j@,) at all buses are
known other than slack bus.

Step-2: Formation of Yy, Matrix
With the line and shunt admittance data, form Yg,, matrix.

Step-3: Tterative Computation of Bus Voltage
To start the iterative computation, a set of initial voltage values is assumed. Since in a power
system, the voltage variation is not too wide, it is usual practice to use a flat voltage start, i.e.
initially all voltages are set equal to (1 +jO) except the voltage of the slack bus which is specified
and fixed. It should be noted that (n — 1) voltage equations are to be solved iteratively for finding
(n — 1) complex voltages V,, V, ..... V..
The iterative computation is continued till the change in maximum magnitude of bus
voltage, (AV) is less than a certain tolerance for all bus voltages, i.e.

AV = max|Vi(p+1) - Vi(p)| <gi1=23...n

Step-4: Computation of Slack Bus Power
Slack bus power can be computed using eqns. (7.15) and (7.16), i.e.

Py = Y IVill Vil Vil cos@y = 8, +8y) A7.41)
k=1
Q= X IVilI Vil Yyl sin (8 - 8; +8y) ..(7.42)
k=1

Step-5: Computation of Line Flows

This is the last step in the load flow analysis. The power flows on the various lines are computed
using eqns. (7.34) and (7.35). Real and reactive power loss can be computed using eqns. (7.39)
and (7.40) respectively.

Example 7.2: Fig. 7.7 shows the single line diagram of a sample 3- bus power system. Data for
this system are given in Table 7.2 and 7.3.

(a) Using the Gauss- Seidel method, determine the
phasor values of the voltage at buses 2 and 3.
(Perform only two iterations).

(b) Find the slack bus real and reactive power after slack bus
second iteration. "7 3

(¢) Determine the line flows and line losses after second

iteration. Neglect line charging admittance.

Fig. 7.7: 3-bus sample
power system.
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Table 7.2: Scheduled generation and loads and assumed
bus voltage for sample power system

Generation Load

Bus code Assumed Mw MVAr Mw MVAr
i bus voltage
1 1.05 + 0.0 - - 0 0
(slack bus)
2 1+,0.0 50 30 305.6 140.2
3 1+,/0.0 0.0 0.0 138.6 45.2

Base MVA = 100

Table 7.3: Line impedances

Bus code Impedance
i -k Zy
1-2 0.02 + j0.04
1-3 0.01 +,0.03
2-3 0.0125 + j0.025

Solution:
Step-1: Initial computations
Convert all the loads in per-unit values

305.6 140.2
= —— = 3.056 pu; = —— =1402 pu
PLy= =5 p QL= — 15 p
1386 45.2
= —— =1386 pu; = —— =0452
PLs= T00 P @Ls = J00 P
Convert all the generation in per-unit values.
50 30
Pg2 = m = 0.50 pu; QgZ = m = 0.30 pu

Compute net-injected power at bus 2 and 3.
Py =P, — Py = (0.5 - 3.056) = —2.556 pu
Qs = Qg — Q5 = (0.3 — 1.402) = -1.102 pu
P3=P,;3—P3=0-1.386=-1.386 pu
Qs = Qs — Q3 = 0 —0.452 = —0.452 pu
Step-2: Formation of Ypyg matrix

1 1

- —(10-j20)
Z,, 002+ j0.04

Y12 =Yo1 =



1 1

== ——=———— = (10 - j30
Y=Y = = o1 joog) - (030
1 1 .
Y=Y = = 0125 1 joozs) | Lo I8P

Yii =12+ y13+ 10

Charging admittance is neglected, i.e. y;, = 0.0

Y11 = ¥19 + ¥15 = (10 — j20) + (10 — j30) = (20 — j50)
Yoo = yo1 + Yo3 = Y19 + o3 = (26 — j52)

Y33 = y13 + yo3 = (26 — j62)

Y, = 5385| -682° Y, = 5813|-634°

&
I

67.23| -672°

Y9 ==y15=— (10 — j20) = -10 + j20 = 22.36 | 116.6°
Yo=Yy

Y3 = Y3 =—y;3=- (10 —j30) = 3162|1084°

Y5 = Yay = —yo5 = — (16 —j32) = 35.77(116.6°

53.85|-68.2° 22.36(116.6° 31.62|1084°

Ypus = | 22.36]116.6° 58.13|-634° 35.77|116.6°

31.62(1084° 35.77|116.6° 67.23|-67.2°

Step-3: Iterative Computation

1 P2 — ]QZ
Y22 (V (p) )*
2

Vz(p D= - Y21V1 - stvgfp)

P
yern= L Boi@ _y oy Yy, VD
33 (V(p))

3

b<

Slacks bus voltage V, = (1.05 + j0.0)
Starting voltage V,©@ = (1 +j0); V,© = (1 + jo)

Load Flow Analysis

161

(@)

...(10)
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Now

Py - jQ _ —2556+j1102
Yo 5813 —63.4°

= 0.0478| 220.1°

92.36|116.6°
Yy _ 2236[1166° o0 61180° = —0.3846

Y,, 5813]-634°

35.77(116.6°
Yoy _ 35TTI66° _ ) o soi1g00 = 06153

Y,, 5813|-634°

Therefore eqn.(i) can be written as:

0.04781220.1°
Vz(p +1) — —I*— + 0.3846 V; + 0.6153 Vg(p)
)
Now

P, - j@, _ —1386 + j0.452

Y,,  67.23]|-67.2°

31.62(108.4°

Y,, 6723(-67.2°

35.77(116.6°
Yy _ SHTTIIIEE

Y,, 6723[-672°

Therefore eqn. (if) can be written as:

= 0.0217(229.2°
175.6°

183.8°

0.0217]229.2°
V0t = —l*——0.47 175.6°V, —0.532|183.8° V{P*
(e —

Now solve eqns (ii7) and (iv) iteratively,
p=0

0.0478(220.1°
Vv, = # + 0.3846 x 1.05 + 0.6153 (1 + jO)
+]

v, = 0.98305 |-18°

v = 0.0217 22?.20 _
1+ j0)

0.47]175.6° x 1.05 — 0.532|183.8° x 0.98305 | -1.8°

...(110)

...(1v)
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V,® = 1.0011|-2.06°

After first iteration

v, = 0.98305|-1.8°
vV, = 1.0011]-2.06°

p=2

o _ 00478|2201°
Z T (098305|-1.8°)"

+ 0.3846 x 105 + 06153 x 1.0011|-2.06°

V,@ = 0.0486|218.3° + 0.40383 + 0.615578 — j0.02214
V2(2> = 0.98126 — j0.05226 = 0.98265 |-3.048°
V,? = 0.98265|-3.048°
0.0217|229.2°
VS(Z) = —
(1.0011|-2.06°)
V@ = 0.02167|227.14° - 0.4935|175.6° — 0.5227 |180.75°

V,® = 001474 — j0.01588 + 0.49204 — j0.03786 + 05226 + j0.00684
V,@ =0.9999 — j0.0469
V,@ =1.00099 |-2.68°

After 2nd iteration

—047|1756° x 1.05 — 0.532|183.8° x 0.98265 | -3.048°

V,® = 0.98265|-3048°

V,® = 1.00099|-2.68°

Step-4: Computation of slack bus power. After 2nd iteration slack bus power is computed.
From eqn. (7.41)

3
P, = Z|V1||Vk||Y1k|COS(91k = 8; + )
E=1

P = |Vl|2 |Y11/cos 011 +| V3| Va|| Yig|cos (612 — 61 + 83)
+| V]| V3| Yy3]cos (83 — 81 +83)

|V,| =1.05,8,=0° | V,| =0.98265, 8,=—3.048° | V,| = 1.00099, 5= —2.68°
|Y,,| =53.85, 0, =—68.2°
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| Yy, | =22.36, 0,, = 116.56°
| Yy5| =31.62, 0,5 = 108.4°
P, = (1.05)2 x 53.85 X cos (—68.2°) + 1.05 x 0.98265 x 22.36 cos (116.56° — 0 — 3.048°)

+ 1.05 X 1.00099 %X 31.62 cos (108.4° — 0 — 2.68°)
P, =22.048 — 9.2038 — 9.004

P, =3.84 pu MW. = 3.84 X 100 = 384 MW

From eqn. (7.42)

3
Q) == DI Vil Vil | Yyl sin(y, = 8; +8))

k=1
@ :—|V1|2 |Y14|sin 045 — | V3][ V]| Yig]sin (B4 — 8 + &)

—| Vil V3| Yy3]sin (8,5 — 8, + &3)
Q, =—]1.05|2 x 53.85 X sin (~68.2°) — 1.05 x 0.98265 X 22.36 sin (116.56° — 3.048°)
1

—1.05 x 1.00099 x 31.62 sin (108.4° — 2.68°)
Q; = 55.1238 — 21.1552 — 31.99

@, = 1.9786 pu MW. = 197.86 MW

Step-5: Calculation of line flows and line losses.
From eqn. (7.34)

Py =—|V;|?| Yy | cos 0y +| Vi| | Vi | | Yii| cos (8 — & + &)
Py =—|Vi|?|Yya| cos 015 +| Vi | [ Vy| | Yiz| cos (85— 8; + 8y)
Py, =—(1.05)% x 22.36 cos (116.56°) + 1.05 x 0.98265 x 22.36 cos (116.56° — 0— 3.048°)

P,y = +11.0227 — 9.2038 = 1.8189 pu MW

P :_|V1|2|Y13| cos (013) +| V1| | V5| [ Y3] cos (8;5—8; + 83)
Py =—(1.05)% x 31.62 cos (108.4°) + 1.05 x 1.00099 x 31.62 cos (108.4° — 0 — 2.68°)

P, = +11.0038 — 9.0042 = 2.0 pu MW

Poy =—| V| ?| Yog| cos O3 +| Vy| [ Vs] | Ya3| cos (Bg3— 8y + 83)
Py, =—(0.98265)% X 35.77 X cos (116.6°) + 0.98265 x 1.00099

x 35.77 cos (116.6° + 3.048°— 2.68°)
P, = 15.4654 — 15.9557

P,; =-0.4903 pu MW
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Using eqn. (7.36)
Py, :_|V2|2|Y12| cos 01 +| Vi | | Vo] | Yig] cos (B15— 85 + &)
. Py, =—(0.98265)% x 22.36 cos (116.56°) + 1.05 x 0.98265 x 22.36 cos (116.56° + 3.048° + 0°)

Py, = 9.654 — 11.398 = —1.744 pu MW

o Py =—|V3|?|Yy3] cos 0,3+| Vi | | Vs] | Yz cos (85— 83+ 8))
- Py, =—(1.00099)% x 31.62 cos (108.4°) + 1.05 x 1.00099 x 31.62 cos (108.4° + 2.68° + 0°)

Py, =10 —11.953 = -1.95 pu MW

Pgy =—| V3| ?| Yog| cos O3 +| V3| | Vy| | Ya3| cos (By3— 83 + )
. Py, =—(1.00099) X 35.77 cos (116.6°) + 1.00099 x 0.98265
X 85.77 cos (116.6° + 2.68° — 3.048°)

Py, = 16.048 — 15.551 = 0.496 pu MW

Real power losses in line 1-2, 1-3 and 2-3,
PLoss,, = Py, + Py, = 1.8189 — 1.744 = 0.0749 = 7.49 MW.

PLoss 3 =P;5+ P3; =2-1.95=0.05 pu MW =5 MW.
Plossys = Pyg + Py, = —0.4903 + 0.496 = 0.0057 pu MW = 0.57 MW.
Reactive line flows can be calculated from eqns. (7.35) and (7.37). From eqn (7.35), we get,
Q2= | V1|7 | Yig|sinbyy — | V| | Vo] | Yig| sin(8;, — 8, +85)

@y, = (1.05)2 x 22.36 sin (116.56°) — 1.05 x 0.98265 x 22.36
sin (116.56° — 3.048°)

@2 = 22.05 — 21.1552 = 0.8948 pu MVAr.

Q5 = (1.05)% x 31.62 sin (108.4°) — 1.05 x 1.00099 X 31.62
sin (108.4° — 2.68°)

Q5 = 33.0788 — 31.9908 = 1.088 pu MVAr.

Qus = (0.98265)2 x 35.77 x sin (116.6°) — 0.98265 x 1.00099 x 35.77
sin (116.6° + 3.048° — 2.68°)

Q95 = 30.8836 — 31.3582

@y = — 0.4746

Q,; = (0.98265)% x 22.36 sin (116.56°) — 1.05 X 0.98265 x 22.36
sin (116.56° + 3.048°)

@y = 19.3122 — 20.0582 = —0.746 pu MVAT.

Q5 = (1.00099)% x 31.62 sin (108.4°) — 1.05 x 1.00099 x 31.62
sin (108.4° + 2.68°)
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Q5 = 30.0629 — 31.0098 = —0.9469

@5 = (1.00099)2 x 35.77 sin (116.6°) — 1.00099 x 0.98265 x 35.77
sin (116.6° + 2.68° — 3.048°)

Qy3 = 32.0472 — 31.5606 = 0.4866 pu MVAr.

Reactive power loss in line 1-2, 1-3 and 2-3.

QLosS 5 = Q5 + @y = 0.8948 — 0.746 = 0.1488 = 14.88 MVAr

QLoss 3 = Q5 + @5, = 1.088 — 0.9469 = 0.1411 = 14.11 MVAr

QLossy; = Qyg + Q35 = —0.4746 + 0.4866 = 0.012 = 1.2 MVAr

Note that all the results are computed after 2nd iteration and details calculation are given
for the purpose of understanding.

Example 7.3: Solve problem Ex-7.2 considering bus 2 is P-|V| bus. Details are given in
Fig. 7.8. Use same line and load data as given in Table 7.3 and 7.2.

138.6 MW

45.2 MWAr
slack bus
3

305.6 MW

2

Pg,=somw t | IVil=10pu

Fig. 7.8: Sample power system.

Solution
P, =-2.556, P, = —1.386, @y = —0.452
V, =(1.05 +j0), V,© =1.0 + j0.0 = P-| V| bus.

Vi =1.0+j0.0 = P- Q bus.

Bus-2 is a regulated bus where voltage magnitude and real power are specified. For the
voltage controlled bus, first the reactive power is computed.

Using eqn. (7.16),

3
Q= - Z|V2||Vk|Y2k|Sin(92k ~ 8y +8y)

k=1
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@y =—|Vy| | V1| | Yo |sin By — 8y + 8)) — | Vo |?| Yy | sin (85,)
—| Vol | V3| | Ya3|sin (B3 — 63 + O3)
QP = —| V| P | V| | Yoy | sin By — 8,® + 8)) — (| Va | ®)?| Yoy |
sin g9 —| Vo | ®| V5| ®| Yoq | sin (855 — 8, + 8,7
| Y,, | = 22.36, 6,, = 116.56°,
| Yy | = 58.13, 6, =—63.4°
| Vo5 | = 35.77, 055=116.6°
p=0
QY =—|Vo| OV, ]| Yoy |sin By — 8, + 8;) — (| Vi | ©)?| Yy |
sin g9 —| Vo || V5| @] Yo | sin (895 — 8, + 85)
| V,| = 1.05, 8,=0.0°
| Vo |© = 1.0, 82 =0.0°,
| V3] = 1.0, 8,9=0.0°
QY =—-1x 1.05 x 22.36 sin (116.56°) — (1.0)? x 58.13 sin (—63.4°)
~1x 1% 385.77 sin (116.6°)

QY =-21+51.97718 — 31.98389

Y =_-1.0067 pu MVAr.

The value of @, is taken as net reactive power injected at bus 2, i.e. @, = @,V =—-1.0067
pu MVAr.
Now, compute
P o— i (p+1)
Vg = |22 ]Qz* = Yy Vy = Y, V¥
Yzz (V(P))
2
p=0
Ve =5— 2 ]Q*2 ~ Yo,V = Yo Vi
Yy (VQ(O))

P, —jQ  -2556 + j1L0067

_ O1 _ 004725(221.9°
Y, 5813|-634
Yo _ 03846, 228 - 06153
Yoo Yo

0.04725221.9°
v = —l— +0.3846 V; + 06153 V4

o)
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0.04725(221.9°
—I— +0.3846 x 1.05 +0.6153 x 1.0

O =
c2 1.0

V{) =-0.035168 — j0.03155 + 0.40383 + 0.6153

V{) =0.98396 - j0.03155

Since | V;| is held constant at 1.0 pu, only the imaginary part of V" is retained, i.e. £,V
= -0.03155 and it is real part is obtained from,

e = J(10)? - (0.03155) = 0.9995

Thus
VY =(0.9995 — j0.03155)
v{» = 10[-1807°
P
Now, Vo = L S—JQ*S Y,V - Y Vg
Yys (V“’))
3
p=0
0.0217]229.2°
v = —‘— ~047|1756° V, — 0532(183.8° V¥

!

0.0217(229.2°
Vi) = 10 0.47[175.6° x 1.05 — 0.532[183.8°x 1 x |-1.808°

ViV =-0.014179 —j0.016426 + 0.4920 — j0.03786 + 0.53167 + j0.01849

VS(D =1.00949 —j0.035796

ViV =1.0101(-2.03°
After 1st iteration

ViV = 1.0[-1.808°
ViV = 1.0101|-208°
p=1

Qz(z) =—| Vol [ V1| | Yy |sin (8 — 82(1) +8) - (|V2|*)2| Yoo | sin 69y
| Vol | V5] (1)| Yo3]sin (053 — 82(1) + 83(1))
8, =0.0°, &,V =-1.808° &,V =-2.03°
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|[V,] =1.05, |V,| =10, |V4|®=1.0101
QR,? =—1 x 1.05 x 22.36 sin (116.56° + 1.808°)

—(1.0)? x 58.13 sin (—63.4°)
—1.0 X 1.0101 X 35.77 sin (116.6° + 1.808° — 2.03°)

Q,? = —20.6586 + 51.9772 — 32.3693

@,? =-1.0507
0.04725|221.9°
Ve = —|— +0.3846 V; +0.6153 V3"
o)

0.04725|221.9°
V(%) = —li + 0.3846 x 1.05 + 06153 x 1.0101|-2.03°

1/1.808°

V& =-0.036146 — j0.03043 + 0.40383 + 0.62112 — j0.02201
VE =0.9888 — j0.05244
Now f{? =-0.05244

e = |1 -(0.05244)" =0.9986

V{? = 09986 — j0.05244 = 1|-3°

0.0217]229.2°
Ve = —l*——o.47 175.6°V; —0532(183.8° V,?

3
(")
0.0217|229.2°
@) = T =——_047|175.6° x 1.05 —0.532]183.8° x 1|-3°
Vs 1.0101|2.03° [175.6° =

V& =-0.01460 — j0.01575 + 0.4920 — j0.03786 + 0.5319 + j0.00742

- V? =1.0093 - j0.04619 = 1.0103| -2.62°
After 2nd iteration

Ve =13
Vi =1.0103|-2.62°

7.11 NEWTON-RAPHSON METHOD

Newton-Raphson method is an iterative method which approximates the set of non-linear
simultaneous equations to a set of linear equations using Taylor’s series expansion and the
terms are restricted to first order approximation.
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Given a set of non linear equations,
¥1 = fr(xq, X9, .2y,
Yo = [y, Xg, 2y ...(7.43)
Vo = [o(xy, X9, . %)

and the initial estimate for the solution vector

x§0), xéo), ................. %0
Assuming Axy, A%y, .......... , Ax, are the corrections required for xio), xéo), xg)) respectively,
so that the equations (7.43) are solved i.e.,
1= fl(xio) +Axy, P  Axg,.lll 20 4 Axn)
Yo = fz(xio) + Axq, xéo) + AXg,yeninnnnn. ,xﬁl‘)) + Axn)
................................................................................. ..(7.44)
Yn= 1, (xﬁo) +Axy, 0+ Ay, 20+ Ax )

Each equation of the set (7.44) can be expanded by Taylor’s series for a function of two or
more variables. For example, the following is obtained for the first equation.

Y= fl(xg)) + Axq, xéo) + AXgyeenennn.. , 20 +Axn)
= f1(x§0), xéO), ......... ,xgo))+AxlaL +Ax28i +..Ax, Jfy +y,
oxq |, x|, o, |,

Where v is a function of higher powers of Ax;, Ax,, ...., Ax, and second, third ..., derivatives
of the function f;. Neglecting y;, the linear set of equations resulting is as follows:

Yy = fl(xio), xéo), ......... ,xgo)) + Ax; GL + Axy ai +... Ax _8f1
axl 0 axZ 0 axn 0
Yo = fz(xio), xéo), ......... ,xgo))+Axlaﬁ +Ax28£ +...Axnaﬁ
axl 0 axZ 0 axn 0
Yo = fn(x§°), o ,x§1°>)+Ax i Ax, fn L Ax, s ..(7.45)
dx, 0%, o, |
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i 1 | ofi| 9f il [Taw T
Y1~ f1(x§0),xé0),...xr(lo)) i axlz axl Ax,
0 0 n o
) 0 )
| ye —fz(x§°),x§°),...,x§1°>) = ﬁ ay’:‘i ---83':2 Ax, ...(7.46)
0 0 n o
of,| of, of,
[ O O In| Onf G| || ap
L In fn(xl X2 *n ) _ _8361 0 axZ 0 axn 0] -
or D=JR .(7.47)

Where o/ is the Jacobain for the functions f; and R is the change vector Ax;. Eqn. (7.47) may
be written in iterative form i.e.

D® = JORM®

RO = [J®]- p® ..(7.48)
The new values for x;’s are calculated from
xi(p+1) = xi(p) + Axi(p) (749)

The process is repeated until two successive values for each x; differ only by a specified
tolerance. In this process J can be evaluated in each iteration may be evaluated only once
provided Ax; are changing slowly. Because of quadratic convergence Newton’s method is
mathematically superior to the Gauss-Seidel method and is less prone to divergence with ill-
conditioned problems.

7.12 LOAD FLOW USING NEWTON-RAPHSON METHOD

Newton-Raphson (NR) method is more efficient and practical for large power systems. Main
advantage of this method is that the number of iterations required to obtain a solution is
independent of the size of the problem and computationally it is very fast. Here load flow
problem is formulated in polar form.

Rewriting eqn. (7.15) and (7.16)

P = Z|Vi||vk||Yik|COS(eik —8; + 8y) ...(7.50)
k=1
Q= =) |Vil| Vil | Y| sin(®y, — 8; +8y) (7.51)
k=1

Equations (7.50) and (7.51) constitute a set of nonlinear algebraic equations in terms of the
independent variables, voltage magnitude in per unit and phase angles in radians, we can
easily observe that two equations for each load bus given by eqn. (7.50) and (7.51) and one
equation for each voltage controlled bus, given by eqn. (7.50). Expanding eqns. (7.50) and (7.51)
in Taylor-series and neglecting higher-order terms. We obtain,
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_Apz(p) . a& (p) 3& (p) 8P2 ® 8P2 (p) - Ag(zp) _
35, 5., AV, FINA
SN e
(g% ) ap. \? [ ;P‘;) ap. \P
APO : %, ) VTG e
a0 | = AV ..(7.52)
2 ) ® ® ® z
(an) e [an 39,
35, P FINA FINA
: ® : () 5 (®) : ()
AQr(lp) [aQn)p aQn ? [aQn )p aQn ? A| an(p)
R T 5., FINA AV, |- -

In the above equation, bus-1 is assumed to be the slack bus.

Eqn. (7.52) can be written is short form i.e.,
AQ| T |dJ; J, AV ...(7.53)

7.13 DECOUPLED LOAD FLOW SOLUTION

Transmission lines of power systems have a very low R/X ratio. For such system, real power
mismatch AP are less sensitive to changes in the voltage magnitude and are very sensitive to
changes in phase angle Ad. Similarly, reactive power mismatch AQ is less sensitive to changes
in angle and are very much sensitive on changes in voltage magnitude. Therefore, it is reasonable
to set elements J, and J5 of the Jacobain matrix to zero. Therefore, eqn. (7.53) reduces to

AP J, 0 | AS
AQ| T |0 J, AV ...(1.54)
or AP = J,.Ad ...(7.55)
AQ=dJ, A|V]| ...(7.56)

For voltage controlled buses, the voltage magnitudes are known. Therefore, if m buses of
the system are voltage controlled, <J; is of the order (n — 1) X (n — 1) and <J, is of the order
n-1-mxmn-1-m).

Now the diagonal elements of JJ; are

oP. 4 .
= = Y Vil Vil Yy | sin(®y — &; +8,) (157
9% P}

k#i

off-diagonal elements of JJ; are

o VIVl Vil sin0s - 8, +8) (158)
k

The diagonal elements of J, are
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aQi :—2|Vi||§7ﬁ|8in Gﬁ —Z|Vk||Yik|Sin(eik - 81 + 8k) (759)
d Vil i1

k#i
Q) .
X —_VIY 0:p —8: +8 ...(7.60
alel | 1” 1k|Sln( ik it k)k;ti ( )

The terms APi(p) and AQi(p) are the difference between the scheduled and calculated values

at bus i known as power residuals, given by

heduled
AP, i(p) = pretet — P i((?alculated) ..(7.61)
) = heduled
AQip - lec eamet — Qi(r()galculated) (762)
The new estimates for bus voltage magnitudes and angles are,
| V[0 = | V| ®+A|V;|® -.(7.63)
P =850 + A5, ...(7.64)

7.14 DECOUPLED LOAD FLOW ALGORITHM
Step-1: Read system data
Step-2: Form Ypyg matrix

Step-3: For load buses Pfeheduled and Qis"heduled are specified. Voltage magnitudes and phase

angles are set equal to the slack bus values, or | V;| = 1.0, |§;| = 0.0 radian.

For voltage controlled buses, where | V;|and PEedued are gpecified, phase angles are set equal

to the slack bus angle, i.e. 81(0) = 0.0 radian.
Step-4: For load buses, Pi(p) and Qi(p) are calculated using eqns. (7.50) and (7.51) and
APi(p) and AQi(p) are calculated from eqns. (7.61) and (7.62).

Step-5: For voltage controlled buses, Pi(p) and APi(p) are computed using eqns. (7.50) and (7.61)

respectively.
Step-6: Compute elements of J; and J, using equations (7.57) — (7.60).

Step-7: Solve equations (7.55) and (7.56) for computing Ad and A| V|.
Step-8: Compute new voltage magnitudes and phase angles using eqns. (7.63) and (7.64).
Step-9: Check for convergence, i.e. if

max|APi(p) | <e and
max | AQi(p) | €., solution has converged go to Step-10, otherwise, go to step-4.

Step-10: Print output results.
Example 7.4: Solve the problem in Ex-7.2 using decoupled NR method. Perform there iterations.
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Solution: From eqns. (7.50) and (7.51)
Py = | Vo] [ Vi ] | Yy |cos(By, — 8y + 8)) +| Vo | ?| Yoy | cosByy
+ | Vol | Vs| | Y3 | cos(Bg5 — 85 + 85)
Py = | V5| | Vy| Y31 |cos(®3, — 83+ &) +| V3| | V| | Ysq
cos(B35 — 85 + 8y) + | V5|?| Y33 cosOss
Qo =—| Vol | V| | Yy |sin(0y, — 85+ 8;) —| Vy|?| Yau|
sin 059 — | Vo | V5| | Yoz sin(By — 8, + 85)
Q3 =—| V3| | V1| | Y5 [sin(@5; — 83+ 8y) —| V3| [ V| | Vs
Sin(03; — 83 + 8y) —| V3| ?| Ya3 | sinby,
oP,
35,
oP,
EN

JoP. .
%, =—| V5| | Va| | Yag|sin(B3y — 63 + 35)
2

o,

0Q,
o Vel

0Q,
d Vsl

0Q;
d Vel

9Qs
oAV,
Data
| Yoo | = 58.13, 099 = —1.106 rad = —63.4°
| Yog | = 67.23, 0433 = —1.173 rad = —67.2°
| Yy | =22.36, 05, = 116.6° = 2.034 rad
| Yos | =35.77, 095 = 116.6° = 2.034 rad
| Y, | =31.62, 643, = 108.4° = 1.892 rad
|V,| =1.05,8, =0.0rad, |V,|©=1.0,8,9=0.0rad
[ V5] @ =1.0, 8,2=10.0 rad

98y _ 1 05 x 22.36 sin (116.6°) + 35.77 sin (116.6°) = 52.97

[

= | Vol [ V1] | Yo |8in(By; — 8y + 81) +| Vo | | V3| | Ya3|sin(Bys — 8, + O5)

[

=—| Va| | V5| | Yo3]sin(By3 — 69 + 35)

w

= | V3| | V1| | Y51 |sin(B3; — 83 + 61) +| V3| | V| | Yap|sin(@z5 — 03 + &y)

=—| V1| | Yo [sin(By; — 8y + 81) — 2| V| | Yoo [ sinOyy —| V5| | Vo3 sin(Oyg — 85 + 85)

= —| Vy| | Yog|sin(By3 — 8y + 05)

= —| V5| | Ys|sin(B35 — 85 + 6y)

=—|Vi| | Y3 |sin(B3; — 63+ 61) —| V| | Y |sin(B35 — 03 + 09) — 2| V| | Y3 | sinBg,



op,
oy
o,

0Q,
| Vel

0Q;

| Vsl
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~35.77 sin (116.6°) = —31.98

_35.77 sin (116.6°) = —31.98

1.05 X 31.62 sin (108.4°) + 35.77 sin (116.6°) = 63.48

~1.05 x 22.36 sin (116.6°) — 2 X 58.13 X sin (—63.4°) —35.77 X sin (116.6°)

—21 + 103.95 — 31.98 = 50.97

~1.05 x 31.62 X sin (108.4°) — 35.77 X sin (116.6°) — 2 X 67.23 X sin (—67.2°)

—-31.50 — 31.98 + 123.95 = 60.47

—35.77 sin (116.6°) = —31.98

—35.77 sin (116.6°) = —31.98

[ 5297 -3198]
-3198 6348]
[ 5097 -31.98]

|-3198 6047

For this problem ¢/; and </, as computed above, assumed constant throughtout the iterative

process

(0)
P2(cal)

(0)
P2(cal)

(0)
PS(cal)
(0)
PS(cal)

(0)
Q2(cal)
(0)
QZ(cal)
(0)
QS(cal)

(0)
QS(cal)

=1.05 x 22.36 cos (116.6°) + 58.13 cos (—63.4°) + 35.77 cos (116.6°)

=-0.50

1.05 x 31.62 cos (108.4°) + 35.77 cos (116.6°) + 67.23 cos (—67.2°)

—0.44
=-1.05 x 22.36 sin (116.6°) — 58.13 sin (-63.4°) — 35.77 sin (116.6°)
=-1.0

=-1.05 x 31.62 sin (108.4°) — 35.77 sin (116.6°) — 67.23 X sin (-67.2°)

=-1.503

Py = —2.556
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QZ(SCh) = —1102
Q5(sch) = —0.452

0) _ — —
AP = Py — PO = —2.556 — (~0.5) = —2.056

0) _ — —
AP = Py — P = ~1.386 — (~0.44) = —0.946
AQY = Qyeny — QYY) = —1.102 — (1) = -0.102

AQYL) = Qsieeny — QS ha)) = —0.452 — (~1.503) = 1.051

AP® | [ 5297 -31.98] (A5

AP® | [-3198 6348 || A5y
ASQ | [ 5297 -31.98]" [-2056
ASY | |-3198 6348] |-0946
A8 =-0.0687 radian = —3.936°
A8 =-0.0495 radian = —2.837°

Similarly
AQY | | 5097 —3198 | | A|V,|®
AQY —3198 6047 || A|V,|©

AV, © [ 5097 —31.98]‘1
A V5@ -31.98 6047

~0.102

1051 ]

Al V,|® =0.01332

Al V5| = 0.0244
8P = 89 + A8Y = -0.0687 radian = —3.936°
8P = 89 + A8 = ~0.0495 radian = —2.837°

[ VoV =]V, Q+A|V,|©=1.0+0.01332 = 1.01332
[ Vo |V =] V5| Q+A|V,|©=1.0+0.0244 = 1.0244

2nd lteration

In load flow studies computation of elements of J; and J, matrices in each iteration is not
required because they do not change much. In this problem J; and J, as computed above,

assumed constant throughout the iterative process.
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Pyl =-2.62

Pyl =-0.96

Q). =0.005

Q0 =—0.16177
AP{Y =-2.556 — (-2.62) = 0.064
AP{Y =-1.386 — (~0.96) = —0.426
AQSY =-1.102 - (0.005) = ~1.107

~0.452 — (~0.16177) = —0.29

AQS"
A 5297 -31.98[" [ 0.064
AS( | |-3198 6348] |-0426

AP =-0.004 rad = -0.229°

A =-0.0087 rad = —0.5°

AR 5097 -31.98| " [-1107
'A|V3|<1> -31.98 6047 -0.29

Al Vy|P =-0.037
Al VoV =-0.02436

82 = 8% + A8 =-0.0687 — 0.004 = —0.0727 rad = —4.165°

52 = 5 + ASS) =—0.0495 — 0.0087 = — 0.0582 rad = —3.337°

[ Vo] @ = | V| D+ A|V,|P=1.01332 — 0.037 = 0.9763
V3| @ =V | W+ AV, =1.0244 — 0.02436 = 1.0
3rd iteration
2 —
P, =—2.875
P& =_1.4268

3(cal) —

2 _
Q;(gal) =-1.15
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QS =—0.314
AP® =0.319
AP® =0.0408
AQY =0.048
AQP =-0.138

ASR) [52.97 —31.98]‘1 [0.3190]

A | -3198 6348 |00408
A8 =0.0092 rad = 0.52°
A8 =0.00528 rad = 0.30°
8% =-0.0727 + 0.0092 = —0.0635 rad = —3.64°

8 = -0.0582 + 0.00528 = —0.0529 rad = —3.03°

AlVo|® | [5097 -3198]"[ 0.048
L|V3|(2)‘ ) [—31.98 60.47] [—0.138]
A| V4] ® =-0.0007
A| V5| ®=-0.00267

| Vo @ =|V,|P+A|V,|®=0.9763 — 0.0007 = 0.9756
V3] @ = |V, P+ A|Vy|®=1.0-0.00267 = 0.9973

Example 7.5
— (2+/1)pu (0.5+1)pu
V; = 10| 0° (slack bus) 1 ~ 2 — PQubus
V41O = 1.0} N
starting values
80 =0.0
| V5] = 1.0 PV bus (1.5408)
50 = 0.0} starting value 3 L
3 [ o,
Y5, matrix for this system: 8,9

26.925| -68.2° 1118|116.6°  15.81| 108.4°

Ypus =| 11.18] 116.6°  29.065| —63.4° 17.885| 116.6°
15.81] 108.4°  17.885| 116.6° 33.615| —67.2°
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Use deoupled load flow method to solve the problem. Perform three iterations. Write a
computer program and check whether you are converging or not.

Solution: If voltage controlled buses are contained in the power system, the Newton-
Raphson iterative solution process is actually simplified because the order of the Jacobian is
reduced by one for each voltage controlled bus. Therefore complete equations of this system can
be written as:

on, op, op |V
AP, ® 108, 983 0|V Ad, ®
oP, oP, P,
=2 =2 = A
AR LTS, @, ava| |
AQ, 0Q, 0Q, I, AV
35, 3, V]

For decoupled load flow case we can write

AP, | _| 98y 034 AS,
an] Clom am| |,
(
Q.
a AQY = —2) A
an @ V| 2
ob, :
E = |V2| |V1| |Y21|S1n(621_82+81)+ |V2| |V3| |Y23|
sin (0435 — 8y + 35)
ob, .
E:—|Vz| | V3| | Yo3| sin (833 — 85 + &)
0P, .
3, =1 Val IVal [ Y| sin(s, 35+ 3)
0P, .
35, = | Val Vil Y| sin(®y, =8, +8) + | Vil | Vol | Yig|
sin(B55 — 85 + 8y)
0 .
%=_|Vl||Y21| Sin(By; — 8y + 8;) — 2| Vo | | Yao |
2

sin Oy — | V5| | Ya3| sin(By5 — 85 + 8s)
Py = |Vo| | V1| | Yar| cos(By; — 8y + &) + |V2|2|Y22|
cos Og9 + | Vo | | V5| | Ya3| cos(By3 — 8y + 83)
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Py= | V3| [Vy] | Y| cos(®gy — 85+ 8) + | Vs | Vo] | YVl
cos (B33 — 83 + 8y) + | V3|?| Ya3| cos O
Q= —| Vol [ Vi | Yo | sin (By; =8, +8p) — | Vo |?| Yoy |
sin B9 — | Vo | [ V3] | Ya3| sin(®g3 — 8 + 8y)
Py = Py — PLy = 0.50 — 0.0 = 0.50 pu
Qosch) = @g2 — @Ly = 1.0 - 0.0 = 1.0 pu
Py = Py — PLy = 0.0 — 1.50 = —1.50 pu
Iteration-1
p=0
|V =10, 8,=0.0
Vo] @=10, 89=00
Vsl =10, 89 =00

P, =1x1x1x11.18 cos (116.6°) + (1) x 29.065 cos (~63.4°)
+1x1x17.885 X cos (116.6°) = 0.0

PR, =1x1x 15.81 cos (108.4°) + 17.885 cos(116.6°)
+ (1) x 33.615 cos (—67.2°) =0

Qgggab =-11.18 sin (116.6°) — 29.065 sin (—63.4°) — 17.885
sin (116.6°) = 0.0

AP® = Py — P 2O(cal) =0.50

APS(O) =-1.5
AQ%O) = Qz(sch) - Qé(()gal) =10
8P2 . 1
S5 = 1118 sin(116.6°) + 17.885 sin(116.6°) = 25.988 ~ 26
2
P,
oB, =_-17.885 sin(116.6°) = —16
384
oP.
—3 = _17.885 sin(116.6°) = —16
3%,
P, . -
= 15.81 sin(108.4°) + 17.885 sin(116.6°) = 31
3

26 -16
J,0 =
~16 31
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0Q,

| Vs
— 17.885 sin (116.6°) = 26

AP 26 -16]"'[ 0.50
ASQ | [-16 31] |-1.50

ASY =-0.015 rad = —0.86°

=_11.18 sin(116.6°) — 2 X 29.065 sin(—63.4°)

ASY =-0.056 rad = —3.2°

AQY 1
A|V,|° = a% =%=0.0384
2
| Vel

5 =0 - 0.86°= -0.86°
3 =-3.2°

[ Vo@D = |V, @+ A|V,|©=1.0+0.0384 = 1.0384
Iteration-2

p=1
PY - =1.0384 x 11.18 cos(116.6° + 0.86° — 0°)

2(cal)
+ (1.0384)% x 29.065 cos(—63.4°)
+1.0384 x 17.885 cos (116.6° + 0.86° — 3.2°)

=1.049
Similarly, P3((1€)3D =-1.78
o _
Q) = 0.79

AP = 0.5 —1.049 = —0.549
AP =-1.5-(-1.78) = 0.28
AR =1-0.79=0.21

A5 26 -16'[-0.549
A | L-16 31 0.28
A8(21) =-0.0228 rad =-1.3°

Agél) =-0.0027 rad=-0.15°

0.21
AV, | D = o = 0.008

8P =5 + A8 =-0.86° — 1.3° = -2.16°

181
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8% = 8% + A =-3.2°-0.15° =-3.35°
[Vo| @ = | V| D+ A|V,| P =1.0384 + 0.008 = 1.0464

7.15 FAST DECOUPLED LOAD FLOW

The diagonal elements of J; described by eqn. (7.57) may be written as:
S 3 IVIHIVA 1Y sin@s =8, + 8) — [ Vi|? | Yl sin 0 ..(7.69
i k=1

Using eqns. (7.65) and (7.51), we get

gi =—Q; - |Vi|2 | Yii| sin 0
JoP,
g =-@,— |Vi|*B; ...(7.66)

1

where B; = | Y;;| sin 6; is the imaginary part of the diagonal elements of the bus admittance
matrix. In a practical power system, B;; >> @, and hence we may neglect ;. Further simplification
is obtained by assuming | V;|? = | V;|, which gives,

on,
99,

1

= _|Vi| By (7.67)

Under normal operating conditions, &, — §; is quite small. Therefore, 6, — & + &, = 8;, and
eqn. (7.58) reduces to

i

95, =—| Vil | V| B
Assuming | Vi | = 1.0

asi = | V|| By ..(7.68)
Similarly, the diagonal elements of J, as given by eqn. (7.59) may be written as:

Q, . < .

gy~ Vil [Yilsin 0= 37 [V Vil | Yyl sin@y =8+ 89 ...(7.69)

i k=1

Using eqns. (7.69) and (7.51), we get,

06 .

— T = V. Y.. 0. + @.

al‘/ll | 1| | 11|Slrl n Ql

06,

3 = _ |V |B. + © .(7.70

al ‘/ll | 1 | n Ql ( )
Again Bj;; >> @,, @; may be neglected.

99 __ v B, (T.71)

AVl
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Assuming 0;, — §; + ) = &y, eqn. (7.60) can be written as:

o0& _

=—|Vi| B; L(1.72)
v~ 1B
Therefore, eqns. (7.55) and (7.56) take the following form:
AP _ pas (7.73)
Vil
AQ
—X = B'AS (7.74)
Vil

B’ and B” are the imaginary part of the bus admittance matrix Ygyg. B” and B” are constant-
matrices and they need to be inverted once. The decoupled and fast decoupled power flow
solutions requires more interations than the coupled NR method but requires less computing
time per iteration.

7.16 TAP CHANGING TRANSFORMERS

When the tap ratio is at the nominal value (a = 1), the transformer is represented by a series
admittance y,,. When tap ratio is off-nominal, the admittance is different from both sides of the
transformer.

Figure 7.9 shows a transformer with admittance y,, in series with an ideal transformer
representing the off-nominal tap ratio 1: a. ¢ is a fictitious bus between the ratio and admittance
of the transformer.

Fig. 7.9: Equivalent circuit.

From Fig. 7.9,
Va
v, =2 (7.75)
a
I,=—al, ...(7.76)
The current [ is given by
L, =y (V= W) L(7.77)
Using eqns. (7.77) and (7.75), we get,
L=y,V,- 22y, .(1.78)
a
From eqn. (7.76),
I=—2 (7.79)
a

From eqns. (7.79) and (7.78), we have

-1 Yy
Iq [ypqvp_%vq)

a
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~Ypq Ypq
Iq = TVp + a_QVq ...(7.80)

Writing eqns. (7.78) and (7.80) in matrix form,

-y
Ip ypq Pq V

= a ...(7.81)
L] |7 Y ||V,
a (12

Now an equivalent n-model can be obtained for a tap changing transformer. In eqn. (7.81),

_ _ IYpa | Ypg
Ypp_ypq_ypq_ a + a
_ Jpq a—-1
Ypp = _a + (_a )ypq (782)
Ypq _Ypq  (1-0q)
Y =—=—"+ ...(7.83
= 2 a o2 Ypq (7.83)

Figure 7.10 shows the equivalent w-model.

Non-tapside Vola Tap side

Fig. 7.10: Equivalent m-model for a tap changing transformer.

EXERCISE

7.1. Load and line data of a 3 bus power system is given below.

(a) Solve this problem using GS method upto two iterations.

(b) Solve this problem using decoupled N-R method upto two iterations.
(c) Calculate the line flows.

(d) Calculate the line losses.

Neglect line changing admittance.

Table 7.4: Load and generation data

BUS code Assumed Generation Load
(i) bus voltage MW MVAr MW MVAr
1 (slack bus) 1+,0.0 - - - -
2 1+j0.0 0.0 0.0 390.0 310.0

3 1+j0.0 0.0 0.0 290.0 260.0
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Table 7.4: Line impedances

BUS code i~k Impedances in pu Z,
1-2 0 +j/30
1-3 j0.0125
2-3 j0.05

7.2. Figure 7.11 shows single line diagram of a 3-bus power system. BUS 3 is a P| V]| bus.
(@) Using G-S method and initial assumed voltage V,© = 1.0 + j0.0 and V,© = 1.03 + 0.0, and
keeping | V3| = 1.03 pu, determine V, and V;. Perform two iterations.
(b) Calculate line flows and line losses.
(¢) Calculate slack bus power.

Vi =1.025]0° P, = 290 MW
, «—
@ ] 10.045 5 @
IV, = 1.03

390 MW 190 MVAr

Fig. 7.11: Sample power system.

7.3. Solve the problem 7.2. Using (a) decoupled N-R method. Perform two iterations only.

7.4. In problem 7.3, if line 1-3 is open, can you get convergence of the solution. Try 3 iterations using
GS method and check the results.

7.5. Figure 7.12 shows a two bus sample power system. Using N-R method obtain the voltage magnitude
and phase angle of bus 2.

1 ) 2
Z,,=(0.028 +0.096 145 MW
@ I 12 = ( J ) >
L5 55 MV Ar
V,=1.000°

Fig. 7.12: Two bus power system.

7.6. Solve the 3 bus power system problem as shown in Fig. 7.13. Using GS and decoupled NR method.
Perform two iterations.

2 3
1 20 j30 200 MW
[

v 2iloe L—» 140 MV Ar
=

60 MVAr 90 mwW

®©

Fig. 7.13: Three bus power system.
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8.1 INTRODUCTION

This chapter is devoted to the analysis of symmetrical three-phase fault or balanced fault. This
type of fault can be defined as the simultaneous short circuit across all the three phases. This
type of fault occurs infrequently, for example, when a mechanical excavator cuts quickly
through a whole cable, or when a line, which has been made safe for maintenance by clamping
all the three phases to earth is accidentally made alive or when due to slow fault clearance, an
earth fault spreads across to the other two phases. This type of fault generally leads to most
severe fault current flow against which the system must be protected. Fault studies form an
important part of power system analysis and the problem consists of determining bus voltage
and line current during faults. The three phase fault information is used to select and set phase
relays. Fault studies are used for proper choice of circuit breakers and protective relaying. A
power system network comprises synchronous generators, transformers, transmission lines
and loads. During fault, loads current can be neglected because voltages dip very low so that
current drawn by loads can be neglected in comparison to fault currents. The magnitude of the
fault current depends on the internal impedance of the synchronous generator and the impedance
of the intervening circuit. We have seen in Chapter-4 that for the purpose of fault studies,
generator behaviour can be divided into three different periods: (1) the subtransient period,
lasting only for the first few cycles; (ii) the transient period, covering a relatively longer time
and (ii1) steady state period.

Another important point is that the circuit breakers rated MVA breaking capacity is based
on three phase fault MVA. In fact high precision is not necessary when calculating the three
phase fault level because circuit breakers are manufactured in standard sizes, e.g., 250, 500,
750 MVA etc. Generally for three phase fault calculation, following assumptions are made:

1. The emfs of all generators are 1& pu. This assumption simplify the problem and it means
that the voltage is at its nominal value and the system is operating at no load at the time
of fault. Since all emfs are equal and in phase, all the generators can be replaced by a single
generator.

2. Charging capacitances of the transmission line are ignored.

3. Shunt elements in the transformer model are neglected.

Example 8.1: A synchronous generator and a synchronous motor each rated 20 MVA, 12.66 KV
having 15% subtransient reactance are connected through transformers and a line as shown in
Fig. 8.1. The transformers are rated 20 MVA, 12.66/66 KV and 66/12.66 KV with leakage
reactance of 10% each. The line has a reactance of 8% on a base of 20 MVA, 66 KV. The motor
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is drawing 10 MW at 0.80 leading power factor and a terminal voltage 11 KV when a symmetrical
three-phase fault occurs at the motor terminals. Determine the generator and motor currents.
Also determine the fault current.

Solution:

T’\ L TZ
ine
@—+3¢ 3@

Fig. 8.1: Single line diagram.

All reactances are given on a base of 20 MVA and appropriate voltages.

11
Prefault voltage Vo= 5571 0° =0.8688 | 0°pu.
12.66
. 10

Load = 10 MW, 0.80 power factor (leading) = 920 = 0.50 pu.

Prefault t I, = __ 050 36.87°
relautt curten 0= 0.8688x0.80 L0
1,=0.7194 | 36.87 °pu
Prefault equivalent circuit is shown in Fig. 8.2
j0.10 j0.08 j0.10
Y YN Y
T, Line T,
j0.15 j0.15
+ +
E”g VO E”m

Fig. 8.2: Prefault equivalent circuit of Example 8.1.

Equivalent circuit during fault is shown in Fig. 8.3.
> Y <
1y j0.28 Iy
Jj0.15 Jj0.15
+ +
E ry E/

Fig. 8.3: Equivalent circuit during fault.
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From Fig. 8.2, voltage behind subtransient reactance (generator)
E;=V,+j(0.15+0.10 + 0.08 + 0.10) X I,

E;=0.8688 | 0° +j0.43 x 0.7194 |36.87°

E;=0.7266 | 19.9° pu

Similarly,
E; =0.8688 | 0°—j0.15% 0.7194 | 36.87°
E” =0.9374 | -5.28° pu
From Fig. 8.3,
E, 07266 19.9°

L= 50154028 043 190°

o I = 1689] =70.1° py

- I”=(0.575 —j 1.588) pu
E,  09374|-5.28°
mT 5015 0.15]90°
~ I =625 -95.28°pu

= (-0.575 —j6.223) pu.

Fault current
I= Ig” +17 =0.575—j1.588 — 0.575 — j 6.223
I, =—j7. 811 pu.
Base current (generator and motor)
20 x 1000
Iy = J3x1266 — 912.085 Amp.

I/ =912.085 x 1.689 | ~70.1°= 1540.5 ~70.1° Amp.
I7 =912.085 x 6.25 | —95.28° = 5700.5 | —95.28° Amp.
I;= 912.085 x (j7-811) = 7124.3 | =90° Amp.

Example 8.2: Solve Ex-8.1 using Thevenin’s Theorem.

Solution: The detailed derivation for this is given in Chapter-4, Section-4.8.2.
Figure 8.4 shows the Thevenin’s equivalent of the system feeding the fault impedance.
X”=j(0.1+0.08+0.01)=;0.28

Xig =j0.15, Xgm =jO.15



A\ 4

INH

X .33 X,

X"

Reference bus
Ground

Fig. 8.4: Thevenin equivalent circuit of Example-8.1.

X[, + X7 =j(0.15 + 0.28) = j0.43

(X x7) (X _ Jo43 x joas
(Xge + X"+ Xgm) '

j(043 + 0.15)

Xrg =j0.1112 pu

V. 0.8688] 0°
I = 0 = — I— [since z; 2]
(Z¢ + Xpy) ~ jO1112
o I;=—j7.811 pu.
Change in generator current
” X”
Alg = If x ” d:n ”
(ng + X"+ de)
o jO.15
Al =T8I X (151028 +015)
A1 =—j2.02 pu
Similarly,
” ) 7(0.15+0.28
AT/ =—j7.811 x L0151 028)
. ] j0.58
- A I, =-j5.79 pu
Therefore,
I =AI7+I,=—2.02 +0.7194 | 36.87°
Ig” =(0.575 — j1.589) pu

I” = Al I, = —j5.79 —0.7194 | 36.87°
I” = (-0.575 — j6.221) pu.
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8.2 RATED MVA INTERRUPTING CAPACITY OF A CIRCUIT BREAKER

The circuit breakers rating requires the computation of rated momentary current and rated
symmetrical interrupting current computation of symmetrical short circuit current requires
subtransient reactances for synchronous machines. RMS value of momentary current is then
computed by multiplying the symmetrical momentary current by a factor of 1.60 to consider the
presence of DC off-set current.

The interrupting current of a circuit breaker is inversely proportional to the operating
voltage over a certain range, i.e.,

I,=1 s (8.1)
= X .
ov r ‘ ?OV
Where
I, = current at operating voltage

I, = current at rated voltage
V, = rated voltage
V,, = operating voltage
Note that operating voltage cannot exceed the maximum design value. Also rated interrupting
current cannot exceed the rated maximum interrupting current.
Therefore, three phase rated interrupting MVA capacity of a circuit breaker is given as

(MVA)rated-Sd) = \/§ |‘lline|r x |Iline |ric .(8.2)
where

|the|r = rated line voltage (kV)

|I line| ic = rated interrupting current (KA)

Thus, three phase short circuit MVA to be interrupted, where

SC MVA (30) = /3 |Eo||Lse| X MVA)p,g ..(8.3)

where
| E,| = prefault voltage (kV)
| Igc| = short circuit current (KA)
Note that MVA, ;.4 3, 1s to be more than or equal to the SC MVA (3¢) required to be
interrupted. A three phase fault which is very rare gives the highest short circuit MVA and a
circuit breaker must be capable of interrupting it.

Example 8.3: Three 11.2 KV generators are interconnected as shown in Fig. 8.5 by a tie-bar
through current limiting reactors. A three phase feeder is supplied from the bus bar of generator
A at a line voltage 11.2 KV. Impedance of the feeder is (0.12 +j0.24) ohm per phase. Compute the
maximum MVA that can be fed into a symmetrical short circuit at the far end of the
feeder.
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8% 8%
(A) 50 MVA (A 30 MVA
—CB —1CB
2 10% 2 10%

[ F :VD Fault

Ziooser = (0.12 +j0.24) ohm

Fig. 8.5: Circuit diagram of Example 8.3.

Solution: Generator reactance
Xpg = 8% = 0.08 pu, xp, = x¢, = 0.08 pu
Reactor reactance
xXp = xp=xc = 10% = 0.10 pu
Feeder impedance
Ztooder = (0.12 + j0.24) ohm.
choose a base 50 MVA, 11.2 KV

2
Base impedance Zp= (11.2)

ohm = 2.5088 ohm

ZgpederOhm) (0124 j0.24)
Zieeder (PW) = T T = T 5088

Zfeeder (pu) = (00478 +]00956) pu.

. 50 .
Xpg =J0.08 X 0 =70.10 pu
xpg = j0.08 pu

. 50 .
Xcg =J0.08 X 30 =70.133 pu

. 50 .
x, =j0.10 % 20 =70.125 pu
xg = j0.10 pu

. 50 .
xc =7j0.10 % 30 =;0.166 pu

Assume a zero prefault current (i.e., no load prefault condition). Circuit model for the fault

calculation is given in Fig. 8.5(a).

Z = 0.0478 + j0.0956 + j L0 x 02375
e o J 70.3375

Z=0.1727 | 73.94° pu.
Short circuit MVA = | Vy| | L] X MVA)paee
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+

() Vo=110°

g j0.10 j0.08 j0.133

j0.125 j0.10 j0.166

AR

Fig. 8.5(a)

LY

j0.10 j0.18 j0.30

% j0.125

Fig. 8.5(b)
j0.1125
§ j0.10
j0.125

(0.0478 + j0.0956)

Fig. 8.5(c)

% Jj0.10 % j0.2375

(0.0478 + j0.0956)
Fig. 8.5(d)
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Vol
Vol % 7z X MVA) gy

D=t [z

LY

1)*
= ——x50 =289.5 MVA Ans.
0.1727

Fig. 8.5(e)

Example 8.4: A 4 bus sample power system is shown in Fig. 8.6. Perform the short circuit
analysis for a three phase solid fault on bus 4. Data are given below:

G1:11.2 KV, 100 MVA, xél = 0.08 pu
G2 :11.2 KV, 100 MVA, x;, = 0.08 pu
71 :11/110 KV, 100 MVA, xT; = 0.06 pu
T2 :11/110 KV, 100 MVA, xT, = 0.06 pu.

Assume prefault voltages 1.0 pu and prefault currents to be zero.

Solution: Circuit model for fault calculation is
shown in Fig. 8.6 (a)

Ve O

L= 7 " o1z - —8.33 pu

. j0.1775

L= T =833 % 701775 4 0.1775)
=—j4.165 pu.

E), -V,

gl if —
Now —] 014 I, =—4.165

Fig. 8.6(a)
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Fig. 8.6(b)

j0.03125

Vi = 110°

Fig. 8.6(c)
Fig. 8.6(d)

Fig. 8.6(e) Fig. 8.6(f)



1— Vyp=j0.14 X (—j4.165)

o V¢ = 0.4169 pu.
Similarly
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1 — Vo =j0.14 X (—j4.165)
Ve = 0.4169 pu.
V,=0.0
L= Vor =V _ 04169 _ L4168
j0.10 j0.10
Var = V¢ 04169 -0.4169
=020 ~ j0.20 -
Ipg= Iy + Iy + Iy = —j4.169 + 0.0 + Iy
—j4.165 = —j4.169 + Iy
1,5 = j0.004 pu.
Now
—VZJf.O_ 1Z3f = I,y = j0.004
Ve = Ve — j0.004 X j0.10 = 0.4169 + 0.0004
Vg = 0.4173 pu.
Vi — Vg (0.4169-04173)
Is= = :
Zys j0.20

. 1,5 =—j0.002 pu
SC MVA at bus 4

=833 MVA

|If| x (MVA)Base
= 8.33 x 100 MVA

Example 8.5: Two generators G1 and G2 are rated 15 MVA, 11 KV and 10 MVA, 11 KV
respectively. The generators are connected to a transformer as shown in Fig. 8.7. Calculate the
subtransient current in each generator when a three phase fault occurs on the high voltage side

of the transformer.
15 MVA,11 KV, )('91 =0.10

10 MVA,11 KV, x”;, = 0.10

AY

— 33—

11/66 KV, 15 MVA, x; = 0.06

Fig. 8.7: Circuit diagram of Example 8.5.

Solution: Choose a base 15 MVA
xg =J0.10 pu

” . 15 .
Xgo =J0.10 X 0 =70.15 pu
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xp = j0.06 pu —O+—n
y 1 AL j0.06
L= ——=——=-j833pu y
j0.12  j0.12 100 f
O—an
I, = J015 ><( j8 33) ST s ground
e~ jl01+015) VT
J Fig. 8.7(a)
=—7j5.0 pu
, j0.10 . .
= x (—j8.33) =—j3.33
€2~ 0.1+ 0.15) (~78.33) = - j.33 pu
Base current A j0.06
15x 1000 787.3 A
= ———— = 787.3 Amp.
NERST P

”

I, =—j5 % 787.3 = — j3.936 KA.

”

I, =—j3.33 X 787.3 = — j2.621 KA.
I,= — j8.33 x 787.3 = — j6.557 KA.

Fig. 8.7(c)

8.3 CURRENT LIMITING REACTORS

The short circuit current is large enough to do considerable damage mechanically and thermally.
The interrupting capacities of circuit breakers to handle such current would be very large. To
reduce this high fault current, artificial reactances are sometimes connected between bus
sections. These current limiting reactors are usually consist of insulated copper strip embeded
in concrete formers. This is necessary to withstand the high mechanical forces produced by the
current in the neighbouring conductors.

Example 8.6: The estimated short circuit MVA at the bus bars of a generating station-1 is 900
MVA and at another generating station-2 of 600 MVA. Generator voltage at each station is 11.2
KV. The two stations are interconnected by a reactor of reactance 1 ohm per phase. Compute the
fault MVA at each station.

Solution:
SC MVA of generating station-1 = 900 MVA
SC MVA of generating station-2 = 600 MVA
Assume base MVA = 100

Base MVA 100
%= TgCMVA 900 0.111 pu

100

-~ -0.166
27 600 pu
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Base current

100 x 1000
Iz= m = 5154.9 Amp.
Per unit reactance of reactor j0.111 j0.166
Reactor
wg= 190 297 pu j0.797
(11.2)*

. . . Fig. 8.8: circuit diagram.
Figure 8.8 shows the pu impedance diagram. g 9

When fault occurs at generating station-1, pu impedance diagram is shown in Fig. 8.8(a)

g

110°
+ 1
jO.111
AL
jorar
Fig. 8.8(b
Fig. 8.8(a) '9 o
.0.111x0.963 .
Xpg1= ] ———— =j0.0995 pu
T 71 g P
I, = ; =—7j10.047 pu
1= 500995 P
SC MVA =10.047 x 100 = 1004.7 MVA
When fault occurs at generating station-2
0.166 x0.908 _ .
Xpgo = ] —————— =j0.1403 pu
«w” o P
1 .
Iy = —j0.1403 =—j7.125 pu

SC MVA =7.125 x 100 = 712.5 MVA.

Example 8.7: A 50 MVA generator with a reactance of 0.10 pu is connected to a bus-bar. A 25
MVA transformer with a reactance of 0.05 pu is also connected through a bus-bar reactor of
0.10 pu to the same bus-bar. Both these reactances are based on 25 MVA rating. If a feeder taken
out from the bus-bar through a circuit breaker develops a line to ground fault, what should be
the rating of circuit breaker?
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Solution: Circuit connection is shown in Fig. 8.9.
Set base MVA =50
%, =j0.10 pu

50
xp =30.10 X — =;0.20 pu
= OO5X7—O].O[)
X . . u

% (xr+xr) . 010%(0.10+0.20)

Fea (xg + 27 + xR) -/ (0.10 +0.20 +0.10)

Xeq =J0.075 pu

Base MVA _ 50
x 0.075

eq

=667 MVA. Ans.

Therefore SC MVA =

50 mVA

\y

T 25 MVA
Reactor T
0 -

Faulty y Feeder

Fig. 8.9: Circuit diagram of
Example-8.7.

Example 8.8: Determine the ohmic value of the current limiting reactor per phase external to a
30 MVA, 11 KV, 50 Hz, three phase synchronous generator which can limit the current on short
circuit to 6 times the full load current. The reactance of the synchronous generator is

0.06 pu.

Solution: Given that

Full load current 1

Short circuit current 6
%, = j0.06 pu

External reactance required per phase

(1
=] (6 - 0-06) =j0.1066 pu.

Full load current,

30 x 1000

I,= ——— =1574.6 Amp.
1= J3x11 P
I
Per unit reactance = 2R
Vv
_ Igx Xy
0.1066 = 177000

V3

xg = 0.43 ohm. Ans.
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Example 8.9: Two generating stations are connected together through transformers and a
transmission line as shown in Fig. 8.10. If a three phase fault occurs as shown in Fig. 8.10,
calculate the fault current.

G1 : 11 KV, 40 MVA, 15% (62) (a9)
G2 : 11 KV, 20 MVA, 10%

11 KV ) 11 KV

G3 : 11 KV, 20 MVA, 10% ¢ Line 3

T, : 40 MVA, 11/66 KV, 15% - we T,

T, : 40 MVA, 66/11 KV, 15% T,

T, : 5MVA, 11/6.6 KV, 8%

Line reactance = 40 ohm. Fault
Solution: Fig. 8.10: Circuit diagram of Example 8.9.

Set Base MVA = 40, Base Voltage = 11 KV

Xg1 =JO.15 pu,
.40 .
Xgo =] o x 0.10 =;0.20 pu

. 40 .
Xg3= JO.10 % 20 =j0.20 pu

xp; =j0.15 pu
X9 =j0.15 pu

. 40 .
xXpg = J0O.08 x 5 =7j0.64 pu

. 40 .
Xpipe = J40 X —(66)2 =;0.367 pu.

Circuit model for fault calculation is shown in Fig. 8.10 (a).

1]0° 1]0° 1]0°
+ + +
j0.15 j0.20 Q j0.20

j0.15  j0.367  j0.15
T

j0.64

Fig. 8.10(a)
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1/0° ‘
= =_7 1@
I, 70729 j1.37 pu N
40 x 1000 j i i
Base current Iy= —F—— Jo817 3 7020 02—
J3x 11
=2099.45 Amp j0.64 A
|I;| = 1.37 x 2099.45 Fig. 8.10(c)
Fig. 8.10(b)

= 2.876 KA. Ans.

Example 8.10: A generating station consists of two 100 MVA generators with 6% reactance each
and one 150 MVA generator with 8% reactance as shown in Fig. 8.11. These generators are
connected to a common bus bar from which loads are taken through a number of 50 MVA, step
up transformers each having 5% reactance. Compute the rating of circuit breaker on (i) low

voltage side and (ii) on high voltage side.

Solution:
Set base power = 150 MVA.

. 150 .
Xg1 = Xgo = J0.06 X 100 = j0.09 pu

. 150
x4 = j0.08 pu, xp = j0.05 x — =;0.15 pu.
g3 = J pu, Xp = J 100 J p

(i) If the fault occurs on low voltage side current will be
restricted by the reactance of three generators in parallel.

1 1 1 1

— =t ———+—
Xeq  JO09  jO.09  j0.08

Xeq =J0.0288 pu.

150
0.0288

SC MVA on low voltage side = = 5208 MVA.

(i1) On the high voltage side,
Xoq =J(0.0288 + 0.15) = j0.1788 pu

150
0.1788

SC MVA = = 840 MVA.

i

T

Fault
on LV side

B
o o
~

Fault on
HV side

Fig. 8.11: Circuit diagram of
Example 8.10.

Example 8.11: A radial power system network is shown in Fig. 8.12, a three phase balanced
fault occurs at F. Determine the fault current and the line voltage at 11.8 KV bus under fault

condition.



Solution:
Let Base MVA =12

Base Voltage = 11.8 KV.
Xg1 = Jj0.12 pu, x4 =j0.15 pu
xpy = j0.12 pu,

; 12 _ .
Xpe = J0.08 X 3 =j0.32 pu

Base voltage for line-1 is 33 KV.
Base voltage for line-2 is 6.6 KV.

33)*

Zp tiner =~ = 90.75 ohm.
(66)*
ZB, line-2 = T = 3.63 ohm.
(9.45 + j12.6)
P = g0
(0.54 + j0.40)
Zhne—Z S

3.63

i
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12 MVA 12 MVA
Xq1 = 0.12 pu Xg = 0.15 pu
11.8 KV
Tw,‘:l;( 12 MVA, x4, =0.12 pu
Line-1, Z;._, = (9.45 + j12.6) ohm

33 KV——
T, 52 3 MVA, x;, = 0.08 pu

6.6 KV__z”ne_z = (0.54 + j0.40) ohm

s

Line-2

Fig. 8.12: Radial power system
network.

=(0.104 +j0.139) pu

=(0.148 + j0.11) pu

Fig. 8.12(a)
e
— /\+ j0.12 " 3 =
/ PVVW I8
110° IR (0.252 +j 0.689)
j0.15
If

Fig. 8.12(b)
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— FmTT T 7
O ——tvery—r
1]0° (0.252 + j0.755)
]f

Fig. 8.12(c)
12 x 1000
Base current Iz= m =1049.7 Amp.

X 6.

110°
Now L= (0252 + j0.755) = 1296 =715 pu

I,= 1.256 —71.5°%x1049.7

I, = 1318.4| —715° Amp.
Total impedance between F and 11.8 KV bus
=(0.252 + j0.689) pu
Voltage at 11.8 KV bus

1256 —715° x (0.252 + j0.689)
0.921 | ~16° pu

= 0921 -16°x11.8 KV
10.86| —1.6°KV. Ans.

Example 8.12: A 100 MVA, 11 KV generator with xg =0.20puis connected through a transformer,
and line to a bus bar that supplies three identical motor as shown in Fig. 8.13 and each motor
has Xy, =0.20 pu and Xy, = 0.25 pu on a base of 20 MVA, 33 KV. The bus voltage at the motors
is 38 KV when a three phase balanced fault occurs at the point F. Calculate

(a) Subtransient current in the fault.

(b) Subtransient current in the circuit breaker B.

(¢) Momentary current in the circuit breaker B.

(d) The current to be interrupted by circuit breaker B in (i) 2 cycles (ii) 8 cycles (iii) 5 cycles

(iv) 8 cycles

A T15 X,p. = 30 ohm ETZ
11/66 KV 66/33 KV
100 MVA 100 MVA
Xpy = 0.10 Xap = 0.0

Fig. 8.13: Circuit diagram of Example 8.12.
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Solution:
Let Base MVA = 100

Base Voltage = 11 KV.

Xg =j0.20 pu.

” p " . 100 .
X = X1 =Xmo =Xms =J0.2 XE:]I.O pu.

. . , . 100 .
X = Xm1=Xme = Xpg =Jj0.25 x >0 - J1.25 pu,

Xp; = Xq9 = j0.10 pu

100

(66)°

(@) The circuit model of the system for fault calculation is given in Fig. 8.13(a).

e

Nine = 30 X = j0.688 pu.

7 1]0°
T Line T,
(6 —rso ()~
N I . \
1l0°  j0.20  jo.10  j0.688  j0.10 i 1]0°
BC]
F-»-fm—+@-—
T 7 110°
Fig. 8.13(a)
j1.088
g2
Jii
TR
L e
S 1A )=

e
£
21

Fig. 8.13(b)

If
[
>

203
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i
x. = —i0955
«a” 3919 7

Nej

1| 0°
L=~ I_ =—73.919 pu.
j0.255
Base current for 33 KV circuit
Iy = 1001000 _y 75 A
J3x33

|I;| =3.919 x 1.75 = 6.85 KA.
(b) Current through circuit breaker B is,

2

I =4 — =
B 717 j1088

—j2.919 pu

| Ig| = 2.919 x 1.75 = 5.108 KA.

(¢) Momentary current can be calculated by multiplying the symmetrical momentary current
by a factor of 1.6 to account for the presence of DC off-set current.
.. Momentary current through breaker B

=1.6 X 5.108 KA = 8.17 KA.

(d) For computing the current to be interrupted by the breaker, motor *p, (xm =J 1-0) 1s now

replaced by Xy, (xm =Jj1.25 pu). The equivalent circuit is shown in Fig. 8.13(c).
1.088
S

j1.25
212

j1.25 o°

E j1.25
o

I
i
>

Fig. 8.13lc)

Xeq =J0.3012
Current to be interrupted by the breaker

’

I; =—-7j3.32 pu

~ 503012

Allowance is made for the DC off-set value by multiplying with a factor of (i) 1.4 for 2
cycles (it) 1.2 for 3 cycles (iiz) 1.1 for 5 cycles (iv) 1.0 for 8 cycles.



Symmetrical Fault 205

Therefore, current to be interrupted as:
(i) 1.4%3.32x1.75=28.134 KA
(i) 1.2 x 3.32 X 1.75 = 6.972 KA
(iii) 1.1 % 3.32 % 1.75 = 6.391 KA
(iv) 1.0 x 3.32 x 1.75 = 5.81 KA.

Example 8.13: Fig. 8.14 shows a generating station feeding a 220 KV system. Determine the
total fault current, fault level and fault current supplied by each generator for a three phase fault
at the receiving end of the line.

11KV 220KV

G1 : 11 KV, 100 MVA, xél =j0.15 () BT j42 Q
1
. ’ —_ F
G2 : 11 KV, 75 MVA,  xgy =j0.125 1Ky 220KV g Y‘Fault
T1 : 100 MVA, xp, = j0.10, 11/220 KV E—3
T2 : 75 MVA, xp, =j0.08, 11/220 KV T,
Solution: Fig. 8.14: Sample network of

Let base MVA = 100, Base voltage = 11 KV. Example 8.13.

xél =j0.15, xp =7j0.10
. 100 .
Xgg = 70.125 x 7—5 =;0.166

. 100
xmo = ]0.08 Xx — =70.106
T2 = J 5 J

Per unit reactance of each line

. 100 .
= j42 x 5 =J0.0867 pu.
(220)
Single line reactance diagram is shown in Fig. 8.14(a)

00
o /o168

Fig. 8.14(a)

00 00
‘@* j0.25 I jo.0867¢C

00 00
j0.272  j0.0867

If
Fig. 8.14(b)
‘@* L
N /0173

Fig. 8.14(c)
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1
I.= =—j5.78 pu
£~ S0a73 P
Base current for 220 KV side
7 100 x 1000 969.43 A
= = . mp.
BT V3% 220 P

|I;| = 5.78 x 262.43 = 1.516 KA.
Fault level = 5.78 pu = 5.78 x 100 = 578 MVA.

Base current on 11 KV side
= 1, x| 220] = 262.43 x| 222
11 11
= 5248.6 Amp.

Fault current supplied by the two generators

= 5248.6 X (— j5.78) = 30.34| —90° KA

0272
= —2°2 % 30.34| —90° KA
I 0522
Iy, = 158| —90°KA
0.25

L= .5 ¥ 3034 ~90° KA

Iy, = 1453 —90° KA

Example 8.14: Fig. 8.15 shows a system having four synchronous generators each rated 11.2
KV, 60 MVA and each having a subtransient reactance of 16%. Find (a) fault level for a fault on
one of the feeders (near the bus with x = 0). (b) the reactance of the current limiting reactor
xXp to limit the fault level to 860 MVA for a fault on one of the feeders near the bus.

AR

Fault
Fig. 8.15: Sample power system of Example 8.14.

Solution:
Set Base MVA =60, Base voltage = 11.2 KV.

Xg = Xgg = Xgg = Xgy =16% =0.16 pu
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Circuit model under fault condition is shown in Fig. 8.15(a)

.0.16 .
X, = J—— =j0.04 -
eq 4 I A
10° !
1 +

(a) fault level= 0.04 = 25.0 pu = 25 x 60 MVA

= 1500 MVA.  Ans. j0.16 2}/0.162} j0.16 2210.1623

1
(b) The generators G1 and G2 will supply 5 x 1500 =

750 MVA, directly to the fault. Therefore, the
fault MVA from G3 and G4 must be limited to Fig. 8.15(a)
(860 — 750) = 110 MVA. The reactance of G3 and

G4 together is % = 0.08 pu.

Thus,
110
xg +0.08 60
xg = 0.465 pu

2
112
Base impedance = % = 2.09 ohm

xg = 0.465 X 2.09 = 0.97 ohm.

Example 8.15: Fig. 8.16 shows a power system network. Each of the alternators G1 and G2 is
rated at 125 MVA, 11 KV and has a subtransient reactance of 0.21 pu. Each of the transformers
is rated at 125 MVA, 11/132 KV and has a leakage reactance of 0.06 pu. Find (a) fault MVA and
(b) fault current for a fault at bus 5.

Fault
. '\l s 3
2 j200 | j20Q 1 :
T, T
40 Q

Fig. 8.16: Power system network of Example 8.15.

Solution:
Set Base MVA =125, Base Voltage = 11 KV

Base voltage for transmission line = 132 KV

2
Base impedance for the transmission line = u ohm.

= 139.392 ohm.

40
139.392

Xgy=J =j0.286 pu,
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X45 = Xg5 = j0.143 pu.

Xg1 = Xgo =JO.21 pu., Xy = xp = j0.06 pu.
1FI0_\0 j0.21 j0.06 j0.21 }Ig
T vy o SR A=
Fig. 8.16(a)
F
j0.035
110° j0.34 jo3a e
—(— ~ro—o )=

Fig.8.16(b)

4

Fig. 8.16(d)

Fig. 8.16(c)

1
(@) Fault level = —— x 125 =610 MVA. Ans.
0.205
1 _ - o,
j0.205 0205

—j  125%1000
If = X

0205 /3% 132
I;=—j2.66 KA. Ans.

©®) L=
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Example 8.16: A 12 MVA, 132/6.6 KV, transformer having a reactance of 0.15 pu is fed from
an infinite bus. The transformer feeds two motor each 6 MVA, 6.6 KV. Each motors has a
transient reactance of 0.14 pu and a subtransient reactance of 0.30 pu based on its own rating.
A three phase balanced fault occurs at the terminals of one motor as shown in Fig. 8.17. Find (a)
subtransient fault corrent (b) subtransient current in breaker (c) momentary current rating of
breaker D which has a breaking time of 5 cycles.

| 132/6.6 KV CB C
. T CB

Infinite _D—T@
Bus D

Fault

Fig. 8.17: Power system network of Example 8.16.

Solution: If the external power system is very large as compared to the system under
consideration of any installation, disturbances within the installation do not affect the voltage
and frequency of the external power system. Under this situation, the external power source is
known as infinite bus and can be represented by an ideal voltage source, i.e., a constant voltage
with zero impedance.

Let base MVA = 100, base voltage = 132 KV.

Therefore, on the motor bus bar, base voltae is 6.6 KV.

Base current,

100 x 1000
= ————— = 8747.7 Amp.
J3x6.6
. 100
= j015x — =;1.25 pu.
xp=J 192 J pu
. 100 .
xpy = JO3X e =75.0 pu
Koy =5 pu

. 100 |
x, = J04 X~ =J6.67pu

X9 =J6.67 pu.

(@) Circuit model under fault condition (Subtransient condition) is shown in Fig. 8.17(a).

Fig. 8.17(a): Circuit model under subtransient condition.



210 Electrical Power Systems

Subtransient fault current, j1.25
. o Y >
io°
— | = x 8747.7 j5
I j0.833 —@+ N ————>—
o j5 D
= 105| —90° KA. L~ 5 e Y
(b) Subtransient current through breaker D
is the current from infinite bus and motor Fig. 8.17(b)
Ml.
Fault current from infinite bus
1| 0°
= - =—0.8pu —@" IR
j1.25 N j0.833

Fault current from motor M,

1] 0° Fig. 8.17(c)

Fault current through circuit breaker D
=—j0.8 —j0.2 = —j1.0 pu
= —j1.0 x 8747.7 = 8.74| —-90° KA.

(¢) To find the momentary current through the breaker, it is necessary to calculate the dc-
off set current. However, emperical method for momentary current = 1.6 times symmetrical
fault current.

. momentary current = 1.6 X 10.5| —90° KA.
= 16.8| —90° KA. Amp.

(d) Fig. 8.17(d) shows the circuit model under transient condition.

Fig. 8.17(d): Circuit model under transient condition.

Current interrupted by breaker D
= L'FL =—-7j0.95 pu
j125  j6.67
=—70.95 x 8747.7 = 8.31| —90° KA.

However, effect of dc off-set can be included by using a multiplying factor of 1.1. Therefore
current to be interrupted by breaker

= 11x831| —90° = 9.14| —90° KA.
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8.4 SHORT CIRCUIT ANALYSIS FOR LARGE SYSTEMS

In this section, we will extend short circuit study for large power system networks.
Figure 8.18 shows schematic diagram of an n bus power system. The first step in short
circuit study is to obtain prefault bus voltage and line currents using load flow study.
Prefault bus voltages can be defined as:

Veus = | e ..(8.4)

Where Vlo, V2° ,

Fig. 8.18: n-bus power system.

Let bus r is faulted bus and Z; is the fault impedance. The post fault bus voltage vector is
given by

f _ o
Vaus = Veus +AV ...(8.5)
Where AV (vector) is changes in bus voltages caused by the fault and is given by

AV,

av = |AVe

...(8.5)
AV,
Figure 8.19 shows the Thevenin network of the system with generators replaced by
transient/subtransient reactances with their emfs shorted.
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Fig. 8.19: Thevenin network of Fig. 8.18 with

—Vro is in series with Z;.

In Fig. 8.19, we excite the passive Thevenin network with _Vro is in series with Z;.

Now
AV = ZBUS Cf (85)

Where Zpyg is the bus impedance matrix of the passive Thevenin network and is given by

Zoy Zog ... Z
Zgus = 521 22 o ...(8.6)

and C; is bus current injection vector. The network is injected with current —I; only at the
r-th bus, we have

From equations (8.5) and (8.7), we obtain,
AV, =—Z I, ...(8.8)

The voltage at the r-th bus under fault is

V=V, +AV, =V, - Z, I ..(8.9)
Also
Vrf = Zf If (810)
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From equations. (8.9) and (8.10), we get

Zy Iy = Vro _er If
v,

L= —~ — ...(8.11
Yz +Z; (8.11)

Using equation, (8.8), at the i-th bus (r = i),
AV.=—Z, I, ...(8.12)
Therefore, using equation (8.9), at i-th bus (r = 1)

V=V, -Z, I ..(8.13)

From equations (8.13) and (8.11), we obtain,

=V - L, (8.
Vie= Vi (—Hn +Z;)" (8.14)

For i = r, equation (8.14) becomes

o Z o

V=V, -2y

f r (er +Zf) T
Z; .

= V ...(8.
Vie m v (8.15)

Note that V;"’s are prefault bus voltages and can be obtained from load flow study. Zgyg

matrix for SC study can be obtained by inverting Ypyg matrix. Also note that synchronous
motors must be included in Zgyg formulation for the SC study. However, in formulating SC
study network, load impedances are ignored, because these are very much larger than the
impedances of generators and transmission lines.

Fault current flowing from bus i to bus j is given by
L ;=Y (Vg = Vip) ...(8.16)
Post fault generator current for i-th generator is given by,
Vgi - ‘/if

— ..(8.17)
.]xgi

If, gi =

Example 8.17: A sample power system is shown in Fig. 8.20. Obtain the short circuit solution
for a solid three phase fault at bus 4.
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11 KV, 100 MVA, x';; =0.10

T, 11/132 KV, 100 MVA, x;, = 0.05

1

100 MVA, 11/132 KV, x;, = 0.05

11KV, 100 MVA,

X4 =0.10

Fig. 8.20: Sample power system of Example 8.17.

Solution: Assuming prefault bus voltages are 1.0 pu and prefault currents are zero.

First, formulate the bus admittance matrix

Y,=— vt o 1,1 _ 4166
j0.30 j0.30 ;0.2 ;04
-1 .
Yis= Vi = —= = 3,333
13~ Ig1 = 0.3 =Jo.
Y, =Y,=7550

Yy, = — j14.166, Y3 = Y, = j5.0

Y, =-j8.333
~j14.166 j25 j3.333

v |25 ~j14.166 j5.0

BUS T | j3333  j5.0 —j8.333
5.0 j3.333 0.0

_ v-1
ZBUS - YBUS

j5.0
i3.333
0.0
—j8.333
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j0.1806 j0.1194 j0.1438 j0.1560
101194 j0.1806 j0.1560 j0.1438
Zpus = | j0.1438 j0.1560 j0.2712 j0.1486
j0.1560 j0.1438 j0.1486 j0.2712

Using equation (8.14),

0 Z;

Vi = V _ ir VO

f i (er T Zf) r
Prefault condition, V1° = V2° = Vg = V4° = 1.0 pu
Bus 4 is faulted bus, i.e., r =4, Z;=0.0

. Ziy e j0.1560
=V, =4y’ =10-"——x1
Vig= Vi = oV j02712
V¢ =0.4247 pu
o 4 o 10.1438
sz:V3—iV4:1.O—]. 3 X
74 j02712
Vo = 0.4697 pu
o Zgy 1,0 0.
Vy= Vo — Z3ayr o109 01486
Zy, j0.2712
V= 0.4520 pu.
V4f =0.0

Fault current can be computed using equation (8.16),
Ly = Y(Vie— Vip)
Iiqo = Yi9(Vig = V)

1 1
Yio= —=——_
¥ Z, jo4
(0.4247 - 0.4697) 01195
= — X u
b1 j0.40 / P
I .= (Vie = Vi) (0.4247 — 0.4520)
f,13 — - N
Z s j0.30
I; 15=7j0.091 pu
(0.4247-00)
=———F——"=-2.1235pu

f14 7 j0.2

215
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;_(04697-00) _ . .
e —————— . u
£,24 70.30 J p
(0.4697 - 0.452)
£ 23 = = —j0.0885 pu.

j0.20

8.5 FORMULATION OF Zg,s MATRIX

We know that

Cgus = Ypus Vaus

Vius = [Yaus] ™ Cus = Zaus Crus

where
Zpus = [YBUS ]_1

8.56.1 Zgys Formulation by Current Injection Technique

Equation (8.18) can be written in expanded form
Vi=Z L+ Z,L+ ... + Z, 1,
Vo=Zg I, + Zoy I, + ...... + Zy, L

Vo=Z, L+Z,IL+ ... +Z, 1
From equation (8.20), we get

Example 8.18: A sample network is shown in Fig. 8.21. Determine Zgyg matrix.

Reference
bus

Fig. 8.21: Sample network of Example 8.18.

...(8.18)

...(8.19)

...(8.20)

..(8.21)
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Solution: Inject unit current at bus 1 and keeping bus 2 open circuited as shown in
Fig. 8.21(a).

()

Fig: 8.21(a)

I,=10pu, 1,=0.0
Calculating voltages at bus 1 and bus 2,
we have,
Z;, =V, =11.0
Zo1 =V5=6.0
Now inject unit current at bus 2 and keeping bus 1 open circuited as shown in Fig. 8.21(b)

Therefore, =0, I,=1.0pu.

o]

2 4 5
1.0 pu 6

_

Fig. 8.21(b)

From Fig. 8.21(b), similarly we have,

Z, Zy, 11 6
Zpys = =
Zigy Zos, 6 10

The Zgyg matrix also referred to or the “open circuit impedance matrix”.

Therefore,

8.6 ALGORITHM FOR BUILDING Z;,s MATRIX

Zgus building algorithm is a step-by-step procedure which proceeds branch by branch. Main
advantage of this method is that, any modification of the network elements does not require
complete rebuilding of Zzyg awix- Details of Zpyg formulation is given below:
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8.6.1

In this case, branch impedance Z, is added from a new bus to the reference bus. That is a new
bus is added to the network and dimension of Zzyg goes up by one.
i, ] —old buses

Type-1 Modification

Notations:
r — reference bus

K — new bus

Figure 8.22 shows a passive linear n-bus power system network. In Fig. 8.22, an impedance
Zy is added between new bus K and the reference bus r.
From Fig. 8.22,

— — 000
Vi =2 I 1
— |
Zyxi=Zig=0; fori=1,2,..,n. 7
Ik = 72 je— |
KK b / Passive linear
Therefore, n-bus power
system network
0 K —>
Zold : 4
. Vv, Z,
Z;‘UV; = BUS : (822 " °
0
0 ...... A Fig. 8.22: Type-1 Modification.

d . . . .
where Z%US is bus impedance matrix before adding a new branch.

8.6.2 Type-2 Modification

In this case branch impedance Z, is added from a new bus K to the old bus j as shown in
Fig. 8.23.

Passive linear
n-bus power
system network

Fig. 8.23: Type-2 Modification.

From Fig. 8.23, we have
V=V, + 2, Ix
V=23 L+ Zy I, + + Z; (L + Iy) + +Zy I, + 7, I
V=23 L +Zy I, + + Z; L+ + Zy I+ (Zy + Z4) I

...(8.23)
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Hence,
Zy;
Zs;
2= Zyls : (8.24)
Zy;
_Zjl Zio Zin ij+Zb_

8.6.3 Type-3 Modification

In this case, an old bus-j is connected to the reference bus-r and the impedance between these

two bus is Z, as shown in Fig. 8.24.
Referring to Fig. 8.23, if bus K is connected to
reference bus r, Vi = 0.

Thus
“2 Zy; L
. Z3Gs Zo; I
= 5 b .(8.25)
v, Zoi |1
S| Zn Zi Zin | Z3+ 2y | | I |

From equ. (8.25), we get,
O=Zjy L+ Zy L+ ...+ Zy 1, + (Z + Zy) I
-1

I, =
2+ 2,

Gy L+ Zg L+ ... +Z, 1)

Expression of voltage for i-th bus can be written as:
Vi=Z I, +Z,1,+ + Zi L, + Z; I

From equations (8.27) and (8.26), we get

ZiZy A
V,= 11—Z1J JZ]IH'[Ziz—ZU JZ ] 2
i ¥4 it4n
7.7
+... .. + Zln_ 2 Jn] n
[ Z]]+Zb

new

By inspection, 4ggg

10—

[ S
Passive linear
j n-bus power

system network

Z,

Fig. 8.24: Type-3 modification.

...(8.26)

..(8.27)

...(8.28)

can easily be written from equation (8.28),



220 Electrical Power Systems

7,
Z;
w old 1 :
Zgus = Zrus ~ Z;+2,)| % 231 Zja -+ 2 .(8.29)
| Zn;

8.6.4 Type-4 Modification

In this case, two old buses are connected and impedance between these buses is Z, as shown in
Fig. 8.25.

Passive linear
n-bus power
system network

Fig. 8.25: Type-4 modification.

From Fig. 8.25, we can write,

Vi=Z, L +Z, 1, + ... +Z; L+ L)+ Zy (1) + ... +Zy, 1, ...(8.30)
Also

Vi=7Z, L +V, ..(8.31)

Vi=Zy L+ Zy I + ... +Z L+ L)+ Zy (L—=1) + ... +Zy, 1, ...(8.32)

From equations (8.30), (8.31) and (8.32), we get
Ty L+ Zg Iy + e+ Zyg L+ B) + Zg (= L) + oo+ Zyy L= Zy K+ Z
+Zo I+ ... tZy (Lt L)+ Zy (L -L) + ...+ Zy I
0=y —-Zp) L+ Zg—Z) I+ ... + (Zy— Zp) [+ (Z— Zy) L + ...
+ (Zin —Zi) I+ (2 + Zys + Zyy — 2y — Z3) I, .-(8.33)
Note that Z; = Z; and coefficient of I is (Z, + Z; + Zj; — 2 Zy)
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or

_V1 1 Zyy — Zy; 11 I _
V, Zy; — Zy; I?
P ZRGs 5 7 234
v | (2 -25)| | ..(8.34)
(Zb + 2. +
0] _(Zil _Zjl) (Zin _Zjn) Z;; —2;]')_ _IK ]

Eliminating [, in equation (8.34) and following the same procedure for Type-2 modification,
we get,

Zyi — Zy5
w 1 T — Zo.
ZRYs = Zs — 2T x
(Zb + Zii + ZJJ - 2Z1]) (Z . Z )
ni ~ “nj
(Zi = Zy) (Zig = Zip) .. (Ziy — Zi)] ... (8.39)

With the use of above mentioned four modifications bus impedance matrix can be formulated
by a step-by-step technique considering one branch at a time.

Example 8.19 Fig. 8.26 shows a three bus network. Obtain impedance matrix Zgyg.

1 2
o IR ,
0.20

% 0.50 %OEO
0.20 3 0.20

Reference bus r.
Fig. 8.26: Three bus network.

Solution:
Step-1: Add branch Z;, = 0.50 (from new bus 1 to reference bus r)
Zpus = [0.50] .. ()
Step-2: Type-2 modification. That is add branch Z,; = 0.20 (from new bus 2 to old bus 1)
_ 11050 050 .
%“‘zkﬂ)am} (00

Step-3: Add branch Z;5 = 0.20 from new bus 3 to old bus 1. This is type-2 modification.

0,50 0,50 0.50
0,50 0.70 0.50
0,50 050 0.70

Zpus =
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Step-4: Add branch Z,, from old bus 2 to reference bus r. This is type-3 modification.

(050 050 050 0.50

1
Zpus =050 0.70 050 |- 0.70[[05 0.7 0.5]
i0.7+0. Oi
1050 050 0.70 g 0.50

[0.2916 02084 02916
02084 0.2916 02084
02916 0.2084 0.4916

Zpus =

Step-5: Add branch Z,; = 0.20 from old bus 2 to old bus 3. This is type-4 modification.

0.2916 0.2084 0.2916

Zpus = | 0.2084  0.2916 0.2084
02916 0.2084 04916

. ~0.0832
0.0832

(020 + 0.2916 + 04916 — 2 x 0.2084) _oggag || 00832 00832 02832

0.2793 0.2206 0.2500
0.2206 0.2793 0.2500
0.2500 0.2500 0.3500

Zpus =

Example 8.20 Figure 8.27 shows a sample power system network. For a solid three phase fault
at bus 3, determine (a) fault current (b) Vs and Vy(c) fault currents in lines 1-2, 1-3 and 2-3.
(@) L pand Ly,

1 2
0.40 T, T, 0.40
@ 3¢ 0.20 3¢ C)
0.10 0.10
0.20 0.20

Fault
Fig. 8.27: Sample power system network of Example 8.20.
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Solution:
(@) Using equation (8.11),

o

|
L= —*
Z.+Z;
The Thevenin passive network for this system is shown in Fig. 8.26 and Zpyg matrix for this
system is already formulated in Example-8.19.

For this case Z;=0.0 and Zs3=j0.350
, 10 .
I = ﬁ=,—:—]2.85 pu
Zss j0.35

(b) Using equation (8.14),

AR 0

Vif: Vio - +Zf VI‘

Z
Bus 3 is faulted, i.e., r =3, Z; = 0.0

o Ziy o 0.25
Vlf: Vl __13.V3 = (1 - ‘_‘;ﬁ)

rr

o Vi = 0.2857 pu.
Similarly, Vo= 0.2857 pu, V5= 0.0 pu
(¢) Using equation (8.16),
If,ij = Yij (Vig— ij)
Iiyo = Y1y (Vip— Vo) = Y1, (0.2857 — 0.2857)
I;1,=0.0

1 .
15 = m(ozsm— 0)=—j14285 pu
Iy 95 = —j1.4285 pu.
(d) Using equation (8.17), we can write,
Vg — Vie

JXgi +J Xy
Note that transformer reactance is also included in above equation.

If,gi =

Vg,1 = 1.0 pu (prefault no load voltage)
Vi = 0.2857 pu,

xj1 = 0.4, 2y, = 0.10

(1 - 0.2857)

I = = _i1.4286 pu.
17 jlo4 +01) P

Similarly, I; 5o =—j1.4286 pu.
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8.1

8.2

8.3

EXERCISE

Three 20 MVA generators, each with 0.15 pu reactance, are connected through three reactors to a
common bus-bar of voltage 11KV. Each feeder connected to the generator side of a reactor has
200 MVA circuit breaker. Determine the minimum value of reactor reactance. [Ans: 0.907Q]

A transformer rated at 30 MVA and having a reactance of 0.05 pu is connected to the bus-bars of
a transformer station which is supplied through two 33 KV feeder cables each having an impedance
of (1 + j2). One of the feeder is connected to a generating station with plant rated at 60 MVA
connected to its bus-bars having reactance of 0.10 pu and the other feeder to a station with 80 MVA
of generating plant with a reactance of 0.15 pu. Calculate the MVA supplied to the fault in the
event of a short circuit occurring between the secondary terminals the transformer.

[Ans: 286 MVA]

A three phase short-circuit fault occurs at point F in the system shown in Fig. 8.28. Calculate the

fault current. [Ans: 878.6 AMP]
11 KV 11 KV 11 KV
10 MVA 10 MVA 10 MVA
10 % 10 % 10 %
Y 0
F 10 MVA 8 MVA
5% 4%
Fig. 8.28

8.4 The three phase system shown in Fig. 8.29. Calculate the subtransient fault current that results

when a three phase short circuit occurs at F, given that the transformer voltage on the high voltage
side is 66 KV prior to the fault.

50 MVA
13.8 KV

Xg1 = 0.25 pu (:>7
AY

ble
DC /F
25 MVA(::) 75 MVA
13.8 KV 13.8/69 KV
x5 =0.25 pu Xr=10%
Fig. 8.29

8.5 Three 10 MVA generators each having a reactance of 0.2 pu are running in parallel. They feed a

transmission line through a 30 MVA transformer having per unit reactance of 0.05 pu. Find the
fault MVA for a fault at the sending end of the line. [Ans: 120 MVA]

8.6 An 11.2 KV bus-bar is fed from three synchronous generators as shown in Fig. 8.30. Calculate the

fault current and MVA if three phase symmetrical fault occurs on the bus-bar
[Ans: 1071 MVA, 55.209 KA]

20 MVA 60 MVA 60 MVA
Xg1=8% X4 =10% Xg3= 9%
11.2 KV
Fault

Fig. 8.30
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8.7 Fig. 8.31 shows a sample power system network and a three phase fault occurs at point F. Calculate
the fault MVA at F. The per unit values of reactance all refer to a base of 50 MVA.

@xm:m% @ Xg = 10%
AIN

/0.50
j0.30 j0.30
j0.50
arh
é X3 = 10% X, = 10%
Fig. 8.31

[Ans: 1.4 x 714 MVA
= 1000 MVA]

8.8 Find the reactance per phase external to a generator with 0.06 pu internal reactance voltage such
that the steady current on short-circuit shall not exceed 8 times the full load current. The generator
rating is three phase, 10 MVA, 0.8 kf and 11 KV [Ans: 0.786 Q]

8.9 The main bus-bars in a generating station are divided into three sections, each section being
connected to a tic-bar lay a similar reactor. One 20 MVA, three phase, 50 Hz, 11KV generator,
having a short circuit reactance of 0.15 pu, is connected to each section bus-bar. When a short
circuit takes place between the phases of one of the section bus-bars, the voltage on the remaining
sections falls to 60 percent of the normal value. Calculate the reactance of each reactor.

[Ans: 0.454 Q each]

8.10 Fig. 8.32 shows a sample power system. If the circuit breaker used is of 2000 MVA, calculate the
capacity of the reactor in case of the fault occurring at point F, so that the circuit breaker could be
used quite safely.

50 MVA \L 100 MVA

xg, = j0.065 pu xr=0.08pu
132 KV R
0.09 pu X
50 MVA
Fault
Fig. 8.32

[Ans: 4.67 Q]
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9.1 INTRODUCTION

In a balanced system, analysis can be done on a single phase basis. The knowledge of voltage
and current in one phase is sufficient to determine the voltages and current in other two phases.
Real and reactive powers are three times the corresponding per phase values. When the system
is unbalanced, the voltages, currents and the phase impedances are in general unequal.
Unbalanced system operation can result due to unsymmetrical fault, e.g., line to line fault,
double line to ground fault or single line to ground fault. Unbalanced operation may also result
when loads are unbalanced. Such an unbalanced operation can be analyzed through symmetrical
components where the unbalanced three phase voltages and currents are transformed into
three sets of balanced voltages and currents called symmetrical components.

9.2 SYMMETRICAL COMPONENTS OF AN UNBALANCED THREE PHASE
SYSTEM

The unbalanced phasors of a three-phase system can be resolved into following three component
sets of balanced phasors which possess certain symmetry:

1. A set of three phasors equal in magnitude, displaced from each other by 120° in phase, and
having the same phase sequence as the original unbalanced phasors. The set of balanced
phasor is called positive sequence component.

2. A set of three phasors equal in magnitude, displaced from each other by 120° in phase, and
having the phase sequence opposite to that of the original phasors. This set of balanced
phasors is called negative sequence components.

3. A set of three phasors equal in magnitude with zero phase displacement from each other.
This set is called zero sequence components. The components of this set are all identical.

These three sets of balanced phasors are called symmetrical components of the original
unbalanced phasors.

Assume that the three phases are represented a, b and ¢ such that the phase sequence is abc
(positive sequence). Say, V,, V;, and V, are balanced voltages (phasors) characterized by equal
magnitudes and interphase differences of 120° then the set is said to have a phase sequence abc
(positive sequence) if V; lags V, by 120° and V, lags V, by 120°. Assume V/ is reference phasor,

Va = Va’ Vb = Bzva’ ‘/c = B Va
where the complex operator B is defined as
B = ell20



Symmetrical Components 227

B has the following properties

*

[32 _ o240 _ —j120° -8

B3 = 1 ..(9.1)
1+B+p% = 0

If the phase sequence is acb (negative sequence) then
Va = Va’ Vb = B Va’ ‘/c = Bzva
It is assumed that the subscript 1, 2, O refer to positive sequence, negative sequence and
zero sequence respectively.
If V,, V,, and V, represent an unbalanced set of voltage phasors, the three balanced sets are
written as:

Va1, Vi1, V1) positive sequence set
Va9, Vi, Vo) negative sequence set
Vo, Vo, Vo) zero sequence set

A set of (balanced) positive sequence phasors is written as

Val’ ‘/bl = B2 Vala ‘/Cl = B2 Val (92)
A set of (balanced) negative sequence phasors is written as

Va2’ Vb2 = BVaZa ‘/CZ = Bz Va2 (93)
A set of zero sequence phasors is written as

Vaor Voo = Vaos Veo = Vao ...(9.4)

The three phasors (V,, V;, V) can be expressed as the sum of positive, negative and zero
sequence phasors defined above.
Thus we can write,

V,=Vai+ VetV ...(9.5)
Vb = Vbl + Vb2 + VbO (96)
Ve=Vat Vit Vy ..(9.7)
Figure 9.1 shows symmetrical components of the unbalanced phasors.
Vi Vio=BVar
Vao
VbO:VGO
VCO=VaO
Va2
N
\Jo\& VoY
Positive =PV , Negative Zero
sequence V=B V., Sequence Sequence

Fig. 9.1: Symmetrical Components of Unbalanced Voltage Phasors.
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Let us express equs. (9.5), (9.6) and (9.7) in terms of reference phasors V,;, V,, and V.

Thus
Va=Vat+ Vit Vy
Vi =B Var + B Vs + Vo
Ve =BV + B Vo + Vo
Eqns. (9.8), (9.9) and (9.10) can be written in matrix form

v, 11 1]V,
V| = |B* B 1||V,
Vc B B2 1 VaO

or
V,= AV,

S
where

Vo=[Va ¥, VI

P

Vs = [Val Va2 VaO]T

1 1 1
A=[p2 B 1
B B 1
From eqn. (9.12)
V,=A1 Vi
The inverse of A is given by
1 1 B2
At= |1 B B
311 1 1

Complex conjugate of eqn. (9.13) can be given as:

101 1

Ax=|B B* 1

B> B 1]

’ .

or (A*)TZ 1 [32 B
11 1

Using eqn. (9.15) and (9.16)_we get

A= %(A*)T

...(9.8)
..(9.9)
...(9.10)

..(9.11)

...(9.12)

...(9.13)

..(9.14)

...(9.15)

...(9.16)

.(9.17)



Symmetrical Components 229

T stands for transpose.
Using eqn. (9.14) and (9.15), we get

Va= 5 (Vu+ BV + BV 919
1

V= o (Va+ B>V, + BV, ..(9.19)
1

Vo= 3 Vo + Vi, + V) ...(9.20)

The symmetrical components transformation given above for voltages can also be applied
automatically for a set of currents. Thus

Ia = Ial + Ia2 + IaO (921)
L, = B?Ly + BLg + I ..(9.22)
I=BL, + Bl + I ..(9.23)
1
Also Iy = (,+Bh+ B2I) ..(9.24)
— 1 2
Lo= g (+BL+BL) ...(9.25)
1
Lo= o I, + 1, + 1) ...(9.26)

9.3 POWER INVARIANCE

The complex power in a three-phase system is given by

*

I,
s=vrr, =[V. V]I,
I,
S=V,I,+V,V, +V, I, ..(9.27)
Also s =vI1 =[av,]"[AL]

S=VIATA'T; ..(9.28)
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Now

AT A* =3

SO~
O RO
=]

S=3V I =3V, I, +3V,I,+3V,I,

= sum of symmetrical component powers. ...(9.29)

9.4 SEQUENCE IMPEDANCES OF TRANSMISSION LINES

Parameters of transmission lines were derived in Chapters 2 and 3. Transmission line is a static
device and hence the phase sequence has no effect on the impedance because currents and
voltages encounter the same geometry of the line. Therefore, positive and negative sequence
impedances of transmission lines are equal, i.e., Z; = Z,.

As mentioned earlier, zero-sequence currents are in phase and flow through the phases (a,
b, ¢ conductors) to return through the grounded neutral. The ground or any shielding wire are
in the path of zero sequence and zero-sequence impedance (Z,), which includes the effect of the
return path through the ground, is different from Z; and Z,.

To get an idea of Z; of transmission line, consider 1-mt length of a three phase line as shown
in Fig. 9.2. The ground surface is approximated to an equivalent fictious conductor located at
the average distance D, from each of the three phases. The phase conductors carry zero-
sequence currents with return paths through a grounded neutral.

/

ao

Ico <} D 1p= /bo

Fig. 9.2: Flow of zero-sequence current with earth return.

We can write,
LotL,+1,+1,=0 ...(9.30)
Since L= L =1, we get,
I, =-31, ..(9.31)
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Using eqn.( 2.46) as given in Chapter-2, we can write

Aoo = 2 X 1077 (Iao ln% + 1 ln% +I1,451n % +1, lnDL) ...(9.32)

n

Since I, = I, =1, and I, =-3I,, we have

3
Ao = 2x107" I 51n Dn2 wb — T/ mt ...(9.33)
r'D
Since
A D}
Ly= 7% = 02In—" mH/Km
I r'D
L,= 02In 2, + 3(0.2 In %) mH/Km ...(9.34)
r

First term in eqn. (9.34) is positive sequence inductance.
Therefore,

X, =X, +3X, ..(9.35)

Therefore, zero-sequence impedance of the transmission line is more than three times of the
positive or negative sequence impedance.

9.5 SEQUENCE IMPEDANCES OF SYNCHRONOUS MACHINE

Synchronous machine is designed with symmetrical windings and it induces emfs of positive
sequency only. The positive sequence generator impedance is the value found when positive-
sequence current flows due to an imposed positive-sequence set of voltages. Neglecting the
armature resistance, the positive sequence impedance of the machine is

Z,=j X; (if subtransient is of interest) ...(9.36)
Z,=j Xy (@f transient is of interest) ...(9.37)
Z,=j X, C(@f steady-state value is of interest) ...(9.38)

With the flow of negative sequence currents in the stator, the net flux in the air gap rotates
at opposite direction to that of the rotor. Therefore, the net flux rotates twice the synchronous
speed to the rotor.

In this case, field winding has no influence because field voltage is associated with the
positive-sequence variables and only the damper winding produces an effect in the quadrature
axis. Therefore, the negative sequence impedance is close to the positive sequence subtransient
impedance, i.e.,

Zy~ j X, ..(9.39)
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In a synchronous machine, no zero sequence voltage is induced. Zero sequence impedance
of the machine is due to the flow of zero-sequence current. The flow of zero sequence currents
creates three mmfs which are in time phase but are distributed in space phase by 120°.
Therefore, resultant air gap flux would be zero and there is no reactance due to armature
reaction. Hence, machine offers a very small reactance due to the leakage flux. Therefore, the
rotor windings present leakage reactance only to the flow of zero sequence currents, i.e.,

Zy = jx, ...(9.40)

9.6 SEQUENCE NETWORKS OF A LOADED SYNCHRONOUS MACHINE

Figure 9.3 shows a synchronous machine with neutral grounded through an impedance Z,. The
machine is supplying balanced three-phase load.

—» A"

[ €< >

Fig. 9.3: Three phase synchronous m/c supplying balanced three phase load.

Balanced three phase of synchronous machine is represented as a positive-sequence set of

phasors, i.e.,
Ea:Ea’ Eb:BEa’ Ec:BZEa

E, 1
or E, | =|B |E, ...(9.41)
E, p2
From Fig. 9.3, we can write,
Vo=E,-Z,1,-7Z,1,
V.-E,-2.1,-7. 1, ~(942)
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Also
I=I1+L+1 ...(9.43)
Using eqns. (9.42) and (9.43), we obtain,

vV, E, Z.+7Z, Z, Z, I,
Vb = Eb — Zn Zs + Zn Zn Ib (944)
V. E, Z, Z, Z.+7Z, || 1,
or in compact form
V,=E,-Z,1, ...(9.45)
where Vo=V, W VC]T
IP = [Ia Ib IC]T
_ T
EP - [Ea Eb Ec]
Zy+ 272, Z, Z,
zZ,= Z, Z.+7Z, Z,
Z, Z, Z.+7Z,
Using eqn. (9.12), we can write
V,=AV, ...(9.46)
E, =AE, ...(9.47)
Similarly I,=Al ...(9.48)
where VS = [Val Va2 VaO]T’ Es = [Eal Ea2 EaO]T

Is:[Ial Ia2 IaO]T

1 1 1
A=1[p2 B 1
B B 1

Substituting expressions of V,, E, and I, from eqns. (9.46), (9.47) and (9.48) respectively
into eqn. (9.45), we get

AV =AE - Z,. AL, ...(9.49)
Multiplying eqn. (9.49) by A, we get
V,=E,— A" Z, Al ...(9.50)
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or Vo=E,—Z, I
where Z,= A" Z,A
LB B[z+z, 2z,
ZS -1 B2 B Zn Zs +Zn
1 1 1 Z, Z,
|z sz Pz,
Z=x 2z, ¥z Bz
3\z,+32, 7, +3Z, Z,+3Z,
1 3Zs 0 0
ZS g 0 3Zs 0
0 0 32 +3%,)
Z 0
Z=0 2
0 0 (Zs + 3Zn)
Val _Ea1 Zs 0 0 Ial
or Vaz Ep|=1 0 % Lo
Vao an 0 0 (Zs + 3Zn) IaO
Note that E,,=E,, E,=E, =0
Val Ea Zs 0 0 Ial
Ve 0|-]10 Z 0 I,
Vo 0 0 0 Z,+3Z,||1,
or Vau=E,—-Z, 1,
Va2 - Z2 Ia2
Vao =%y Ly

where Z, =2, Zy=Z

and Z,=Z,+3Z,

R, =

—

..(9.51)
...(9.52)

...(9.53)

...(9.54)

...(9.55)
...(9.56)
..(9.57)

Positive, negative and zero-sequence network of synchronous machine is shown in Fig. 9.4.
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—m
= +A I,
4@_;_+0 L,

T L

+

_CE; Va1 VaZ Va°
=o) Reference

Reference (c)
| (b)

Reference
(a)

Fig. 9.4: (a) positive sequence network (b) negative sequence network (c) zero sequence network.

From the above derivations, following observations can be made:

1. The three sequence networks are independent.

2. The neutral of the system is the reference for positive and negative sequence networks but
ground is the reference for the zero sequence network.

3. There is no voltage source in the negative or zero-sequence networks. Only the positive
sequence network has a voltage source.

4. The grounding impedance is reflected in the zero sequence network as 3Z,.

9.7 SEQUENCE IMPEDANCES OF TRANSFORMERS

In power transformers, the core losses and the magnetizing current are on the order of 1 percent
of rated value and hence magnetizing branch is neglected. The transformer is modeled with

1
a

ajaor—ooauu0oo—--——

3

c_/< K b'
Ground Reference
bo C1

qo—mM8M8 a
a— o &
Cg_/d\/,_,. b1
Reference
bo C1
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°a
a— A —a
1
b
c Reference
bo 301
(c)
1
—_
a °a

b
CQ_/A\/'_"_‘ Reference

bc (d) :’C1
a o g
a a
Reference
co AN 280 o p'
bo | | oo

(e)

Fig. 9.5: Zero-sequence equivalent circuit of transformers.

equivalent series leakage impedance. Transformer is a static device and if the phase sequence
is changed, leakage impedance will not change. Therefore, positive, negative and zero-sequence
impedances are same and equal to leakage impedance of the transformer. i.e.,
Z,=Zy=2Zy=2, ...(9.58)
The equivalent circuit for the zero-sequence impedance depends on the winding connection
and also upon whether or not the neutrals are grounded. Figure 9.5 shows some of the common
transformer configurations and their zero sequence equivalent circuits.
(a) Y-\ - connection: Both neutrals are grounded and there is a path for the zero sequence

current to flow in the primary and secondary. Figure 9.5(a) gives the equivalent zero-
sequence circuit connection.
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(b) -Y - connection: Primary neutral is grounded and secondary neutral is isolated. Zero-
sequence current in the secondary is zero. Consequently, zero-sequence current in the
primary is zero. Figure 9.5(b) gives the equivalent zero-sequence circuit connection.

(o) Y — A - connection: In this case neutral is isolated. As the neutral is isolated, zero
sequence current cannot flow and Fig. 9.5(c) gives the equivalent circuit.

(d) 2/ - A - connection: In this case neutral is grounded. Primary current can flow because

there is zero sequence circulating current in the A-connected secondary and a ground
return path for the Y-connected primary. Also note that no zero sequence current can leave
the A-terminals, therefore, there is an isolation between the primary and secondary side as
shown in Fig. 9.5(d)

(¢e) A-A-connection: In this case zero sequence current circulate in the A-connected windings,
but no current can leave the A-terminals and equivalent circuit is shown in Fig. 9.5 (e).

Example 9.1: A three phase balanced Y-connected load with self and mutual elements is shown
in Fig. 9.6. The load neutral is grounded with Z, = 0.0. Determine the sequence impedances.

+O
A

s

Fig. 9.6: Balanced Y connected load.

Solution: The line ground voltages are
V=2, 1,+Z L+ 7,1,
V=2, L, +Z. L +Z, I
V.=Z,L,+Z I +Z],

v, [z, z, z,|[1,
or Vb = Zm Zs Zm Ib (1)
Vc Zm Zm Zs Ic
or V. = Z I, ...(id)

where V,= V. W Vc]T
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L= I, L]
Z, Z, Z,
Zabc = Zm ZS Zm
Zm Zm ZS
Using eqn. (9.12)
V,=AV]
also I,= Al

Substituting expressions of V,, and I, in eqn. (ii)
AV, =Z,. Al
Multiplying eqn. (v) by A%, we get
V.=A1Z, Al

or
Va| |1 B[z, z, z,]|1
Va2 = g 1 B2 B Zm Zs Zm B2
VaO_ 1 1 1 Zm Zm Zs B B2 1 IaO
_Val_ Z,—Z, 0 0 1,
Va2 = 0 Zs _Zm 0 Ia2
Vao | 0 0 Z+27Z, || Lo
Therefore,
Zl =Zs - Zm
Zo=4y—Z, Ans.
Zo=2Z,+27Z

...(1i1)

...(1v)

(V)

...(viii)

Example 9.2: A delta connected resistive load is connected across an unbalanced three-phase
supply as shown in Fig. 9.6. Find the symmetrical components of line currents. Also find the

symmetrical components of delta currents.

15-60°
—
ao
/ 3R 3R
10[30°
bo L N\
3R —>
co

Fig. 9.6: Circuit connection of Example 9.2.
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Solution:

L+1+1,=0,

1, = 15[ -60°
- 15 —60°+10|30°+1, =0 o | I, = 18] 154°

Using eqns. (9.24), (9.25) and (9.26), we compute

;| I,=10[30° |

Ialz é(la+BIb+B2 Ic)

I,= é(15| —60° +10] 120° + 30° + 18| 154° + 2400)

L, = %(E_j13—@+j5+14.92+j1o.06)

I = %(13.76 +j206)=464)85° Amp.

Ip= (L +B*1,+B1,)

W

IaZ =

(15| 60°+10] 30° + 240° + 18| 154° + 1200)

W

I,= %(7.5 ~j13-j10+125 - j17.95)

I,= %(8.75 _j40.95) = 1396 -77.9° Amp.

I,= é([a+lb+lc) =0 Amp.

L I.))2 I, = 4.64| 2485° Amp.

L,=B.1,=1396|421° Amp.
I,=1,=0.0 Amp.

C!

I,=B 1, = 464/1285° Amp.

I,=p%1, = 139616210 Amp.
| 1,=1,=0 Amp. |

Check
I=1,+1,+L,= 464|85°+1396 —77.9°+0.0

I,=458+j0.68+292—;13.65="7.5-j13= 15| -60°
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Converting A-load into equivalent star, (Fig. 9.7)
We can write from Fig. 9.7

Vo=R{U, -1 a —>/
v. R(.-1,) 1
R e (L .

- %(7.5 — j13-866— j5)
_>Ib

Iy = é(—1.16—j18) —> L

Fig. 9.7
= —6.01] 86.3°=601|266.3° Amp.

8.66 +j5+16.18 — j7.89 :l 2484 — j2.89
3

W|F

Similarly I.= %(Ib 1) =

I, = 833 —6.64°

1 1
=73 (I, - 1,) = 316,18 +/7.89 - 7.5+ 13)

1 . 1
Ia= (—2368 + j20.89) = - X 3157|4140

I,=1052[1386° Amp.
Symmetrical components of delta currents are

1
Iabl = g(lab + BIbc + B2 Ica)

Ly, = %(6.01| 266.3° + 8.33| 120° — 6.64° + 10.52 378.6°)

1 . . .
L= (-0.388 — j5.997 — 330 + j7.64 +9.97 + j3.35)

Iy, = %(6.282 +j4.993) =267 385° Amp.

I,,= 806/ -107.9° Amp.

L;,=0.0 Amp.
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Also note that

I
Iabl = 2 I&)
Ia o
Ly = |-80°

Lo = %(—0.388 —J5.997 + 8.33| 240° — 6.64° +10.52 258.6°)

= L( 744 j23)
3
= 8.06| 252°
= 8.06| -107.90 Amp.

Example 9.3: The phase voltages across a certain load are given as:
V,=(176 - j132) Volts
V,=(128 - j96) Volts
V,=(-160 +j100) Volts
Compute positive, negative and zero sequence component of voltage.

Solution: Using eqns. (9.18), (9.19) and (9.20),

V,+BV, +B*V,
( )

1
Val g

Vv,

a2

1
(Ve B2V, +BV.)
VaO = %(Va +Vb +Vc)

= — 1176 - j132 +1| 120°x (~128 — j96) + 1| 240°(~160 + j100
Vy = 5 {176~ 7132+1[120°x (~128 - j96) + 1| 240°(~160 +j100)
V,y = (163.24 — j35.10) Volts
V= %{176 ~ 132 +1|240° (~128 — j96) + 1| 120° (~160 + j100)}
V., =(50.1 —j53.9) Volts

1
v,

aozg

(176 - j132 — 128~ j96 - 160 + j100) Volts



242 Electrical Power Systems

Vo = (-37.34 — j42.67) Volts

Example 9.4: A balanced A-connected load is connected to a three phase system and supplied
to it is a current of 15 Amp. If the fuse in one of the lines melts, compute the symmetrical
components of the line currents.

Solution:
IL=-I, I,=0 —

I,=15/0°; I, =15[180°=-15

r+BI+82 1)

= (7.5 +j4.33) Amp.

al

Ia2 = %(Ia +B2 Ic + Blb)
= (7.5 +j4.33) Amp. . —>»] —
—>»7,=0
Fig. 9.8

Example 9.5: A 50 MVA, 11 KV, synchronous generator has a subtransient reactance of 20%.
The generator supplies two motors over a transmission line with transformers at both ends as
shown in Fig. 9.9. The motors have rated inputs of 30 and 15 MVA, both 10 KV, with 25%
subtransient reactance. The three-phase transformers are both rated 60 MVA, 10.8/121 KV,
with leakage reactance of 10% each. Assume zero-sequence reactances for the generator and
motors of 6% each. Current limiting reactors of 2.5 ohms each are connected in the neutral of
the generator and motor No. 2. The zero sequence reactance of the transmission line is 300
ohms. The series reactance of the line is 100 2. Draw the positive, negative and zero sequence
networks.

(DY

Motors

——@1

Fig. 9.9: Circuit diagram of Example 9.5.

|e fl 2. g

da T
().3( >)
- 3

AV =

i

Assume that the negative sequence reactance of each machine is equal to its subtransient
reactance.
Solution:
Assume base power = 50 MVA

base voltage = 11 KV
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Base voltage of transmission line

11x 2L =123.2 KV
108 77

10.8
1232x —— =11
121 KV

Motor base voltage

Transformer reactance,

2
Xpp = Xpg = 0.10 X 2—8 x (%) =0.0805 pu

Line reactance (positive & negative sequence)

_ 100 x50

5 pu= 0.33 pu
(1232)
Line reactance (zero sequence)

_ 300 x50

=0.99
(1232)* o

Reactance of motor 1(positive and negative sequence)

2
50 10
= 025 x—x|—| =0.345 pu
30 11
Zero-sequence reactance of motor 1
2
= 0.06 x o0 X 10
30 11
= 0.082 pu

Reactance of motor 2 (positive and negative sequence)

2
=O.25x@x 10 = 0.69 pu
15 \11

Zero-sequence reactance of motor 2

2
50 (10
= 006 x—x|—| =0.164 pu
15 11

Reactance of reactors = 2.5 x 5—02 =1.033 pu

(11)

243
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Positive, negative and zero-sequence diagram are given below:

Reference bus

+ a+
. j0.345 '
i0.20 o

j0.0805 j0.805

Fig. 9.10(a): Positive sequence network.

Reference bus

j0.345 j0.69
j0.20
p q

j0.0805 j033 ;  j0.805

Fig. 9.10(b): Negative sequence network.

Reference bus

j0.0805 ¢ j0.99 f j0.0805

d

Fig. 9.10(c): Zero-sequence network.

Example 9.6: Draw zero sequence network of the power system as shown in Fig. 9.11.

d T1E e i BTZE g C
:@: AE ﬁb Tr. Line nﬁf A Y

Fig.9.11: Power system network of Example 9.6.

Solution:

Reference bus

mo

«

Fig. 9.12: Negative sequence network of Example 9.6.
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Example 9.7: Draw the zero sequence network of the system shown in Fig. 9.13.

P T1C i Tr. Line 1 DTZ X
<:>_’_3c 1 1 )E"—< >7}'
AYy & A

Fig. 9.13: Sample power system network of Example 9.7.

Solution:

Reference bus

3z,
324

5
[

L o ¢
pq r

Fig. 9.14: Zero-sequence network of Example 9.7.

Example 9.8:

Fig. 9.15 shows a sample power system network.
Draw zero sequence network. Data is given below:
G1: 100 MVA, 11KV, X,,=0.05pu
G2: 100 MVA, 11KV, Xy, =0.05pu

T1: 100 MVA, 11/220 KV, X;; =0.06 pu
T2: 100 MVA, 220/11 KV, Xp, =0.07 pu
Line 1: XL1,=0.3 pu
Line 2: XL2,= 0.3 pu

q Line-1 e
P T, T, f
( : F——3 & — —— : )
A Y
f0-02j?( — N \’}' j0.02

Fig. 9.15: Sample power system network of Example 9.8.

245
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Solution:

Reference bus

[
o
w

32

j0.06

-
o
w

=k

Fig. 9.16: Zero-sequence network of Example 9.8.

Example 9.9: Draw the zero-sequence network of the sample power system shown in Fig. 9.17.
Data are given below:
G: x4 = 0.05 pu
M: x,0=0.03 pu
Ty: xp; =0.12 pu
Ty xpe = 0.10 pu
Line-1: x1,, = 0.70 pu
Line-2: x190 = 0.70 pu

q e
Line-1

23 e —3 e(u)
Line-2

fa ! fa @ ol Y

ing

9.17: Sample power system network of Example 9.9.

Solution:

Reference bus

j0.05
q j0.70 o j0.03
P j0.12 j0.10 ;
a1y 1070 1)
N

Fig. 9.18: Zero sequence network of Example 9.9.
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Example 9.10: Draw the positive, negative and zero sequence networks of the sample power
system as shown in Fig. 9.19.

¢ 2

T
3T2c m n_-
o C . P
Line-1
A Y Y
u
o
%L“E T. T
z, 9 5°% g Line-2 a ~S'c f Y
PJ

A Y A

Fig. 9.19: Sample power system network of Example 9.10.

Solution:
e N e N By -
JXq X4 JX1
2 g
%jxgﬁ q g g f\fﬁ\ =f % o1
JX13 X JX7a

o ®

Fig. 9.20(a): Positive sequence network of Example 9.10.

—e/TH o« Th—4d a1y .

Xy X P

[ .
oc

S LI g 3 & S it
JXr3 X2 JXr4

Fig. 9.20(b): Negative sequence network of Example 9.10.
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—— H—e —e 411 —
Xt X1 X2
g H
St 3 mh—3 Iy s % %o
JXrs JXi2 JXt4
3z,

Fig. 9.20(c): Zero-sequence network of Example 9.10.

EXERCISE 9

9.1 The line currents in a three phase system are:

I, =721 337°, I, = 8246|166° , I, = 6324 —7156°
Calculate the symmetrical components of current.
Ans: I, = (6.9 - j8.87), I, = (53 + j48.8), [,, = 0
9.2 The voltage of a three phase system are V, = (4 +j2), V, = (4 — j4), V., = (-2 + j8). Calculate the
symmetrical components of the voltage.
Ans: V,, = (4.46 +j1.74), V,, = (-2.46 — j1.730), V,, = (2 + j2)
9.3 The voltages of a three phase system are V,, = -36, V, = j48, V. = 64 respectively and the
currents in corresponding lines are I, = (-4 +j2), I, = (-1 +j5), I, = (5—j3) respectively. Determine
the negative sequence power and reactive volt amperes. The sequence is abc.
Ans: —34w, —24 VAr.
9.4 Draw the positive, negative and zero-sequence networks of the sample power system shown in Fig.

9.21.
T,
G1 3 &
AV

Line-1

i1

>m

A_
Y,

Fig. 9.21: Sample power network of P9.4.
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9.5 Draw the zero-sequence network of the sample power network of Fig. 9.22.

Aﬁ b c ﬁ/_A
| Z10¥10-Tpu | 275/11kv

11/275kv
Xq1=70.08pu Xg20= 0.10pu
Xr,=j 0.08pu

Xg10=J 0.10pu
Fig. 9.22: Sample power network.

9.6 Draw the zero-sequence network of the sample power system as shown in Fig. 9.23.

L1

(e = 3 e2(a)
AYG YA

Y3 L2 et

Fig. 9.23: Sample power system of P 9.6.



Unbalanced Fault Analysis

10.1 INTRODUCTION

Chapters 8 and 9 were devoted to the treatment of symmetrical faults and symmetrical
components in a power system. In the case of symmetrical faults analysis, system remains
balanced during such faults and the analysis could conveniently be carried out on a single phase
basis. In the present chapter, we shall deal with unbalanced (unsymmetrical) faults, Different
types of unbalanced faults that occur in a power systems are: (a) Shunt Type Faults (b) Series
Type Faults.

Shunt Faults are of three types:

1. Single Line to Ground (L—G) fault.
2. Line to Line (I-L) fault.
3. Double Line to Ground ( L-L—G) fault.

Example of series type fault is open conductor fault.
Unbalanced fault analysis is very important for relay setting, single-phase switch and system
stability studies. The method of symmetrical components explained in Chapter—9 is powerful
tool for the study of unbalanced faults—and will be applied in this chapter.

10.2 SINGLE LINE TO GROUND FAULT

Figure 10.1 shows a three phase generator with neutral grounded through impedance Z,,.

2]

Fig. 10.1: L-G fault on phase a.
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Assuming that the fault occurs on phase a through impedance Z;. Also assuming that the
generator is initially on no load and the boundary conditions at the fault point are.

L=0 ...(10.1)
I.=0 ...(10.2)
V.=27Z: 1, ...(10.3)
The symmetrical components of the fault currents are
Ial 1 B Bz I
_1 B a
I,y |= 3 1 B BJ|oO
Iy 1 1 11]lo
From which we obtain,
1
Ial = Iaz = Iao = g Ia ...(10.4)
Expressing eqn (10.3) in terms of symmetrical components, we get
Vit Vot V=2, 1,=32; 1, ...(10.5)

As per eqns. (10.4) and (10.5), positive, negative and zero sequence currents are equal and
the sum of sequence voltages equals 3Z; I,;. These equations suggest a series connection of
sequence networks through an impedance 3Z; In Chapter 9, Section 9.5, sequence network
of synchronous generator has been presented.

In many practical applications, the positive and negative sequence impedances are found to
be equal, if the generator is solidly grounded Z, = 0 and for bolted faults Z;= 0. Fig 10.2 shows
the equivalent circuit connection.

—>Ia1 _>] a2 _>I a0
z, +T z, *T
vaZ VaO
3zf

Fig. 10.2: Sequence network connection for single line to ground fault.

Thus for line to ground faults, the Thivenin impedance to the point of fault is obtained for
each sequence network. From Fig.10.2, we can write
E

I,= a ...(10.6)
(Z, + Zy + Zy)) + 3Z;

Fault currents I, is then given by

I, =3I,= 3E,q ...(10.7)
(Z1 + Zy + Zy) + 3Z;
Under single line to ground fault condition, the voltage of line b to ground is
Vb = BZVal + BVaZ + VaO




252 Electrical Power Systems

I I I
or V, = B? (Ea _Zl'?a)"rﬁ(—z??a)‘*(_zo-?a) ...(10.8)
Using eqns (10.8) and (10.7), we get

L Bz 2@ - - 2@ - 1)

Vi o ...(10.9)
(Zy + Zy + Zy) + 3Z;

Similarly
‘/c = BVal + Bz VaZ + VaO

I I I
V.=8B (Ea—Zr?a)JFBQ (—Zz'?a) (—Zo-?a) ...(10.10)
Using eqns (10.7) and (10.10), we get

[382¢ + 2, B-B*) + Zy B-1)]
V.= E,
(Zy+Zy+Zy+ 3Zy)

..(10.11)

10.3 LINE-TO-LINE FAULT

Figure 10.3 shows a three phase synchronous generator with a fault through an impedance Z;
between phase b and c. It is assumed that that generator is initially on no load condition.

—p ]azo

Fig. 10.3: Line-to-line fault between phase b and c.

The boundary conditions at the fault point are:
V- V. =% .1 ...(10.12)
L, +1, =0 ...(10.13)

I,=0 ..(10.14)



The symmetrical components of the fault currents are:

2
I, . L B B[,
I =3 1 B> B
Lo 1 1 1|1

Substituting I, = 0, I,=— I, in eqn, (10.15), we get,

I, . 1 B B[o
IaQ = g 1 BQ B Ib
1L, 1 1 1||-L
From which we get
Ia2 =- Ial
The symmetrical components of voltages under fault are
V] B B[V,
Vag | = 3 1 BQ B W
Vao 11 1|V

Vai 1B p v,
Vao :% 182 B v,
VaO 1 1 1 Vb_ZfIb

From eqn. (10.20), we get
3Va = Vo + (B + BV, — B2Zi,
3V =V, + (B +BHV, - B.Z,
Subtracting eqn. (10.22) from eqn. (10.21), we get
3(Var— Vo) = (B = B %1,
3(Var = Vo) =3 Zc I

Now
L=B%-B) I,
RS L=-j J3 L
Using eqns. (10.24) and (10.25), we get
Val - Va2 = Zf Ial
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...(10.15)

...(10.16)

...(10.17)
..(10.18)

...(10.19)

...(10.20)

..(10.21)

...(10.22)

...(10.23)

...(10.24)

...(10.25)

...(10.26)
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Equations (10.17) and (10.26) can be represented by connecting the positive and negative

sequence networks in opposition and the equivalent circuit is shown in Fig. 10.4.

> J’
A + ' gimat

z, +

1T ]

Fig. 10.4: Sequence network connection for L-L fault.

From Fig 10.4,
I,= Eq
T2y + Zy + Zy)

Also
7= —jJ3 E,
 (Z,+ Zy+ Z)

L=-—

10.4 DOUBLE-LINE-TO-GROUND (L-L-G) FAULT

Figure 10.5 shows a double line-to ground fault.

Fig. 10.5: L-L-G fault.

...(10.27)

...(10.28)
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The boundary conditions at the fault point are
=0
Ial + IaZ + IaO =0
VW=Ve= U+ 1) Z = 3Z; 1y
The symmetrical components of voltages are given by

Val | 1B B[V,
Vo|=3 |1 B B|| W
Vo 1 1 1({[|V=V,
From eqns. (10.32), we get,
1
Val = Va2 = g [Va + (B + Bz) ‘/b]

1
Vao = 3 Vot 2W)
Using eqns. (10.33) and (10.34), we get,
1
Voo = Va1 = 5(2—[3—[32) W =32%Z 1,

VaO = Val +3 ZfIaO

...(10.29)
...(10.30)
...(10.31)

...(10.32)

..(10.33)

..(10.34)

...(10.35)

From eqns. (10.33), (10.35) and eqn. (10.30) we can draw the connection of sequence nework

as shown in Fig. 10.6.

l, A
+ z, + T z, +A

% 1 Va2 VaO

3z,

Fig. 10.6: Sequence network connection for double-line-to-ground fault.

From Fig. 10.6, we can write

I,= E,
al 7+ P+ 32
Also, (Zy + Zy + 3Zy)
_ —Ea—Zi1y)

I
a2 Z2

...(10.36)

...(10.37)
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and
—(E,—Z1,))
L= —"FF—"F%22~ ...(10.38
10.5 OPEN CONDUCTOR FAULTS
Figure 10.7 shows transmission lines with one conductor open
FiF
1: ai a
I
I
|
> 1
I, by ¥
|
‘ |
I, c! o
I
Fig. 10.7: One conductor open.
From Fig. 10.7,
Vi = Ve =0 ...(10.39)
L=0 ...(10.40)
In terms of symmetrical components, these conditions can be expressed as
1
Vaa’l = Vaa’2 = Vaa’O = g Vaa’ (1041)
L,+1,+1,=0 ...(10.42)

Eqns. (10.41) and (10.42) suggest a parallel connection of sequence networks as shown in
Fig. 10.8.

{‘ 1a1 {‘IaZ {‘ IaO

Fe T Fe T Fe T
Vaa’1 Vaa’2 Vaa’O

Fey L Fe 10 Fe L

Fig. 10.8: Sequence network for one conductor open.

Fig. 10.9: shows transmission line with two conductors open.
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|
FIF
L al &
|
|
|
I
I bi b

l 4

Fig. 10.9: Two conductors open.

From Fig. 10.9, we can write

Ve =0 ..(10.43)
L=1=0 ...(10.44)
In terms of symmetrical components, we can write
Va1t Vaaa + Vaao = 0 ...(10.45)
1
Iy=15=1= 3 I, ...(10.46)

Equations (10.45) and (10.46) suggest a series connection of sequence network as shown in
Fig. 10.10.

ni\

[a2=[a1
>
Ll Lt

A 4

Fo § Fo FoF
e 1

aa’l |7 a’2
F [ ] J_ F q

Fig. 10.10: Sequence network for two conductors open.

Example 10.1: For the system of example 9.5, the single line diagram is redrawn—in Fig. 10.11.
The positive, negative and zero sequence networks of the system have already been drawn in
Figs. 9.10(a), 9.10(b) and 9.10(c). Before the occurrence of a solid L-G fault at line g, the motors
were loaded. If the prefault current is neglected, calculate the fault current and subtransient
currents in all parts of the system.

p
T. T. ——®Y
> ¢ |° fl 5%¢
g p e | | S C g Motors
AYS A )

£ SN

Fig. 10.11: Single-line diagram the system of Example 10.1.
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Solution: The sequence networks given in Figs. 9.10(a), 9.10(b) and 9.10(c) are connected
in Fig. 10.12 to simulate a solid L-G fault at bus g. Prefault currents are neglected.

Ref

IR
j0.491

% 70.20 0.23

d j0.4g1

% /3.16 % j3.264
j0.082

j1.151
n

Fig. 10.12: Connection of the sequence networks.

10
Egr/: ;;lle;;lZ: Vf :E=O9O9pu

Thevenin equivalent of positive sequence network is shown in Fig. 10.13.
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Reference Bus

10.691 x 0.23
1= TR SR o =j0.172 pu
0.691+0.23
Z,=Z,=j0.172 pu
Zy = j3.264 et
I, = W
=
Y2y + Zy + 7 §j0_20 §j0.23
0.909 d
= — N 2
j(0.172 + 0.172 + 3.264) j0.491 [I
al
=—j0.252 pu. Fig. 10.13: Thevenin equivalent of positive
I,,=15=1,=-j0.252 pu. sequence network of Fig. 10.12.

Fault current = 3 I,, = 3 X (—j0.252) = —j1.341 pu.
The component of I,; flowing towards g from the generator side

=—j0.252 x =—7j0.063 pu

0.

0921
component of I ; flowing towards g from the motors side is
0.691
0.921

Similarly, the component of I, from the generator side is —j 0.063 pu and its component
from the motors side is — j0.189 pu. All of I, flows towards g from motor-2.
Fault currents from the generator towards g,

=—j0.252 X =-70.189 pu

[y
1

I, 1 1 —j0.063 —j0.126
I,|=|B* B 1{|-j0.063|=|-j0.063| pu Ans.
1. B B 1 0 —j0.063

Fault currents from the motors are
1,] |1 1 1|[-jo.189 —j0.63
I,|=|B* B 1||-j0.189|=|—;0.063| pu. Ans.
1. ] B P2 —j0.252 — j0.063

Example 10.2: Two 11 KV, 12 MVA, 3¢, star connected generators operate in parallel.
(Fig. 10.13). The positive, negative and zero sequence reactances of each being j0.09, j0.05 and
J0.04 pu respectively. A single line to ground fault occurs at the terminals of one of the generators.
Estimate (i) the fault current (ii) current in grounding resistor (ii) voltage across grounding
resistor.
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[

Fig. 10.13: Circuit connection of Example 10.2.
Solution: Two generators operate in parallel,

j0.09 .
x; = NCE =70.045 pu

Xg = j'T =j0.025 pu

. 1 x 12
Z,=j0.04+3 R, = [;o.o4+3>< (1X1)2 )p

. Zy = (0.297 + j0.04) pu.
(o) Fault current

3E
L, =1,=31,=

a

X, +X,+2Z,

3x10

3
£ = j0.045 + j0.025 + 0.297 + j0.04) _ (0.297+ j0.11) O™
3

L=———7—— =09 —20.32°
(= 0.3167 20320 _ 47220327 pu
(b) Current in the grounding resistor,

;| = 9.472x — 2 KA =5.96KA
J3 x 11
(¢) Voltage across grounding resistor

1x12
= 3 X 9.472 =0.939 pu
(11)

= 0.939 x 1%/5 =5.96 KV
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Example 10.3: For example 10.2, assume that the R, = 0. Find the fault current in each phase
and voltage of the healthy phase for a double-line-to ground fault on terminals of the generator.

Solution: Using eqn. (10.36)

I E,q
al = amn Zo (Zy+3Zs)
! Zo+Zy+3Z;
I = 1.0
al - . .
70.045 + j0.025 x j0.04

j0.025 + j0.04

I1,,=-j16.56 pu
Vi=Ve=Vw=E,—1,2Z, =1-(-j16.56) (j0.045)

=0.2548 pu.
- —0.2548
I,= Vaz _ , =j10.192 pu
Z, j0.025
-V —0.2548
I,=—20 = =j6.37 pu.
0= "7 j0.0a ool

Now
L=B* Ly + Bl + Ly
I, = (— 0.5 — j0.866) (— j16.56) + (— 0.5 + j0.866) (j10.192) + j6.37
I,=—23.16 + j9.554

=25.05|157.6° pu.
Ic = Blal + B2 Ia2 + IaO
I, = (-0.5+;0.866) (— j16.56) + (— 0.5 — j0.866) (j10.192) + j6.37
I, =23.16 + j9.554 = 25.05| 22.4° pu.

Voltage of healthy phase,
V,=3V,; =3%0.2548 = 0.7644 pu.

Example 10.4: A 30 MVA, 13.2 KV synchronous generator has a solidly grounded neutral. Its
positive, negative and zero sequence impedances are 0.30, 0.40 and 0.05 pu respectively. Determine
the following:

(a) What value of reactance must be placed in the generator neutral so that the fault current
for a line-to-ground fault of zero fault impedance shall not exceed the rated line current?

(b) What value of resistance in the neutral will serve the same purpose?

(¢) What value of reactance must be placed in the neutral of the generator to restrict the fault
current to ground to rated line current for a double line to ground fault?

(d) What will be the magnitudes of the line currents when the ground current is restricted as
above?
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(e) Asthereactance in the neutral is indefinitely increased, what are the limiting values of the
line currents?

Solution: Rated current of generator is,

I _ 30,000
Taking the rated voltage and MVA as base
1 pu amp = 1312.16 Amp.

(13.2)%
30
Z,=7j0.30 pu, Z 4 =j0.40 pu, Z, = j0.05 pu
(a) Single-line-to-ground fault

=1312.16 Amp.

Base impedance = =5.888 Q

— 3Ea
T Zy+Zy+(2y+32,)
E,=1.0pu, I;=1.0 pu,

Zy=j0.05 pu, Z, = X, = neutral grounding reactance in pu

I;

1= 3x1.0
" i (03+04+005+3X,)|

=1.0

X, =0.75pu=0.75 X% 5.888 Q = 4.416 Q.

(b) If the reactance is replaced by a resistance R,, for the same fault current, we can write,
|Z, + Zy+Zy+3R,| = | jX;+X,+X)+3R,| =3.0

~ 0.3 + 0.4 + 0.05)? + (3R,)? =3.0

. R, =0.968 pu=0.968 x 58838 Q=5.7Q
(¢) Double line-to-ground fault:

ARG P £ S— 3L,
£ 0 Zo+3Zy  Zy+3Z; g 4 ZaZy +3Z)
YV (Zy+Zy +3Z;)
P 14 Z\(Zy+Zy+3Z;)
£ Z,+3%; Z(Zy+ Zy+3Z)+ Zo(Zy +3Z;)
—-3Z,E
If 2 Ha

T Z,(Zy+ Zy +32;) + Zy(Zy + 3Z;)

~ ~37, E,
T 7,74+ (Zy +37Z;) (Zy + Zs)

Iy
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3x1.0xj0.4
j0.3xj0.4+j(0.3+0.4)(j0.05+ j3X,)

=1.0

0.12 + 0.7 (0.05 + 3X,) = 1.2

X,=05pu=0.5 X 5888 Q=2.944 Q
(d) Assummg that the phases b and c¢ are subjected to double line-to-ground fault.
leal + BIaZ + I

(B%(Zy + Zy +32Z;) —B(Zy +3Z;) — Zy) E
ZiZo + (Lo +3Z:)(Z1+ Zy)

I, =

Zp=jX;=j0.5 pu, Z; =j0.3 pu, Z, =j0.4 pu
E,=1.0pu, Z,=,0.05pu

[B? (jO.4+j0.05+B x0.5)— B j(0.05+3%0.5)— j 0.40] x 1.0
j0.3%j0.4+ j0.7x j(0.05+3x0.5)

Ib:

_ j1.95B% — j1.55p— j0.40

b 0,122 +1.085 52

I, =—1.618 (jB?) + 1.286 (j B) +,0.332

L, = (- j1.618) (— 0.5 — j0.866) + (j1.286) (~ 0.5 + j0.866) + j0.332

I =—1.618 (—j0.5 + 0.866) + 1.286 (— j0.5 — 0.866) + j0.332

I, = j0.809 — 1.401 — j0.643 — 1.113 + j0.332

I, = (—2.51 +j0.5) pu=2.57 pu=2.57 x 1312. 16 Amp = 3.372 KA
Similarly, I =B+ B Iy+1

;o B+ Zy +37) - B* (Z, + 3Z;) — Zy]E,

= (2.51 +j0.5) pu = 2.57 pu = 3.372 KA.

(e) As the valve of the neutral grounding reactance is indefinitely increased, the values of line-
to-line SC currents I, and I, can be given as

L] = [I| = \/_— =2.474 pu

222

Iy = |I.| = 2.474 x 1312.16 = 3.246 KA.

There is not much difference in fault current obtained in (d) and (e). Therefore, if the
neutral grounding impedance is increased to an extremely large value, not much can be done
to reduce the severity.
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Example 10.5: Two 13.8 KV, MVA three phase alternators operating in parallel supply power
to a substation through a feeder having an impedance of (1 + j1.6) ohm to positive and negative
sequence currents and (2 +j6) ohm to zero sequence currents. Each alternator has x; = 0.8 ohm,
X9 = 0.6 ohm and x, = 0.3 ohm and its neutral is grounded through a reactance of 0.2 ohm.
Evaluate the fault currents in each line and the potential above earth attained by the alternator

neutrals, consequent of simultaneous occurrence of earth fault on the b and c¢ phases at the
substation.

Solution: Fig. 10.14 shows the necessary circuit connection.

Y 1,=0
N G1 N 62 To S/S
N
N r E
j0.20 j0.20 h

Fig. 10.14: Circuit connection of Example 10.5.

Asthe twoidentical alternators are connected in parallel, the equivalent sequence impedances
is:

Zgy =j0.8/2 = jO.4 ohm
Zys =j0.6/2 = jO.3 ohm

1
Zgy = Y (j0.3 + 3 x j0.2) =j0.45 ohm
Total sequence impedance upto the fault
Zy=Zg + 2y =j0.4+1+j1.6=(1+j2) ohm
Zy="Zgy + 2 =j0.3+1+j1.6=(1+j1.9) ohm

Zy=Zg + Zyy=j0.45 + 2 + j6 = (2 + j6.45) ohm
We know

;-2 B* - 1)+ (B* -B) Z,)E, ’
0T 77+ Zy (Zy + Zy) ()

;2@ B B> Zo] E, i
©T 7,7y +Ly(Zy + Z,) -
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Denominator of eqns. (1) and (i1)
ZyZy + Zo(Zy + Z4)
Z1Zy=(1+j2) (1+;1.9) = 2.236| 63.43° x 2.147| 62.24°
= 4.8]125.67° = (- 2.8 +j3.9)
Zy+Z,=1+j2+1+j1.9=(2+j3.9
7, + Z,= 4.383| 62.85°
Zy=2+j6.45 = 6.753| 72.77°
Zy (Z,+ Z,) = 296[135.62° =—21.15 + j20.7
ZiZo+ Zy(Zy + Zy) =—2.8+j3.9—-21.15 +j 20.7
= (— 23.95 +j24.6) =| 34.33 | 134.23°
Numerator of eqn. (i)
Zy B -1+ B> -P) %,
=(1+j1.9) (- 0.5—-;0.866 — 1) + (2 + j6.45) (— 0.5 — j0.866
+ 0.5 - 0.886)

= 2.147] 62.24° x 1.732| 30° —j X 1.732 (2 + j6.45)

—3.718| 92.24° —j3.464 + 11.17=11.31 —j7.18

13.4| —32.40°

138
E,= == 0° KV =796/ 0° KV.
% L0°

134[ —32.4°x 7.96| 0°
- =3 —166.63°
Iy 34.33| 134.23° 3.107| 16663° KA

Numerator of eqn. (i1)
ZyB-D+PB-P) 7%
2.147|62.24° (- 0.5 + j0.866 — 1) + (— 0.5 + j0.866

+ 0.5 + j0.866) ( 6.753| 72.77°)

=—2.147] 62.24° x (1.5 —j0.866) + 1.732 x 6.753| 162.77°
= 3.718( 212.24° + 11.696| 162.77°

=—3.144 —j1.983 — 11.17 + j3.464

=_—14.314 + j1.481 = 14.39| 174.09°
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14.39| 174.09°
L= 34.33| 134.23°

1, = 3.336| 39.86° KA = 3336| 39.86° KA

The total fault currents to ground, equal to 3 I,, flows from ground to neutral through a

X 796 0° KA

combined neutral grounding reactance j0.2 x 0.2 / (0.2 + 0.2) = j0.1Q. Therefore, there is a
voltage drop from ground to neutral equal to (3 1,5 X jO.1), or a potential rise from ground to
neutral given by (— 3I,, % jO.1).

3E, Z, .
7179 + Zg 2z, +2,) " (701)

Potential rise =

3x7.96| 0°x2.147| 62.24° o
34.33|134.23°

(jo1)

0.1493| 18° KV =149.3| 18° Volt Ans.

Example 10.6: Athree phase synchronous generator with solidly grounded neutral is subjected
to a line-to-line fault on phases b and ¢ accompanied by a ground fault on phase a. Assume that
synchronous generator was running on no load. Develop and draw the sequence networks
simulating the above fault condition.

Solution:

Fault

||II|<4\

!

Fault

Fig. 10.15: Circuit diagram of Example 10.6.

There is a line to ground fault on phase a, therefore V, = 0. Further, the phases b and ¢ are
short circuited.
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Hence,
V=V (@)
L, =-1, ...(i1)
V,=0 ...(111)

From eqn. (i),
B2 Val + BVaZ + VaO = BVal + B2 Va2 + VaO

Var = Vao ...(1v)
From eqn. (ii1),
Vart Vag + V=0 (V)
From eqns. (iv) and (v), we get
Var = Ve =— ;0 (V1)

From eqn. (ii), we get
B2 Ial + BIaZ + IaO =- (B Ial + B2 Ia2 +Ia0)
I,+1,=21, ...(vil)

Sequence network connection is shown in Fig. 10.16.

21,

la1 IaZ 21&0
lmj \ > > —»
z * mn .

2,

<S—»

Fig. 10.16: Sequence networks of Example 10.6.

As V,; = V,,, the positive and negative sequence networks are connected in parallel. As
I, + I, = 21, the zero sequence network is connected in series with the parallel combination
of positive and negative sequence networks.

Example 10.7: Fig. 10.17 shows a three phase generator in which phases b and ¢ are sort

circuited and connected through an impedance Z; to phase a. Draw the equivalent sequence
network.
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Fig. 10.17: Circuit connection of Example 10.7.

Solution: As the phases b and ¢ are directly short-circuited,

W=V,
Bzval + BVaZ + VaO = BVal + BZVaZ + VaO
Val = Va2 (l)
Also
IL+1,+1=0
1
I,= g(Ia +I,+1,) =0
Hence
Ia = Ial + Ia2 + IaO = Ial + Ia2 (11)
Now
Va — Vb = Zfla (lll)
Substituting
Va = Val + Va2 + VaO
Vb = BZVal + BVaZ + VaO
Ia = Ial + Ia2
Val + Va2 - BZVal - BVaZ = Zf Ia
But Val = Va2

Val + Val - Bzval - BVal = Zf Ia
3V.=21=3V,

Z .
Var = Ve = (Ial +Ia2)?f ..(iv)
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Fig. 10.18 shows the sequence network connection.

—» I, — I,
A+ ) A{+
Z, z, % z/3

+
<ED Va1 vaZ Y Iaﬂ+[az

Fig. 10.18: Sequence network of Example 10.7.

Example 10.8: A single line to ground fault occurs in phase a of a three-core cable connected to
a 12 MVA, three phase alternator. With grounded neutral; for the alternator Zg; = (0.5 +j4.7)
ohm, (0.2 + j0.6) ohm and j0.43 ohm and for the cable upto the fault point Z;; = (0.36 + j0.25)
ohm, Z;o = (0.36 +j0.25) ohm and Z;, = (2.9 + j0.95) ohm respectively.

(1) Find the fault current. The generator is excited to give 6.5 KV between the lines and open
circuit. What resistance in the neutral circuit of the generator will bring down the fault
current to 900 Amp?

(i1) Also evaluate the voltages to the healthy lines at the fault.

Solution:
Fig. 10.19 gives the necessary circuit diagram.

Cable

= MZ L-G Fault

Fig. 10.19: Circuit diagram of Example 10.8.
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Now

Zy=Zy + 21, =0.5+j4.7+0.36 +j0.25 = (0.86 + j4.95) ohm.
Similarly

Zy = (0.56 + j0.85) ohm.

Zy=Zgy + Zp = (2.9 +j1.38) ohm.

(i) We know fault current,

Yz Zyvz, U7
B, = %@ Volt = 3752.8/ 0° Volts.

Zy+ Zy+ Zy=4.32 + j7.18 = 8.38| 59° Volts.

_ 3x37528|0° _ .0

[ = 2X20e0l T ~59° Amp.
a~ T g38(59° [=59° Amp

In order to limit the fault current to 900 Amp., a resistance R, is introduced between the
neutral and ground circuit of the generator.

Therefore,
Z,=2.90+j1.38+3 R,
Zi+Zy+Zy=(432+3R) +j7.18

= J(432+3R,)? +(7.8)? ohm.
Given |Z,| =900 Amp.,
3% 3752.8

900 = = -
\/(4.32 +3R,)" +(718)

(4.32 + 3 R)*+ (7.18)> = 156.48

4.32 + 3R, =10.24

o R,=1.974 ohm. Ans
(ii) We know

(82 - B)2. + (% - 1)z, |,
L 7o+ 2y + Z,

(B2 — P)Z, = 1.763| —33.38°
(B% - 1)Z, = 556| —124.55°

7, + Zy+ 7, = 8.38| 59°
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E, = 3752.8 | 0°

271

[1763] —33.38° + 556| ~124.55°|x3752.8| 0°

Vo= 8.38] 59°

V, =2793.5 |-165.6° Volts Ans.

[(B-82) 2 +(3-1) 20|
< Zi+ 2y + 2
V,=3204.16 109.7° Volts. Ans.

Example 10.9: Two alternators are operating in parallel and supplying a synchronous motor
which is receiving 60 MW power at 0.8 power factor (lagging) at 6.0 KV. Single line diagram for
this system is given in Fig. 10.20. Data are given below. Compute the fault current when a
single line to ground fault occurs at the middle of the line through a fault resistance of 4.033

ohm.
C T, | | T
3¢ bRl
Y—é— S T Line > C
Y
Fig. 10.20: Circuit diagram of Example 10.9.
Data:
G, & Gy: 11 KV, 100 MVA, x,; = 0.20 pu, x,5 = x4 = 0.10 pu
T,: 180 MVA, 11.5/115 KV, xp; = 0.10 pu
T,: 170 MVA, 6.6/115 KV, x5 = 0.10 pu
M: 6.3 KV, 160 MVA, x,; = x5 = 0.30 pu, x,,0 = 0.10 pu
Line :
Xinel = XLinez = 30.25 ohm, x7;,.0 = 60.5 ohm
Solution:
Let Base MVA =100, Base KV =11

.. Base voltage of transmission line would be

Transmission line base impedance =

(ll§)x11 - 110 KV.

115
100 (115)?

xp = 01X 180 % (T) =0.061 pu
100 (115)?

Xpg = 01X 170 X (T) =0.064 pu

=121 ohm.

(110)°
100

)
!
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XLine1 = *Line 2 — ﬁ =0.25 pu
60.5
XLine 0 = E =05 pu

110 x 66 _ 6.313 KV.
115

2
100 6.3
:O.3><—><( ) =0.187 pu

Motor side base voltage

X, =X —_—
ml - m2 160 |\ 6.313
100 ( 63 \?
X.qg= 01Xx—x|——| =0.062
m0 160 (6.313) P

Prefault Condition

Load supplied = 60 MW at 0.8 pf (lagging)

60 75
= — =75 MVA= —pu=0.75 pu
0.8 100 ° P
Motor Voltage
6.0
=——70°=0. 0° .
En= 6313 95[ 0% pu
0.75
= ——| —36.9° =0. .8 —j0. .
I, 095 0.789 (0.8 —j0.6) pu

Prefault voltage at the mid point of the line
Vi=V,, +1(j0.125 + j0.064 + j0.187)

V; = 095] 0°+0.789(0.8 — j0.6)(j0.376)

Ve = 1153 11.90° pu
Fig. 10.21(a) shows the positive sequence network

0.061 70.125 70125 j0.064
m m
T1 | ? | T2
: Fault :
' 4—Line—»!'
§j0.2 §j0.2 §j0.187

Fig. 10.21(a): Positive sequence network of Example 10.9.
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Fig. 10.21(b) and Fig. 10.21(c) gives the negative and zero-sequence network connection.

j0.61 j0.125  j0.125  j0.064
1) mm m N—

V-
% j0.2 % j0.2 %j 0.187

Fig. 10.21(b): Negative sequence network.

M N AN N AN

Fig.10.21(c): Zero-sequence network.

After step by step reduction of positive, negative and zero-sequence network, interconnection

among them is shown in Fig. 10.22.
[aO

—» I —> Iy "6_3':
Z

+
ZAS A

MA 3:‘?f
Fig. 10.22: Sequence network connection of Example 10.9.

where
Z,=j0.162 pu, Z,=j0.162 pu, Z,=j0.197 pu

4033
R;=4.033 ohm. = o1 - 0.0333 pu.
3 Ry = 0.10 pu.

1

a

1= Ly =Ly =1/3
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we know fault current

5 - 3V,
Zi+Zy+Zy+3R;
. 3x 1.153| 11.90
£ 7 70162+ j0162 + j0.197 +0.10
|I,| = 6.514 pu = 6514 x —20
V3 x110

= 3.418 KA Ans.

Exercise 10 :

10.1 Fig. 10.23 show a power network. The far end of the line is connected to an infinite bus.

10.2

10.3

Data for this system are given below. (a) Draw the positive, negative and zero-sequence
networks. (b) when both the generators and infinite bus operating at 1.0 pu voltage on no
load, a L-G fault occurs at one of the terminals of transformer 7). Calculate the fault
current.

Infinite
T Bus

e | | I@

> W
> M

1 2
@ 2
C 2
hp! £

@7
@7

Fig. 10.23: Circuit connection of P 10.1.

Data Positive Negative Zero
G, 0.15 0.15 0.08
G, 0.25 0.25 —
T, & T, 0.15 0.15 0.15
Line 0.20 0.20 0.40
Infinite bus 0.15 0.15 0.05

Ans: I, = — j6.732 pu.
Fig. 10.24 shows a sample power network. A double line to ground fault occurs on phases
b and c¢ at point F in the system. Find the fault current in phase ¢ of G1. Both the
machines arerated 1.2 MVA, 0.6 KV with x; =x,=0.10 pu. and x, = 0.05 pu. Transformers
are 1.2 MVA each with leakage reactance of 0.05 pu. Transmission line reactances are
X9 = X2 = 0.20 pu. and x;, = 0.40 pu.—on a base of 1.2 MVA, 3.3 KV. The reactances of
the neutral grounding reactors are 0.50 pu. on the MVA base of the machines.

Ans: 5.266 KA
O3 13 @
ﬂ A/ﬁ, "7 Tr. Line f(/A
= 0.6/3.3 KV 3.3/0.6 kV -E_

Fig. 10.24: Circuit diagram of P 10.2.

A 11 KV, 30 MVA generator has x; = x, = 0.2 pu and x, = 0.05 pu. (i) a line to ground fault
occurs on the generator terminal. Find the fault current and line to line voltages during
fault conditions. Assume that the generator neutral is solidly grounded.

Ans: 105| —90° KA.
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10.6
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A 50 MVA, 11 KV, three phase alternator was subjected to different types of faults. The
fault currents were:
(1) 1870 Amp. for three phase fault.
(1) 2590 Amp. for L — L fault.
(111) 4130 Amp. for L — G fault.

The alternator neutral is solidly grounded. Find the three sequence reactances of the
alternator.
Ans: x; = 1.4 pu., x, = 0.35 pu., x, = 0.15 pu.
A 30 KV, 50 MVA generator having a solidly grounded neutral and x; =0.25 pu., x5 =
0.15pu. and x, = 0.05. What reactance must be placed in the generator neutral to limit the
fault current for bolted L — G fault to that for a bolted three phase fault?
Ans: 1.8 ohm.
What reactance must be placed in the neutral of the problem 10.5 to limit the magnitude
of the fault current for a bolted double line-to-ground fault to that for a bolted three
phase fault.
Ans: 0.825 ohm.
A three phase, 10 MVA, 11 KV generator with a solidly earthed neutral point supplies a
feeder. For generator x, = 1.2 ohm., x,5 = 0.9 ohm. and x,, = 0.4Q. For feeder x;; = 1.0
0 h m . ,
X1 = 1.0 ohm. and x;, = 3.0 ohm. A L — G fault occurs at the far end of the feeder.
Determine the voltage to neutral of the faulty phase at the terminals of the generator.
Ans: 4.25 KV.
A 3 KV, 3 MVA alternator has a solidly earthed neutral point. Its positive, negative and
zero sequence reactances are 2.4 ohm, 0.45 Q and 0.3 ohm respectively. The alternator
was operating on no load, sustains a resistive fault between the ‘a’ phase and the earth,
this fault has a resistance of 1.2 ohm. Calculate the (a) the fault current and (b) the
voltage to earth of the ‘a’ phase.
Ans: (a) 1086 Amp.
(b) 1.3 KV.
Two identical star connected synchronous generators, one of which has its star point
grounded, supply 11 KV bus bars. An 11/66 KV A/Y connected transformer with the star
point grounded is supplied from the bus bars. The impedances which are referred to 11
KV are given as: x,; = 3.0 ohm., x,, = 2.0 ohm. and x,, = 1.0 ohm. and for transformer x,
= 3 ohm., xp9 = 3 ohm. and x7y, = 3 ohm. Determine the fault current for a simple earth
fault (a) on a bus bar and (b) at an HV terminal of the alternator. (c) Find also the voltage
to earth of the two healthy bus bars in case (a).
Ans: (a) I, = —j5.445 KA.
(b) I, =—j1.656 KA.

(©) V, = 5445 —120° KV.
V,= 5445 120°KV.

A three phase 75 MVA, 0.8 power factor (lagging) 11.8 KV Y—connected alternator which

has its star point solidly grounded supplied a feeder. Given that x,; = 1.70 pu., x,, = 0.18

pu. and x,, = 0.12 pu. and for feeder x;; = 0.10 pu., x;5, = 0.10 pu. and x;, = 0.30 pu.

Determine the fault current and the line-to-neutral voltages at the generator terminals
for L—G fault occurring at the distant end of the feeder.

Ans: 4.4 KA.

1.364 KV.

2.55 KV.

2.55 KV.



Power System Stability

11.1 INTRODUCTION

Power system stability implies that its ability to return to normal or stable operation after
having been subjected to some form of disturbance. Instability means a condition denoting loss
of synchronism of synchronous machines or falling out of step. Therefore the state of equilibrium,
or stability of a power system commonly alludes to maintaining synchronous operation of the
system. In this chapter, we will focus on this aspect of stability whereby a loss of synchronism
will mean to render the system unstable. Three types of stability are of concern: Steady state,
dynamic and transient stability.

Steady state stability relates to the response of a synchronous machine to a gradually
increasing load. It is basically concerned with the determination of the upper limit of machine
loadings before losing synchronism, provided the loading is increased gradually. Dynamic
stability involves the response to small disturbances that occur on the system, producing
oscillations. The system is said to be dynamically stable if these oscillations do not acquire more
than certain amplitude and die out quickly. If these oscillations continuously grow in amplitude,
the system is dynamically unstable. The source of this type of instability is usually an
interconnection between control systems. Dynamic stability can be significantly improved
through the use of phase lead-lag power system stabilizers. The system’s response to the
disturbance may not become apparent for some 10 to 30 secs.

Transient stability involves the response to large disturbances, which may cause rather
large changes in rotor speeds, power angles, and power transfers. Transient stability is a fast
phenomenon usually evident within a few seconds.

Stability studies of power systems are carried out on a digital computer. In this chapter, we
present special cases to illustrate certain principle and basic concepts.

11.2 INERTIA CONSTANT AND THE SWING EQUATION

Inertia constant and the angular momentum play an important role in determining the transient
stability of a synchronous machine. The per unit inertia constant H in MJ/MVA is defined as the
kinetic energy stored in the rotating parts of the machine at synchronous speed per unit
megavoltampere (MVA) rating of the machine.
Rotor kinetic energy at synchronous speed is given as:
1. 9

KE = 5 I een 107¢ MJ ..(11.1)
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where J = moment of inertia of rotor (Kg-m?)
Wy mech = Synchronous speed in mechanical-rad/sec
P . . .
But Ws.elect = | g | Wsmech = rotor speed in electrical-radian/sec. ..(11.2)
where P = number of poles of machine

From eqns.(11.1) and (11.2) we get

1 (2V 6
KE = 5 J F . ws-electX1O - Wg_elect
1
KE = E M Ws.elect
9 \2
Where M=J (P) W eleet X 107% = moment of inertia in

M.J-sec/elect-radian
We shall define the inertia constant H, such that

1
GH=KE=§Mw MJ

s-elect

Where G = three-phase MVA rating (base) of machine
H = inertia constant in MJ/MVA or MW-sec/MVA.

From eqn. (11.5), we can write,

2GH 2GH GH .
= = = —— Md-sec/elect-radian

Wselect 2 ‘Itf nf
GH

or M= —— MdJd-sec/elect-degree
180f

M is also called the inertia constant.
Assuming G as base, the inertia constant in per unit is

H 9 .
M (pu) = ﬁ Sec*/elect-radian

H
or M (pu) = W Sec?/elect-degree

..(11.3)

.(11.4)

..(11.5)

..(11.6)

(117

...(11.8)

..(11.9)
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The range of inertia constants for certain machines are given in Table - 11.1

Table 11.1: Typical Inertia Constants of Synchronous Machines

Type of machine Inertia constant
H (MJ/MVA.)

Turbine generator:
Condensing, 1800 rpm 9-6

3600 rpm 74
Noncondensing, 3600 rpm 4-3
Waterwheel generator:

Slow speed, < 200 rpm 2-3

Hign speed, >200 rpm 2-4
Synchronous Condenser:

Large 1.25

Small 1.0

Synchronous motor with 2.0

varies from 1.0 to 5.0
and higher for heavy
flywheels.

* Where range is given, the first valve applies to machines of smaller MVA rating. [From
Weshting house Electrical Transmission and Distribution Reference Book, 1964, p. 486].

—

NN R
Pl—b() ) ) ) Generator

;7

Fig. 11.1: Flow of powers in a synchronous generator.

Consider a synchronous generator developing an electromagnetic torque 7, (and a
corresponding electromagnetic power P,) while operating at the synchronous speed w,. If the
input torque provided by the prime mover, at the generater shaft is 7}, then under steady-state
conditions (i.e., without any disturbance)

T.=T,; ...(11.10)

Here we have neglected any retarding torque due to rotatianal losses. Therefore we have
T, w,=T w, ..(11.11)

and Tiw,—T,w,=P,—P,=0 ..(11.12)

If there is a departure from steady-state occurs, for example, a change in load or a fault,
then input power P, is not equal to P,, if the armature resistance is neglected. Therefore
left-side of eqn. (11.12) is not zero and an accelerating torque comes into play. If P, is the

a
corresponding accelerating (or decelerating) power, then
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d?e,
P-P,=M.—% +D.
dt

do,
=P ..(11.13
=P (1113
Where M has been defined in eqn. (11.8) or eqn. (11.9). D is a damping coefficient and 0.
is the electrical angular position of the rotor. It is more convenient to measure the angular
position of the rotor with respect to a synchronously rotating frame of reference. Let

8§=10, —w,.t ..(11.14)
d’e d?s
dtze = ? ...(11.15)

Where 9§ is the power angle of the synchronous machine. Neglecting damping (i.e., D =0)
and substituting eqn. (11.15) in eqn. (11.13), we get,

@
dt>

M= =P,- P, MW ..(11.16)

Using eqns. (11.16) and (11.6), we get

2
% @ =P - P MW . (11.17)
ch dtz 1 e

Dividing throughout by G, the MVA rating of the machine,

d®s _
M (pu) —- = (P, - P,) pu ..(11.18)
dt>
h M(pu) = 7 11.19
where (pu) = of ...(11.19)
H d% (P,-P,) (11.20)
or - T 5 = s — u .
nf di? i=%e) P

Eqn. (11.20) is called swing equation. It describes the rotor dynamics for a synchronous
machine. Although damping is ignored but it helps to stabilizer the system. Damping must be
considered in dynamic stability study.

11.3 MULTI-MACHINE SYSTEM

In a multi-machine system, a common system base must be selected. Let
G pachine = Mmachine rating (base)

G

system = System base.
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Eqn. (11.20), can then be rewritten as:

Gmachine (Hmachine) d228 - (Pl _ Pe)- Gmachine .(11.21)
Gsystem nf dt Gsystem
H 2
—_system d—f = (P, — P,) pu on system base ...(11.22)
nf dt
G .
where Hygiom = [GIHLM) H_, chine ...(11.23)
system
= machine inertia constant in system base.
11.4 MACHINES SWINGING IN UNISON (COHERENTLY)
Let us consider the swing equations of two machines on a common system base, i.e.,
0%, p (11.24)
7 f dt2 il el .
Hy d%%y _ P,-P (11.25)
nf dt2 12 ez “en .
Since the machines rotor swing in unison,
6, =06,=9 ...(11.26)
Adding eqns. (11.24) and (11.25) and substituting
8, = 8, =9, we get
Heog &% _ P-P 11.27
nf dtz - 1 - e ...( . )
Where P,=P, + P,
P =P, +P, ..(11.27)
H,=H, +H,
Equivalent inertia H,, can be expressed as:
G : G .
Heq = Lmachine . Hl machine + Zmachine HZ machine (1128)
Gsystem ’ Gsystem '

Example 11.1: A 60 Hz, 4 pole turbogenerator rated 100 MVA, 13.8 KV has an inertia constant
of 10 MJ/MVA.
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(@) Find the stored energy in the rotor at synchronous speed.

(b) If the input to the generator is suddenly raised to 60 MW for an electrical load of 50 MW,
find rotor acceleration.

(¢) If the rotor acceleration calculated in part (b) is maintained for 12 cycles, find the change
in torque angle and rotor speed in rpm at the end of this period.

Solution:
(a) Stored energy = GH
G =100 MVA, H =10 MJ/MVA.

. Stored energy = 100 X 10 = 1000 M.J.
(b) P,=P,— P,=60-50=10 MW.

GH _ 100x10 _ 5

we know, = _— = = — MdJ-Sec/elect deg.
180f 180x60 54
d%8
Now M — =P,
dt
5 d%s
— — =10
54 dt?
d®s _ 10x54 )
2 5 = 108 elect-deg/Sec
o, = acceleration = 108 elect-deg/Sec? Ans.

12
(¢) 12 cycles = — = 0.2 sec.

60
. 1 g _ 1 2
Change in é= 9 o.(At)* = 9 X 108 (0.2)" elect-degree.
= 2.16 elect-degree.
Now o, = 108 elect-deg/Sec?
108
o= 60x 360° rpm/Sec = 18 rpm/Sec.

. Rotor speed at the end of 12 eycles

120f

+oc(At)

(Mﬂsm) o

= 1803.6 rpm Ans.
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Example 11.2: A 400 MVA synchronous machine has H; = 4.6 MJ/MVA and a 1200 MVA
machine has Hy, = 3.0 MJ/MVA. The two machines operate in parallel in a power plant. Find out
H, , relative to a 100 MVA base.

eq’
Solutions:
Total kinetic energy of the two machines is

KE = 4.6 x 400 + 3 x 1200 = 5440 MJ.
Using the formula given in eqn. (11.28),

(400 1200
Hea=\100) *46* {100 )*?
H,, = 54.4 MJMVA

or, equivalent inertia relative to a 100 MVA base is

g oo KB 5440
® " Systembase 100

=54.4 MJ/MVA  Ans.

Example 11.3: A 100 MVA, two-pole, 50 Hz generator has a moment of inertia 40 X 10® Kg-m?2.
What is the energy stored in the rotor at the rated speed? What is the corresponding angular

momentum? Determine the inertia constant H.

Solution:
_120f _ 120x50

N D 9 = 3000 rpm.

The stored energy is

2
1 1 271 x 3000
KE (stored) = Elezn = 5(40>< 103)(50) MJ
=2842.4 MJ
Then
7= KE (stored) 28424 28.424 MIMVA
-~ MVA 100 % :
5 [ 2mx 3000
M =Jw,, = (40X 10°)| =~

M =15.07 MJ-Sec/mech-radian Ans.

11.5 POWER FLOW UNDER STEADY-STATE

For the purpose of basic understanding, here we will consider a short lossless transmission line.
Fig. 11.2 shows a lossless short transmission line (i.e., negligible resistance)

The per phase sending end and receiving end voltages are Vg and Vj respectively. We wish
to determine the real and reactive power at the sending end and at the receiving end, given that

Vg leads Vg by an angle 9.
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On a per-phase basis, power at the sending end, R I N N
From Fig. 11.2, I is given by
V V Vs VR
7= YS—VR
Jjx
or I = M (11.30) Fig. 11.2: A short lossless
—jx e transmission line.
From eqns. (11.29) and (11.30), we get,
Vs(Vs -V
Sq = VsVs ~Vr) ..(11.31)
Now V= |VR||E so, Vg = VEZ = |VR|

Vo= 1Vs|[8=| Vsl ef®
Eqn. (11.31) becomes

VallV, i1
Sq=Py+jQs = % sind + J;(|VS|2— | Vi | Vig| cosd)

Vsl V;
Py = 'Slxﬂ sind ..(11.32)
2_
and Qs = Vs~ [Vsl| Vgl cos?d ...(11.33)
X
Similarly, at the receiving end we have
Sp=Py+jQg= Vil ..(11.34)
Proceeding as above we finally obtain
2
o, = (1VsllValcosd-IVil”) 1ss)
X
V||V
Py = % sind ..(11.36)
Therfore for lossless transmission line,
V||V
Py=Py= 'Slxﬂ sind ..(11.37)

In a similar manner, the equation for steady-state power delivered by a lossless synchronous
machine is given by
EIVy

P, =Py T sind ...(11.38)
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Where | E,| is the rms internal voltage, | V| is the rms terminal voltage, x, is the direct
axis reactance (or the synchronous reactance in a round rotor machine) and d is the electrical
power angle.

Example 11.4: The sending-end and receiving-end voltages of a three-phase transmission line
at a 200 MW load are equal at 230 KV. The per phase line impedance is j14 ohm. Calculate the
maximum steady-state power that can be transmitted over the line.

Solution:

|Vi| = | V| = 230x1000/3 = 132790.5 Volt.

=132.79 KV.
From eqn. (11.37)

Vel Ve| _ [Val® _ (13279)%
x x 14
= 1259.5 MW/phase
=3 X 1259.5 MW (3- phase total)
= 3778.5 MW Ans.

Py (max) = Pg (max) =

Example 11.5 : A single line diagram of a aystem is shown in Fig.11.3. All the values are in per
unit on a comman base. The power delivered into bus 2 (an infinite bus having a voltage of
1.0 pu) is 1.0 pu at 0.80 power factor lagging. Obtain the power angle equation and the swing
equation for the system. Neglect all losses.

1 joz2 2
j0.25  jo.15 |

0.1 3 o

Fig. 11.3: Single line diagram of Example 11.5.

Solution:
Fig. 11.4 shows equivalent impedance diagram.

] j0.2 )
N
|E| 5
N N 1o°
| p2s  jos
NN | N
jo1 3 0.1

Fig. 11.4: Equivalent impedance diagram.
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0.2x0.2
Xoq = 0.25+0.15 + T =0.50 pu

cos ® = 0.8, ® = 36.87° (lagging)
current into bus 2 is

10
~ 1x08
The voltage E, is then given by

|E'g||_8 = |V2|‘£o +jxeql

|E, | B =1]/0° +0.5/90° x 1.25 | —-36.87°

1

-36.87° = 1.25 -36.87° pu

|E, |8 =1+0.625|5313°
|E, | |8 =1.375+j0.5
|E, || 8 =1.463|20°

|E, | =1.463, & =20°

E_ V. ) .
P="28"2% gns = Msm(?})

¢ Xeq 0.5

P, =2.926 sind .
From eqn. (11.20),

—F —5 =P-P (1)

If it is desired to work in electrical degrees, then eqn. (i) can be written as

H d* pop 3
180f dt2 —fiTte ...(11)
Here P, = 1.0 pu mechanical power input to the generator.
2
_Hd7s 1-2.926 sin & Ans.
1801 d¢?

As a verification of the result, at steady-state
P=P =1 . 2926sind =1 . & =20°

Example 11.6: Find the maximum steady-state power capability of a system consisting of a
generator equivalent reactance of 0.4 pu connected to an infinite bus through a series reactance
of 1.0 pu. The terminal voltage of the generator is held at 1.10 pu. and the voltage of the infinite
bus is 1.0 pu.
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Solution:
Equivalent circuit of the system is shown in Fig. 11.5.

x,~0.4 pu. x =1.0 pu.
e (o) vetilo (vle

Fig. 11.5: Equivalent circuit of Example 11.6.

|E, | [8 =V, +jx,.I ..(d)
V.-v 11le-1]0°
I=-t "~ = |—. ..(i)
Jx J1
Using eqns. (i) and (ii)
11 6-1
|E, || = 1.1@+j0.4(%)
j
|E, |[8 =1.1cose +j1.1sinp +0.4 x 1.1/ 0-0.4
|E, || 8 =(1.54 cos 9—0.4) +j 1.54 sinp ...(iii)

Maximum steady-state power capabitity (limit) is reached when & = 90°, i.e., real part of
eqn. (ii1) is zero. Thus
1.54 cos —0.4=0
0 =74.9°
|Eg | = 1.54 sin (74.9°) = 1.486 pu.

V,=11 74.9°

_|EGVI  1486x10
B (xq +x) T 04+1

max

P

m.

ax = 1.061 pu.  Ans.

11.6 EQUAL-AREA CRITERION

In the preceding discussions we have indicated that a solution to the swing equation for 0 (t),
leads to the determination of the stability of a single machine operating as part of a large power
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system. However, solution of swing equation is not always necessary to investigate the system
stability. Rather, in some cases, a direct approach may be taken. Such an approach is based on
the equal-area criterion.

Now consider eqn. (11.18),

Md?s
5 =P -P,
dt
Md?s
2 = Pa
dt
2
ZTS = % .(11.39)

As is shown in Fig.11.6, in an unstable system, 8 increases indefinitely with time and
machine loses synchranism. In a stable system, 8 undergoes oscillations, which eventually
die out due to damping. From Fig. 11.6, it is clear that, for a system to be stable, it must be that

dod db
o = 0 at some instant. This criterion (dt = 0) can simply be obtained from eqn. (11.39).
5 A
<Wmtable
62__

Stable

~Vv

Fig. 11.6: A plot of 0 (t).

2dd
Multiplying eqn. (11.39) by a0 Ve have

2d8 d*8 2P, dS
dt “dt* M dt

which, upon integration with respect to time, gives

BV 2
( ) :_jPad5 .(11.41)
8

...(11.40)



288 Electrical Power Systems

Note that P, = P,— P, = accelerating power and §;is the initial power angle before the rotor

dd
begins to swing because of a disturbance. The stability criterion g 0 (at some moment)

implies that

d
| .(11.42)
8

This condition requires that, for stability, the area under the graph of accelerating power
P, versus 6 must be zero for some value of §; that is, the positive (or accelerating) area under the
graph must be equal to the negative (or decelerating) area. This criterion is therefore known as
the equal-area criterion for stability and it is shown in Fig. 11.7.

'De=Pmax Sind

N\,

»

do 01 02

Fig. 11.7: Power angle characteristic.

In Fig.11.7, point ‘@’ corresponding to the §, is the initial steady-state operating point. At
this point, the input power to the machine, P,; = P,,. Where P,,is the developed power. When
a sudden increase in shaft input power occurs to P,, the accelerating power, P,, becomes positive
and the rotor moves towards point ‘0’. We have assumed that the machine is connected to a
large power system so that | V;| does not change and also that x4 does not change and that a
constant field current maintains |E,| constant. Consequently, the rotor accelerates and the

dd
power angle begins to increase. At point ‘b’, P, = P, and 6 =9,. But 0 is still positive and &
overshoots ‘b’, the final steady-state operating point. Now P, is negative and & ultimately
reaches a maximum value d,, or point ‘¢’ and then swing back towards ‘6’. Therefore, the rotor
settles to the point ‘0’, which is ultimate steady-state stable operating point as shown in Fig.

11.7. In accordance with eqn. (11.42), the equal-area criterian requires that, for stability,
Area Al = Area A2

3, 35

or j (B = Puox sin 8)dd = j (P 50 8 = P, ) .(11.43)
60 61
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or P, (5, — 8y + P, (cosd; — cosdy) = P, (8; — 8,) + P, (cosd; — cosdy)
..(11.44)
But P, = P, sind;,
which when substituted in eqn. (11.44), we get
P .« (6 —dp) sind; + P, .y (cosd;— cosdg)
=P . (8, =&, sind; + P, (cosd, — cosd,) ...(11.45)
Upon simplification, eqn. (11.45) becomes
(&5 — 9;) sind; + cosd,— cosd, = 0 ...(11.46)

Example 11.7: A synchronous generator, capable of developing 500 MW power per phase,
operates at a power angle of 8°. By how much can the input shaft power be increased suddenly
without loss of stability? Assume that P, . will remain constant.

Solution:
Initially, at 8, = &°,
Py,=P,_ . sind, =500 sin 8 =69.6 MW
PA
P
mex P,=P s Sind
PP =
0 & 61 Om >5

Fig. 11.8: Power angle characteristic of Example 11.7.

Let &,, be the power angle to which the rotor can swing before losing synchronism. If this
angle is exceeded, P, will again become greater than P, and the rotor will once again be
accelrated and synchronism will be lost as shown in Fig. 11.6, Threfore, the equal-area criterion
requires that eqn. (11.44) be satisfied with §,, replacing 5.

From Fig. 11.8, §,, = n—9,. Therefore, eqn. (11.46)
becomes

(mr — &, — 9y) sind; + cos(m — &;) — cosd, =0

(T — 8, — 9y) sind; — cosd; — cosd, =0 ()

Sustituting §, = 8° = 0.139 radian in eqn. (i) yields

(3 —0;) sind; — cosd; —0.99=0 ...(11)
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Solving eqn. (ii) iteratively, we get §; = 50°
Now
P = P, sind; = 500 sin(50°) = 383.02 MW
Initial power developed by the machine was 69.6 MW. Hence, without loss of stability, the
system can accommodate a sudden increase of

P, — P, =383.02 — 69.6 = 313.42 MW/phase
=3 X 313.42 = 940.3 MW (3¢) of input shaft power.

11.7 CRITICAL CLEARING ANGLE AND CRITICAL CLEARING TIME

If a fault occurs in a system, & begins to increase under the influence of positive accelerating
power, and the system will become unstable if & becomes very large. There is a critical angle
within which the fault must be cleared if the system is to remain stable and the equal-area
criterion is to be satisfied. This angle is known as the critical clearing angle. Consider the
system of Fig. 11.9 operating with mechanical input P, at steady angle §,. (P; = P,) as shown by
the point ‘a’ on the power angle diagram of Fig. 11.10.

C
— O3
P ¢

Fig. 11.9: Single machine infinite bus system.

E)
08
®

Now if a three phase short circuit occurs at the point F of the outgoing radial line, the
terminal voltage goes to zero and hence the electrical power output of the generator instantly
reduces to zero, i.e., P, = 0 and the state point drops to ‘b’. The acceleration area A, starts to
increase while the state point moves along
bc. At time £, corresponding clearing angle §.,
the fault is cleared by the opening of the line
circuit breaker. ¢, is called clearing time and
. is called clearing angle. After the fault is
cleared, the system again becomes healthy
and transmits power P, = P . sind, i.e., the
state point shifts to “d” on the power angle P
curve. The rotor now decelerates and the
decelerating area A, begins to increase while
the state point moves along de.

For stability, the clearing angle, ., must
be such that area A; = area A,.

Expressing area A; = area A,
mathematically, we have

PA

Py=Prax sind

Fig. 11.10: P, — d characteristic.

3
P (5,—8) = 8I(Pe -P)db
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_ 5y = f nax SIN8.dS — P, (8, - 8)

Ps,.— P d, = max( cosd; + cosd) — P, + PJ,
P, .« (cosd, — cosd;) = Pi(6; — &) ..(11.47)
Also
P, =P, sind, ..(11.48)

Using eqns. (11.47) and (11.48) we get
P, . (cosd, — cosd;) = Pp,,.(8; — §y) sind,
cosd, = cosd; + (§; — §;) sing, ..(11.49)

To reiterate, with reference to Fig. 11.10, the various angles in eqn.(11.49) are: §. = clearing
angle; §, = initial power angle; and §; = power angle to which the rotor advances (or overshoots)
beyond §..

In order to determine the clearing time, we re-write eqn.(11.20), with P, = 0, since we have
a three phase fault,

d*d
v *p ..(11.50)
dt H ds
Integrating eqn. (11.50) twice and utilizing the fact that when ¢ =0, b =0 yields
nfB o
= 2 + o
5= 5g (11.51)
If ¢, is a clearing time corresponding to a clearing angle §,, then we obtain from eqn. (11.51),
s
8. = t2+ 8
C 2H 0
H(s, - 3,)
i, = TPI ...(11.52)

Note that , can be obtained from eqn. (11.49). As the clearing of the faulty line is delayed,
A, increases and so does 9; to find A, = A, till §; = 3., as shown in Fig. 11.11. For a clearing

PA

max

30 Bo=ber 81=m
Fig. 11.11: Critical clearing angle.
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angle (or clearing time) larger than this value, the system would be unstable. The maximum
allowable value of the clearing angle and clearing time for the system to remain stable are
known as critical clearing angle and critical clearing time respectively.
From Fig. 11.11, §,, = © — §,, we have upon substitution into eqn. (11.49)
cosd,, = cosd,, + (5, — J;) sind,
cosd,, = cosd,, + (T — &y — Jy) sing,
cosd,, = cos (T — ) + (m — 2J;) sind,
cosd,, = (m — 2§,) sind, — cosd,
. 8. = cosH[(m — 28,) sind, — cosd] ...(11.53)
Using eqn. (11.52), critical clearing time can be written as:

_ [2Hf -8 .
. b aL

8., can be computed using eqn.(11.53).
Let us consider the double circuit line as shown in Fig. 11.12. A three-phase short-circuit
fault occurs on one of the line as shown in
Fig.11.12. Because of the rotor inertia, 1 2
the power angle can not change instantly. 1lo°
Also, some power could still be
transmitted during the fault because the @—3 E—
terminal voltage of the generator will not I |

be zero. ra |
3¢pfault 3

Fig. 11.12: Double circuit transmission line.

d c >5

»

Fig. 11.13: Determination of &, during fault conditions.

In Fig. 11.13, curve A before a fault, B during the fault and C after the fault—such that
A=P,.sind, B=K, A, and C = K, A with K,<K,. For stability, we must have area A; = area
A,. Therefore, from Fig. 11.3, we can write,
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BCY Sm
j(Pi -B)ds = [(C-Pdd
80 80r
80r 8m
- I(Pl -K,.P_ .« sinS) = f P xsind - P)dB
Bo 80r
80r 8m Bcr 8m
| Pds + [Rdd = Py Ky [sin8dd+ Py Ky [sinddd
3o By 3o der
{,, — &y + (8., — &)} P, = P, K;.(—cosd,, + cosdy) + K,P,,,.(—cosd, + cosd,,)
b, — 0P, = K, P, ,(cosd, — cosd,,) + KyP, .. (cosd, — cosd,,) ...(11.54)
Since P, =P, ,.sind,,

®,, — &) sind, = K; cosd, — K, cosd,, + cosd,, (K, — K;)

cosd,, = Zﬁj[(é‘)m - SO)SiHSO + K, cosd,, — K, cosé‘)o] ..(11.55)

From Fig. 11.13, we have
P, =P, sindy = KyP, . sind,, = KoP, .« sind’
sind, = K, sind’, = K sin(m — J,,)) ...(11.56)

Wlth K, K, and §, specified, the crltlcal clearing angle may be obtained from eqn. (11.55)
and eqn. (11.56)

Example 11.8: A 50Hz, synchronous generator capable of supplying 400 MW of power is
connected to a large power system and is delivering 80 MW when a three phase fault occurs at
its terminals, determine,

(@) The time in which the fault must be cleared if the maximum power angle is to be —85°.
Assume H =7 MJ/MVA on a 100 MVA base.
(b) The critical clearing angle.

Solutions:
(@) From eqn. (11.48),

P, =P, sind,
400 80

P .=—F MW, P=_—- MW
max 3 1 3
) 3
sin §, = 100) = 0.2
3

8p = 11.54° = 0.2 radian
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and 8, = 85° = 1.48 radian
From eqn. (11.49),
cos O, = cos 9; + (8; — &) sin
cos O, = cos(1.48) + (1.48 — 0.2) sin (0.2)
cos 6, = 0.343
8. = 1.22 radian.
From eqn. (11.52),

.~ [2H(. -3)
c ch})l
80
P, (3¢) =80 MW = == = 0.8 pu MW.
H =7 MJ/MVA

. \/2 x7x(148-0.2)
¢ ntx50x0.8
t, = 0.377 secs = 377 ms. Ans.
(b) From eqn. (11.53)
)

801’

cos 1 [(m — 28,) sind, — cosd)
cosH(m—2 X 0.2) sin (0.2) — cos (0.2)]
8, =cos™ (- 0.43) = 115.46° = 2.01 radian.  Ans.

Example 11.9: A syhronous genarator is connected to a large power system and supplying 0.45
pu MW of its maximum power capacity. A three phase fault occurs and the effective terminal
voltage of the generator becomes 25% of its value before the fault. When the fault is cleared,
generator is delivering 70% of the original maximum value. Determine the critical clearing

angle.

Solution:
Fig. 11.14 gives the P-8 characteristic.
PA
Pmax _________________
A Before fault
After fault
C
P o7t During fault
o T &
» 5

8o Om  Ber Om

Fig. 11.14: P — 5 characteristic of Example 11.9.
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P, .. during the fault

We know, K = P, .. before the fault
K - P, .. after the fault
27 P,. before the fault

In Fig. 11.14,

8y = power angle at the time of the fault
8., = critical power angle when fault is cleared
d,, = maximum angle of swing

Area A, = Area A, in Fig. 11.14 and From eqn. (11.55)

cosd,, = Kﬁj [(8m - 80)sin 8y +Kgcosd,, — K, cosé‘)o]
Initially, the generator is supplying 0.45 pu MW of P, .. Therfore,
P;=0.45 P, = P, .sInd,
8y =26.74 or 0.466 radian.

_ A

Now
max xd

When the fault occurs |V, | becomes 0.25| V|
Hence K, =0.25
After the fault is cleared, with K, = 0.70, we have

P=K, P, sing_

max
S =sgin? _A =gin! 045 ax
m KyP, oy 0.70P, ..
8 =40 or 0.698 radian.

6, =m— 8;n = 2.443 radian.

m

c088,, = m [(2.443 - 0.466)sin(0.466) + 0.7 cos(2.443)

~0.25¢0s(0.466)] = 0.29

O, = 73.14° or 1.276 radian. Ans.

Example 11.10: A generator operating at 60 Hz delivers 1 pu MW power. Suddenly a three
phase fault takes place reducing the maximum power transferable to 0.40 pu MW where as
before the fault, this power was 1.80 pu MW and after the clearance of the fault, it is 1.30 pu MW.
Determine the critical clearing angle.
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Solution:

P,... during the fault

P, .. before the fault

P, .. after the fault
K;= P, .. before the fault

P_ .. during the fault= 0.4 pu MW

P,_ . after the fault =1.30 pu MW

P, .« before the fault = 1.80 pu MW.

K =

0.4

K = _1.80 =0.222
1.30

K, = @ =0.722.

Referring to Fig. 11.14,
P, = 130sind, = 1.0

1
= —— =50.26° or 0.877 radian.

m 130
§,=n—0.877=2.264 rad. = 129.71°

and S
From eqn. (11.55)

= gin! L 33.75° or 0.589 radian
1.80 ’ ’ ’

cosd,, = Kﬁj [(8m —SO)SiHSO + Kgcosd,, — K, 00880]

1 .
cosd,, = [m[(2.264 —~ 0589) sin (0.589)

+0.722 cos(2.264) — 0.222 cos (0.589)]

cosd,, = 0.567

O, = 55.45° or 0.968 radian. Ans.

Example 11.11: Find the critical clearing angle of the power system shown in Fig. 11.15 for a
three-phase fault at the point F. Generator is supplying 1.0 pu MW power under prefault
condition.

3¢ 3¢
D C D C
021 j0.10 j0.38 j0.10 021
|E,[=1.2 pu 5S¢ Fj019 ~c¢ Iv=1.0l0°pu
ple N > C
j0.10 j0.19 j0.10

Fig. 11.15: Sample power system of Example 11.11.



Solution:
Prefault operation

The power angle §, a

Faulted condition

Fig. 11.15(a) shows the network connection during fault.

(0.10+0.38 +0.10) .

xA =0.21+
xp = 0.71 pu
12x1
Pea="m1

P, 5 =1.69 sind

2

sind

t the time of fault is given by
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(@)

10
8y = sin! [@} =36.22° or 0.632 radian.

g

Y\
P
m
I
N}

NN NN NN
0.10 j0.38 j0.10
F
j0.10  j0.19 j0.19  j0.10

(OM=1.0pu

Fig. 11.15(a): Circuit connection during fault.

j0.145

j0.145
AN

j0.21
N

I/\\+

DIE|=12pu

§ j0.0725

<>+|V|=1 .Opu

Fig. 11.15(b): Circuit connection after A — Y conversion.
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I/‘\\+

e =12 pu 3 3 ()ilv|=1.o pu

Fig. 11.15(c): Circuit connection after Y — A conversion.

(021+0.145)x 00725 + 50.145 + 0.21; x 00725

- +(0.21+0.145) (0.145 + 0.21
B 0.0725
Xp = 2.448 pu.
12x1 _
BT a8 0.49 sind

Postfault Condition
In this case, faulty line is open
X-=(0.21+0.10+0.38 + 0.10 + 0.21) pu = 1.0 pu

P..= 1'21X L sind = 1.2 sind
Now
K, = % =0.29
1169
1.2
K, = @ =0.71

Now compute B;n (Fig. 11.13)

, 1
&, =sin™' (E) = 56.44° = 0.985 radian.

8, =n— 5 =(m—0.985) =2.156 radian = 123.5°
From eqn. (11.55),

cosd,, = Kﬁj [(Sm —SO)SiHSO + Kgcosd,, — K, 00380]

1 {(2.156 — 0.632)sin (0.632) +0.71 cos(2.156)

€080 = 10,71 029) —~029c0s(0.632)
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cosd,, = 0.654
O, = 49.1° Ans.

Example 11.12: A synchronous motor is receiving 35% of the power that it is capable of
receiving from an infinite bus. If the load is doubled, determine the maximum value of the load

angle.
Solution:
Referring to Fig. 11.7,
P,=035P,,.

P,
8y = Sin‘l(PaO ) = sin™! (0.35) = 0.357 radian

max

P,=2% 035P,, =070 P,

P,
6, = sin™! (P—l) =sin™ (0.7) = 0.775 radian

max

In Fig. 11.7, §, is the maximum value of load angle during the swinging of the rotor.
Usmg eqn. (11.46),
(85 — 9y) sind; + cosd, — cosdy = 0

0.7(8, — 0.357) + cosd, — c0s(0.357) =
0.78, — 0.25 + cosd, — 0.936 = 0

: cosdy + 0.78, = 1.186
Solvmg the above equation, we get 8, = 1.25rad or 72°. Ans.

11.8 STEP-BY-STEP SOLUTION

The swing equation can be solved iteratively with the step-by-step technique shown in Fig.
11.16. In the solution, it is assumed that the accelerating power P, and the relative rotor
angular velocity w,, are constant within each of a succession of intervals (top and middle, Fig.
11.16), their values are then used to find the change in 8 during each interval.

To start the iterative procedure, we need P,(0 +), which we evaluate as

PO+ =P —P0+ (11.57)
Then the swing equation may be written as:

%8 P,(0+).nf
=a(0+) = ——— ...(11.58
12 0+ = I ( )
and the change in w,, is given (Fig.11.16) by
Aw, =0 (0 +HA¢ ...(11.59)
Then w, = wy + Aw, = wy + o (0 +).At ...(11.60)
The average value of w, during the first interval is then
Aw,
wr(avg) = LUO + T (1161)
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P,
P ElGSZ N I
P Ez1( e D TN e I
P amn) p—-—-—————"fF-——7——————|mm—————=-
>t
w, 4
Witn) {
-_——— :W
r(n,n—1) r(arg)
Wiin-1)
Wiin-2)
>t
)
>t

<—At—>

<—At—>

Fig. 11.16: Actual and assumed values of P,, w, and §.
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Similarly, the change in the power angle for the first interval is
A1 = Wy (ayg)- A ..(11.62)
and so 8, =9, + A9, ..(11.63)

11.9 EVALUATION OF P, AND w,ayg

When using the step-by-step technique, P, is assumed to be the constant over the step interval
and equal to its value at the beginning of the interval. Thus

POZPa(n—1)+ (1164)

as shown in Fig. 11.16. If a discontinuity occur during a step interval (such as might be
caused by the clearing of a fault), the standard approach is to simply redefine the intervals at
that point so that the discontinuity occurs at the end (beginning) of a step interval. Then
eqn. (11.64) may be used as previously indicated. Average speed over an interval is given as:

_ Wy TWrn-1)
Wy, n-1) = Wr (avg) = f (1165)

11.10 ALGORITHM FOR THE ITERATIONS

Returning now to eqn.(11.62), we see that d; gives us one point on the swing curve. The
algorithm for the iterative process is as follows:

Py =P - P .(11.66)
Py = |E|91V| sind, 1 ...11.67)
O (n1) = Pa(n%(l&)f) ...(11.68)
AW,y = 0 (o 1) Al ..(11.69)
W, n-1) = Wr (avg) = Wr (-1 T % ...(11.70)
A8y = Wy 1, 1) Al (11.71)
By = 81 + Ay (11.72)

Example 11.13: The kinetic energy stored in the rotor of a 50 Hz, 60 MVA synchronous
machine is 200 MJ. The generator has an internal voltage of 1.2 pu and is connected to an
infinite bus operating at a voltage of 1.0 pu through a 0.3 pu reactance. The generator is
supplying rated power when three-phase short circuit occurs on the line. Subsequently circuit
breakers operate and the reactance between the generator and the bus becomes 0.4 pu. Using the
step-by step algorithm, plot the swing curve for the machine for the time before the fault is
cleared.
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Solution:

H _ 200/60
180f ~ 180x50

= 3.7 x 10~ sec?degree

From eqn.(11.66), we have
P,=1.0-0.0=1.0 pu

al

From eqn. (11.68)

o) = W = 2702.7 degree/sec?
7 X

From eqn. (11.69) with Az = 0.05 sec,
Aw, 3y = 2702 .7 * 0.05 = 131.5 degree/sec.
From eqn.(11.70),

1315

Wy 10 =0+ = 67.55 degree/sec.

From eqn. (11.71),

Ady = 67.55 * 0.05 = 3.3775 degree

To complete the first iteration, we determine the initial power angle, §,, as follows. Before
the fault

12x10
P .= 0.30 =4.0 pu
Then 4 sind, = 1.0
or 8y = 14.477 degree.

With this value of the initial power angle, from eqn. (11.72), we have
8y = 14.4775 + 3.3775 = 17.855 degree.
For the second interval
P,)=10-00=1.0

1.0

oy = m = 2702 degree/sec.
Aw, ) = 2702 X 0.05 = 135.1 degree

Aw Aw
2 _ r(2)
’ = wy () + Aw, Q) + 2

Wy 1) = Wy )

= 202.65 degree/sec.
Abg) = Wy (9.1)-At = 202.65 X 0.05 = 10.1325°
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Oz = 81y + Ad(y) = 17.855 + 10.1325 = 27.9875 degree

Since o and Aw, do not change during succeeding intervals, we have

Aw
Wy 3.1) = Wy ) + Aw, + 2r = 337.75 degree/sec.

Adz) = W, 39) At = 337.75 X 0.05 = 16.8875 degrees
(3 = Og) T Ad(3) = 44.875 degree.
In this way, we obtain the following table of values, from which Fig. 11.17 is plotted.

Table 11.1
t (sec) d (degrees)
0.0 14.48
0.05 17.85
0.10 27.99
0.15 44.88
0.20 68.52
0.25 98.92

)

(Degree)T ----------------------------

14.48°

0 0.25
—>
time(sec)

Fig. 11.17: Swing curve of Example 11.13.

Example 11.14: For the system of example — 11.13, find the critical clearing time in cycles for
an appropriately set circuit breaker.
Solution:

Before the fault, P, ., =4.0pu

Initial power angle, §, = 14.4775° = 0.2527 radian. Now, during the fault, P,,, = 0.0 and
K, =0 for use in eqn. (11.55). After the fault is cleared,
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12x10
max — T =3.0pu
and K, = 3/4 = 0.75 for use in eqn. (11.55)
Now 8 =n-3, (Fig. 11.13)
. [ 1 . [ .
sin§ = 30 5, =0.34 radian.

8,=n— & =mn—0.34=280 radian

m

substituting K;, K,, §, and d,, in eqn. (11.55), yields

cosd,, = ﬁ (2.8-0.2527)x 025 -0 +0.75cos(2.8)]

cosd,, = —0.093
O = 95.34°.

cr

From Fig. 11.17, when 8 = ., = 95.34°, ¢, = 0.245 sec. Hence the fault must be cleared within
50 X 0.245 = 12.25 cycles.

We can conclude that the transient stability of a synchronous generator, during and
subsequent to fault conditions, depends upon the rotor swing and the critical clearing time.
These are governed by the machine inertia and direct axis transient reactance. The overall
system stability can be improved by appropriate control schemes such as turbine valve control,
fast fault clearing time, appropriate excitation systems and FACTS devices.

11.1.

11.2.

11.3.

11.4.

EXERCISE

A 20 MVA, 50 Hz, 4 pole synchronous machine has inertia constant H = 9 MJ/MVA. Find the
kinetic energy at synchronous speed and the accelerating torque if the shaft input is 26800 hp and
the electrical power developed is 16 MW.

Ans: 180 MdJ, 23628 NW-M.

In P 11.1, assume that the acceleration is constant for 15 cycles. Determine (a) the change in
torque angle in that period (b) speed at the end of 15 cycles.

Ans: (a) 8.36 elect-degree (b) 1504.6 rpm.

The steady state limit of a power system is 150 MW. A generator with constant excitation is

supplying 60 MW to the system. Compute the maximum permissible sudden increase in generator
output without causing instability.

Ans: 67.0 MW.

A synchronous machine connected to an infinite bus through a double circuit line as shown in Fig.

11.19. Find the maximum initial power with both the lines are operating, so that the system can
continue to be stable when one of the lines is suddenly tripped. Ans: 1.14 pu
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j0.76
@% E E E Infinite bus
|E.|=1.2 j0.10 j0.76 j0.08 V=1.0 pu

Fig. 11.19: Sample network of 11.4.

11.5. A synchronous machine connected to an infinite bus through a transmission line. The maximum
power transfer of this system is 5.0 pu and immediately prior to the instant of fault the power
transfer is 2.5 pu. Peak values of power angle curve during fault and post fault conditions are
2.0 pu and 4.0 pu respectively. Find out the critical clearing angle. Ans: 89.9°

11.6. A 25 MVA, 11 KV, 4 pole and 50 Hz synchronous generator with X3 = 0.30 pu has H= 7.5MJ/

MVA. It delivers rated power at 0.8 power factor lagging through a double circuit transmission
line of 0.2 pu combined reactance to an infinite bus at 11KV. Compute the voltage behind the
transient reactance and the initial displacement angle of the machine with respect to the bus
voltage. If a three phase fault occurs at the middle of one of the transmission lines, determine the
initial acceleration of the rotor. Ans: 1.36 pu, 17.1°, 10.22 rad/sec?

11.7. A synchronous generator operating at 50 Hz delivers 1 pu power to an infinite bus bar through a
network in which resistance may be neglected. A fault occurs which reduces the maximum power
transferable to 0.4 pu, whereas before the fault this power was 1.8 pu, and after the clearance of
the fault it is 1.3 pu. By the use of the equal-area criterion, determine the critical clearing angle.

Ans: 55.8°

11.8. A synchronous generator is connected to an infinite bus bar via a generator transformer and a
double-circuit overhead transmission line. Reactance of transformer is 0.15 pu and line reactance
is 0.4 pu. The generator is supplying 0.8 pu power at a terminal voltage of 1.0 pu. The transient
reactance of the generator is 0.20pu and infimite bus bar voltage is 1.0 pu. Calculate the internal
transient voltage of the generator. Determine the critical clearing angle if a three phase solid
fault occurs on the sending (generator) end of one of the transmission lines and is cleared by
disconnecting the faulted line. Ans: (0.98 +j0.28) pu

65.2°

11.9. A 250 MVA, 0.8 pf, (lagging) two pole, 60 Hz synchronous generator has kinetic energy 1080 MdJ
at synchronous speed. The machine is delivering 60 MW to a load at a power angle of 8 electrical
degrees. The load is suddenly removed. Determine the accleration of the rotor. If the acceleration
computed for the generator is constant for a period of 12 cycles, determine the value of the power
angle and the rpm at the end of this time. Ans: 100 rpm/sec, 20°, 3620 rpm.

11.10. The swing equations of two interconnected synchronous machines are written as:

H, d?s,
r 2 = ml_Pel
nf  dt

2
ﬂdsz :PmZ_PeZ
nf  di?

Denote the relative power angle between the two machines by 6 = §; — 8,. Obtain a swing
equation equivalent to that of a single machine in terms of §, and show that
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H S, p
nf di2 Mmoo

HyH,

where H= m

11.11

11.12.

11.13.

11.14.

_ HZPml _HIPmZ

Py = H,+H,
p = HZPel_HIPeZ
e H, +H,

. A 4 pole, 60 Hz synchronous generator has a rating of 200 MVA, 0.8 pf lagging. The moment of
inertia of the rotor is 45100 kg-m?. Determine M and H. Ans: M = 8.5 MdJ-rad/sec.
H = 4.0 MJ/MVA.

A 50 Hz synchronous generator with inertia constant H = 2.5 sec and a transient reactance of
0.20 pu feeds 0.80 pu real power to an infinite bus (voltage 1.0 pu) at 0.8 power factor lagging via
a transmission network with an equivalent reactance of 0.25 pu,
A three-phase fault is sustained for 0.15 sec across generator terminals.
Plot the swing curve and calculate the torque angle §, 0.25 sec after fault initiation.

Ans: 63.36°

A 50 Hz, 500 MVA, 400 KV generator (through transformer) is connected to a 400 KV infinite
busbar through an interconnector. The generator has H = 2.5 MJ/MVA, voltage behind transient
reactance of 450 KV and is loaded 460 MW. The transfer reactances between generator and
busbar under various conditions are:

Prefault: 0.5 pu, During fault: 1.0 pu and Postfault: 0.75 pu. Plot the swing curve using intervals
of 0.05 sec and assuming that the fault is cleared at 0.15 sec. Ans: System remains stable
A power plant has four identical generator sets each rated 50 MVA and each having an inertia
constant of 5 MJ/MVA. A second power plant has three identical generator sets each rated
100 MVA and having an inertia constant of 3 MJ/MVA. If the two power plants are tied together
at one end of a long tie-line, calculate the equivalent inertia on a base of 100 MVA.

Ans: 19 MJ/MVA.



Automatic Generation Control:
Conventional Scenario

12.1 INTRODUCTION

An electric energy system must be maintained at the desired operating level characterized by
nominal frequency, voltage profile and load flow configuration. It is kept in this nominal state
by close control of the real and reactive powers generated in the controllable sources of the
system. The generation changes must be made to match the load variations at the nominal
conditions, if the nominal state is to be maintained. The control of an electric energy system in
order to achieve an exact matching of the generation to load at nominal state is a complex
problem. The load changes continuously and the system generation, responding to control
impulses, chases the load with the transient unbalance of load and generation reflected in speed
(or frequency) variations.

The total real and reactive power demands P and @ changes slowly throughout the day,
but during time periods measured in seconds or minutes; they may be considered as essentially
constant with superimposed first-order perturbation AP, and A@p respectively. For small
perturbations, a mismatch in real power balance affects primarily the system frequency but
leaves the bus voltage magnitudes essentially unaffected and similarly a mismatch in reactive
power balance affects mainly the bus voltage magnitudes but leaves the system frequency
essentially unaffected. In view of this, the real power-frequency (p—f) control and reactive
power-voltage (@—V) control problems are treated as two independent or “decoupted” control
problems for all practical purposes.

The change in turbine output (mechanical power) results due to governor and speed changer
actions. The generator response is, for all practical purposes instantaneous and hence changes
in turbine power output causes instantaneous change in electrical power output.

In any power system, it is a desirable feature to achieve better frequency constancy than is
obtained by the speed governing system alone. In an interconnected power system, it is also
desirable to maintain the tie-line power flow at scheduled level irrespective of load changes in
an area. To accomplish this, it becomes necessary to automatically manipulate the operation of
main steam valves or hydro-gates in accordance with a suitable control strategy, which in turn
controls the real power output of electric generators. The problem of controlling the real power
output of electric generators in this way is termed as Automatic Generation Control (AGC).

12.2 BASIC GENERATOR CONTROL LOOPS

In an interconnected power system, Load Frequency control (LFC) and Automatic Voltage
Regulator (AVR) equipment are installed for each generator. Figure 12.1 gives the schematic
diagram of the LFC loop and AVR loop. The controllers take care of small changes in load
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demand to maintain the frequency deviation and tie-power deviation—within the specified
limits. As mentioned in section 12.1, small changes in real power are mainly dependent on
changes in rotor angle d and thus, the frequency. The reactive power is mainly dependent on the
voltage magnitude (i.e., on the generator excitation). The excitation system time constant is
much smaller than the prime mover time constant and its transient decay much faster and does
not affect the LFC dynamic. Thus the coupling between the LFC loop and the AVR loop is
negligible and the load frequency and excitation voltage control are analyzed independently.

AP

Valve control
mechanism

LFC . AP
Controller
AP +jAQ,
AF Frequency
Sensor
Voltage
Sensor
AV

shaft IE/EI

Y¥Y) Gen. Field
Excitation AQC
system

P
<

Fig. 12.1: Schematic diagram of LFC and AVR of a synchronous generator.

12.3 FUNDAMENTALS OF SPEED GOVERNING SYSTEM

The basic concepts of speed governing can be illustrated by considering an isolated generating
unit supplying a local load as shown in Fig. 12.2

Valve/gate

7
Steam

or
water

X

T,, = mechanical torque
P_ = mechanical power

Turbine / 1} /@
T,
Load
P
Governor Frequency or :
speed
T, = electrical torque P, =load power.

P, = electrical power

Fig. 12.2: Generator supplying a local load.
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12.4 ISOCHRONOUS GOVERNOR

The “isochronous” means constant speed. An isochronous governor adjusts the turbine valve/
gate to bring the frequency back to the nominal or scheduled value.

Figure 12.3 shows the schematic diagram of isochronous speed governing system. The
measured frequency f (or speed w) is compared with reference frequency f, (or reference speed
w,). The error signal (equal to frequency deviation or speed deviation) is amplified and integrated
to produce a control signal AE which actuates the main steam supply valves in the case of a
steam turbine, or gates in the case of a hydro turbine.

Valve/gate
P, P,

> i » G —»

S—>team >< Turbine
or A
water AE (value or gate position)
fe+
Integrator [«— -K —
9 T — f, (reference frequency)

Af
Fig. 12.3: Schematic diagram of an isochronous governor.

An isochronous governor works very well when a generator is supplying an isolated or when
only one generator in a multigenerator system is requireed to respond to changes is load.
However, for load sharing between generators connected to the system, droop characteristic or
speed regulation must be provided as discussed in next section.

12.5 GOVERNORS WITH SPEED-DROOP CHARACTERISTICS

When two or more generating units are connected to the same system, isochronous governors
can not be used since each generating unit would have to have precisely the same speed setting.
Otherwise, they would fight each other, each will try to control system frequency to its own
setting. For stable load division between two or more units operating in parallel, the governors
are provided with a characteristic so that the speed drops as the load is increased.

The regulation or speed-droop characteristic can be obtained by adding a steady-state
feedback loop around the integrator as shown in Fig. 12.4,

Valve/gate
Shaft
—>| Turbine » To generator
Steam >A<J
or
Water AE
Integrator < K
> R

Fig. 12.4: Governor with steady-state feedback.
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The transfer function of the governor of Fig. 12.4 reduces to the form as shown in Fig. 12.5.
This type of governor may be characterized as proportional controller with a gain 1/R.

Af - 1]
— K :ls > AE
R [«

(a) Block diagram of Governor

Af 7 1
wsT, [ *AE

(b) Reduced block diagram

Fig. 12.5: Block diagram of speed governor with droop
Where T, = 1/KR = governor time constant.

12.6 SPEED REGULATION (DROOP)

The value of speed regulation parameter R determines the steady-state frequency versus load
characteristic of the generating unit as shown in Fig. 12.6. The ratio of frequency deviation (Af)
to change in valve/gate position(AE) or power output(AP,) is equal to R. The parameter R is
referred to as speed regulation or droop. It can be expressed as:

percent frequency change 100 L(12.1)
percent power output change

For example, a 4% droop or regulation means that a 4% frequency deviation causes 100%

change in valve position or power output.

Percent R =

Frequency T

Af =,

R=Af/AP

f, = Scheduled system
frequency

1.0

——» Power 6utput
or

valve/gate position (pu)

Fig.12.6: Steady-state characteristics of
a governor with speed droop.
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12.7 LOAD SHARING BY PARALLEL GENERATING UNITS

If two or more generating units with drooping governor characteristics are connected to a power
system, there must be a unique frequency at which they will share a load-change. Fig. 12.7
shows the droop characteristics of two generating units. Initially they were operating at nominal
frequency f, with outputs P,; and P,y. An increase of load AP;, causes the generating units to
slow down and the governors increase the output until they reach a new common operating

frequency f..

4 fHz) 4 f(Hz)

\.,
|
I
|
|
|
|
|
I
|
|
I
-

v

o0
T
<0
T

@
N

Power output Power output
generating unit-1 generating unit-2
Fig. 12.6: Load sharing by two prallel generating units
with drooping governor characteristics.

The amount of load picked up by each unit depends on the droop characteristic:

, Af
APgl = Pgl — Pgl = R, ..(12.2)
, Af
AP, R
gl _ vy
Hence, AP, = _Rl .. (12.4)

If the percentages of regulation of the units are nearly equal, the change in the outputs of
each generating unit will be nearly in proportion to its rating.

12.8 CONTROL OF POWER OUTPUT OF GENERATING UNITS

The relationship between frequency and load can be adjusted by changing an input shown as
"load reference setpoint u in Fig. 12.7.

Valve/gate
Shaft
—>|_7| Turbine » To generator
Steam/Water A
AE Int I¢
ntegrator + £
L e K 4—@3—@4—
Af -
\ & T
u _
z R
Load reference

Setpoint
(a) Schematic diagram of governor and turbine
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Af(S)

|-«

u + T AE(S)
8T, [ *

(b) Reduced block diagram of governor

Fig. 12.7: Governor with load reference control for adjusting
frequency-load relationship.

From the practical point of view, the adjustment of load reference set point is accomplished
by operating the “speed-changer motor.” Fig. 12.8 shows the effect of this adjstment. Family of
parallel characteristics are shown in Fig. 12.8 for different speed-changer motor settings.

A F(Hy)

53
52
51
50
49
48
P

]
1
]
!
I
]
I
- |
1

o\

50 1
Percent power output EE—

Fig. 12.8: Effect of speed-changer setting on governor characteristics.

The characteristics shown in Fig.12.8 associated with 50 Hz system. Three characteristics
are shown representing three load reference settings. At 50 Hz, characteristic A results in zero
output, characteristic B results in 50% output and characteristic C results in 100% output.
Therefore, by adjusting the load reference setting (¢) through actuation of the speed-changer
motor, the power output of the generating unit at a given speed may be adjusted to any desired
value. For each setting, the speed-load characteristic has a 6% droop; that is, a speed change of
6% (3Hz) causes a 100% change in power output.

12.9 TURBINE MODEL

All compound steam turbine systems utilize governor-controlled valves at the inlet to the high
pressure (or very high pressure) turbine to control steam flow. The steam chest and inlet piping
to the steam turbine cylinder and reheaters and crossover piping down stream all introduce
delays between the valve movement and change in steam flow. The mathematical model of the
steam turbine accounts for these delays.

Figure 12.9 (a) shows a schematic diagram of a tandem compound single reheat steam
turbine and Fig. 12.9 (b) shows the linear transfer function model of the tandem compound
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single reheat steam turbine. The time constants 7}, T, and 7, represent delays due to steam
chest and inlet piping, retreates and crossover piping respectively. The fractions Fyp, Fip and
F}p represent portions of the total turbine power developed in the high pressure, intermediate
pressure and low pressure cylinders of the turbine. It may be noted that Fyp + Fip + F1p = 1.0.
The time delay in the crossover piping 7, being small as compared to other time constants is
neglected. The reduced order transfer function model is given in Fig. 12.9(c)

The portion of the total power generated in the intermediate pressure and low pressures
cylinders

= (Fip + Frp) = (1 — Fyp)
From Fig. 12.9 (¢),

APL(S) = m |:FHP +—1+STr }AE(S)
AP,(S)  (1+SK.,T,)

..(12.5)

AE(S) — (1+ST,)(1+ST;)
K, = reheat coefficient, i.e., the fraction of the power generated in the high pressure
cylinders.

For non-reheat turbine, Fyp = 1.0, therefore transfer function model for non-reheat turbine
is given as:
AP,(S) 1
AES) ~ (1+STy)

... (12.6)

Reheater | Crossover |

Valve Control v l Shaft
——»| valves HP t-----< P}--—--=|LP X LP f|---------
position | steam chest

To Condenser

Fig. 12.9(a): Steam system configuration for tandem compound

single reheat steam turbine.
+
>@—> AP(S)
+ T
A

)

+
—

[ ]

A

»| T
o

AE(S) 1 1 1
1+ST, 1+ST, 1+ST,

Fig. 12.9(b): Approximate linear model for tandem compound
single reheat steam turbine.
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Fup 1-Fip

A A

AE(S) 1 1
1+ST, 1+ST,

A 4

Fig. 12.9(c): Reduced order model for tandem compound single reheat
steam turbine neglecting 7.

12.10 GENERATOR-LOAD MODEL

Increment in power input to the generator-load system is (AP, — APp). Where AP, = AP,
=incremental turbine power out (assuming generator incremental loss is negligible) and AP, is
the load increment. (APg — AP;) is accounted for in two ways:

(1) Rate of increase of stored kinetic energy (KFE) in the generator rotor.

At scheduled system frequency (f;)), the stored energy is
WO, =Hx P, MW - sec ..(12.7)
where
P, = rated capacity of turbo-generator (MW)
H =inertia constant

The kinetic energy is proportional to square of the speed (hence frequency). The KE at a
frequency (f, + Af) is given by

Wke ~

¢
s
/N
[y
+
Sh
<
N——

..(12.8)

|
>
\“
N

— (W) = -/ r 7

dt Wieo fo dt

(2) Itisassumed that the change in motor load is sensitive to the speed (frequency) variation.
However, for small changes in system frequency Af, the rate of change of load with

. [ dP, .
respect to frequency, that is (fd) can be regarded as constant. This load changes can

be expressed as:

o, | . _
(af ).Af = D.Af ..(12.9)
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Where D= ai = constant.
of
Therefore, the power balance equation can be written as:
AP, — AP, = 2HE, d (Af) + DAf
e LT dt
AP, AP, 2H d D
g L _ )
- —= =— —(fNH+ A
BT BT wONt e
2H d
AP,(pu) — AP (pu) = f_ E(Af) + D(pwA f ...(12.10)
0

Taking the Laplace transform of eqn. (12.10), we get
AP, (S) - AP, (S)

Af(S) =

D+ ﬁS

fo
Af(S) = [AP,(S) - AP, (S)] x (%) .(12.11)
P
2H .
where T,= F = Power system time constant
0

K, = — = Gain of power system.

Block diagram representation of eqn. (12.11) is shown in Fig. 12.10.

APL(S)

- » AF(S)

P N,
1+ST,

Fig. 12.10: Block diagram representation of generator-load model

12.11 BLOCK DIAGRAM REPRESENTATION OF AN ISOLATED
POWER SYSTEM

Figure 12.11 shows the block diagram of a generating unit with a reheat turbine. The block
diagram includes speed governor, turbine, rotating mass and load, appropriate for load frequency

analysis.
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1

+ 1 :

ad ’(:)* (ST [ A
I

|

Governor

Turbine

K

p

1+ST,

Rotor
inertia and
laod

A

Fig. 12.11: Block diagram representation of a generating unit with a reheat turbine.

~y

The block diagram of Fig. 12.11 is also applicable to a unit with non-reheat turbine.

However, in this case T, = 0.0.

12.12 STATE-SPACE REPRESENTATION

In Fig. 12.11, assume Af = xy, AP, =x,, AP, =x3 and AE =x,.

Differential equations are written by describing each individual block of Fig. 12.11 in terms

d
of state variable. (Note that S is replaced by E)

: _1x + KpAP
X = X+ Xy — AP
T, p T,
. _ -1 1 K, v
Ny = —x ———Llxg + Ly
Pt (Tr T) ot
6= —Lay + L
Xg= T —x
3 Zwt 3 Zwt 4
Xy = -1 x 1 + L u
4= L= 75X T
RT, T, T,
Eqgns. (12.12) — (12.15) can be written in matrix form:
Xq -1 ﬂ 0 0 X 0 _Kp
T, T, ! T,
= r r t t + u+ APy,
*3 0 0 -1 Izl |0 0
t T;
iy L 0 e, | |2 0
L i _RTg Tg JL _Tg_ L J

..(12.12)

..(12.13)

..(12.14)

..(12.15)

.. (12.16)
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—0.005 |
-0.01
—0.015
-0.02 |
-0.025
-0.03
—0.035
-0.04
—0.045
-0.05

reheat
——————— non-reheat

Af(Hz)

0 5 10 15 20 25 30 35
Fig. 12.12: Dynamic responses for single area reheat and non-reheat systems.

Eqn. (12.16) can be written as:

X =AX+BU+Tp ..(12.17)
Where

X =[xy x5 x5 x4

r X _
_1 _p 0 0
Tp Tp

-1 (LK_) K,

A= Tr Tr Tt Tt
0o 0 -1 1

t Ty

-1 0 __1
RTg Tg |

B':oooi]

i T,

rr=|—2 ooo]
L tp

p = AP,

’ Stands for transpose
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Figure 12.12 Shows the dynamic responses for a step increase in load demand. The results
presented in Fig. 12.12 demonstrate that, although the steady-state speed deviation is the same
for two units considered, there are significant differences in their transient responses.

12.13 FUNDAMENTALS OF AUTOMATIC GENERATION CONTROL

With the primary speed control action, a change in system load will result in a steady-state
frequency deviation, depending on the droop characteristic of governor and frequency sensitivity
of the load. Restoration of system frequency to nominal value requires supplementary control
action which adjusts the load reference setpoint through the speed-changer motor. Therefore,
the problem can be subdivided into fast primary and slow secondary control modes. The fast
primary control counteracts random load changes and has a time constant of the order of few
seconds. The slow secondary control (Supplementary Control) with time constant of the order
of minutes regulates the generation to satisfy economic generator loading requirements and
contractual tie-line loading agreements.

The primary objectives of Automatic Generation Control (AGC) are to regulate frequency
to the specified nominal value and to maintain the interchange power between control areas at
the scheduled values by adjusting the output of selected generators. This function is commonly
defined as Load Frequency Control (LFC). A secondary objective is to distribute the required
change in generation among various units to minimize operating costs.

Example 12.1: A system consists of 4 identical 400 MVA generating units feeding a total load
of 1016 MW. The inertia constant H of each unit is 5.0 on 400 MVA base. The load changes by
1.5% for a 1% change in frequency. When there is a sudden drop in load by 16 MW.

(a) Obtain the system block diagram with constants H and D expressed on 1600 MVA base
(b) Determine the frequency deviation, assuming that there is no speed-governing action.

Solution
(a) For 4 units on 2000 MVA base,

H=50x|22 |4 =50
1600
Assuming f, = 50 Hz

20
15(1016-16) _ 15 x 14460

P,
= = 30 MW/H
of 1x50 B0 ’
D= (a;?)/ _8 _ 3 pu MW/Hz
leoo 1609 160
We know
g 2H 2x5  2xFx 160

= — - secC
" Dfy %xw 3 x40
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Tp = ? sec.

(b) With AP, =0 (no speed governing), the block diagram of Fig. 12.10 with system parameters
can be given as

_ AP, 1+ST, Af

1 160
where K, = -3 Hz/pu MW.

The load change is

16
AP; =16 MW = 1600 — 0.01 pu MW.

For a step decrease in load by 0.01 pu, Laplace transform of the change in load is

0.01
MO =g

From the block diagram

~0.01 K,
A =" )| 1+8T,

Af(t)=—0.01 K e~ ™ +0.01 K,

Af(t) = 001 % _ 001x % o 16203

_ 16 332
Af(t) = 3 (1 e ) Ans.

Fig. 12.13 shows the frequency response.

Af..=0.533 Hz Ans.
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Af(t) T

Af_=0.533 Hz

0 — t(Seconds)

Fig. 12.13: Frequency response.

12.14 STEADY STATE ANALYSIS

From Fig.12.11, steady state error of frequency deviation can easily be obtained with u = 0.
From Fig. 12.11, we can write (Assume Af = Afss)

_Afss
(—R —APL)XKP :Afss

-A
(£ - APL) = D.Af,,

R
Af,
D.Af, + ? = AP,
~AP,
Af,, = Ll ..(12.18)
D+—
R

12.14.1 Composite Frequency Response Characteristic

Figure 12.14 shows a power system having n number of generating units. It may be assumed
that all the generators swing in unison and the equivalent generator has an inertia constant
equal to the sum of the inertia constants of all the generating units. From Fig. 12.14. steady
state error of frequency deviation can be given as:

A = s
D+i+i+ +i
R, R, T R,
Af,, = ;‘Pli .. (12.19)
D+—
R,
1

where ...(12.20)

Bea= R v IR, v UR,)
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governor non-reheat turbine
—1 .
1+8T,,
1 .
1+ST,, Af
_1 1
T+ST,, | i+sT, APy,

Fig. 12.14: Multi-unit isolated power system.

It has already mentioned in the previous section that the supplementary generation control
action is much slower than the primary speed control action. As such it comes into action after
the primary speed control has stabilized the system frequency. For isolated system, function of
AGC is to restore system frequency to the specified nominal value and this is accomplished by
adding a reset or integral control. This is shown in Fig. 12.15.

Integral Uyq

controller

—K
Af SI u,

Fig. 12.15: Structure of integral controller.

Note that a;, a,, ..., @, are the participation factor and a; + a, + ... + a, = 1.0. At steady state,
output of each generating unit can be given as:
AP, = a. APy,
APy = ay . APy,

..(12.21)

gnss = anAP L
Readers may easily verify that through computer simulation.

AP,
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12.15 CONCEPT OF CONTROL AREA

Consider a practical system with number of generating stations and loads. AGC problem of a
large interconnected power system has been studied by dividing the whole system into a
number of control areas. A control area is defined as a power system, a part of a system or a
combination of systems to which a common generation control scheme is applied. The electrical
interconnections within each control area are very strong as compared to the ties with the
neighbouring areas. All the generators in a control area swing in unison or coherently and it is
characterized by a single frequency. In normal steady state operation each control area of a
power system should strive to meet its load demand. Simultaneously each control area of a
power system should participate in regulating the frequency of the system.
The two basic inter-area regulating responsibilities of each control area are:

1. When system frequency is on schedule, each area is expected automatically to adjust its
generation to maintain its net transfers with other areas on schedule, thereby absorbing its
own load variations. So long as all areas do so, scheduled system frequency as well as net
interchange schedules for all areas are maintained.

2. When system frequency is off schedule, because one or more areas are not fulfilling this
requlating responsibility, other areas are expected automatically to shift their respective
net transfer schedule proportionally to the system frequency deviation and in direction to
assist the deficient areas and help to restore system frequency. The extent of each area's
shift of net interchange schedule is programmed by its frequency bias setting. Failure of an
area to respond fully to frequency deviations caused by other areas creates extra regulating
requirements for areas that do properly respond.

Cooperative assistance between areas is one of the planned benefits of interconnected
operation. But when the assistance is unscheduled, it is obtained at the expense of departures
of system frequency and area net interchange from their respective schedules. These integrate
respectively into system time deviation and area unscheduled or inadvertent interchange, and
cause additional regulation burden on the part of assisting areas.

Example 12.2: A power system has a total load of 1260 MW at 50 Hz. The load varies 1.5% for
every 1% change in frequency. Find the steady-state frequency deviation when a 60 MW load is
suddenly tripped, if

(a) there is no speed control

(b) The system has 240 MW of spining reserve evenly spread among 500 MW generation
capacity with 5% regulation based on this capacity. Assume that the effect of governor
dead bands is such that only 80% of the governors respond to the reduction in system
load.

Solution
Total remaining load is (1260—60) = 1200 MW. The damping constant of remaining load is

1.5 %1200 100
D=( )x ( ):36MW/HZ.

100 50 x1

(@) With no speed control, the resulting increase in steady-state frequency is

_-aP, _ —(-60) _ 5
Afss_ D - 36 - 3 Hz

Af,=1.667 Hz Ans.
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(b) The total spinning generation capacity is equal to
Load + reserve = 1260 + 240 = 1500 MW
Generation contributing to regulation is
0.8 x 1500 = 1200 MW

A regulation of 5% means that a 5% change in frequency causes a 100 % change in power
generation. Therfore,

1200

1
— = = 480 MW/H
R (005x50 Witz

The composite system frequency response characteristic is

1
B=D+ — =36+ 480 = 516 MW/Hz.

R
Steady-state increase in frequency is
—AP;,  —(-60)
Af, = =——H
f="p 516
Af =0.1162 Hz. Ans.

Example 12.3: Two generators rated 250 MW and 400 MW are operating in parallel. The droop
characteristics of the governors are 4% and 6 % respectively. How would a load of 650 MW be
shared between them? What will be the system frequency? Assume nominal system frequency is
60 Hz and no governing action.

Solution
Let load on generator 1 = x MW
load on generator 2 = (650 — x) MW

Reduction in frequency = Af

Now
Af  004x60 0
X = 250 .1
Af 00660 y
(650—x) ~ 400 -

From eqns (i) and (ii), we get

650-x _ 0.04x60 400 1066
x 250 006x60

x =314.52 MW. (load on generator 1)
650 — x = 335.48 MW (load on generator 2)
and Af=3.019 Hz
System frequency = (60 — 3.019) = 56.981 Hz.
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Example 12.4: A 200 MVA generator operates on full load at a frequency of 60 Hz. The load is
suddenly reduced to 20 MW. Due to time lag in governor system, the steam valve begins to close
after 0.22 sec. Determine the change in frequency that occurs in this time. Given H=10 KW - sec/

KVA of generator capacity.

Solution
Stored kinetic energy = 10 x 200 x 1000 KW—sec

=2 x 10 KW-sec
Excess power input to generator before the steam valve begins to close = 20 MW.
Excess energy input to rotating parts in 0.22 sec = 20 X 1000 x 0.22 = 4400 KW-—sec.
Stored kinetic energy is proportional to the square of frequency.
. Frequency at the end of 0.22 sec

1

6 %

= 60x| 2210+ 2400 17— 0,066 Hz. Ans.
2x10

12.16 AGC OF TWO AREA INTERCONNECTED POWER SYSTEM

Fig. 12.16 shows a two area power system interconnected by tie-line. Assume tie-line resistance

is negligible.
@ Tie-line @
1 2
P(ie, 12

Fig. 12.16: Two area power system.

From Fig. 12.16, tie-line power flow can be written as:
ViVo e s
Pyoyp = ——= sin (85 - 89 ..(12.22)
X129

Where 8] and 85 are power angles.
For incremental changes in §; and J,, the incremental tie-line power can be expressed as

A Ptie,lZ(pU) =T, (A8, — Ady) ...(12.23)
Where
V4| V-
Ty, = # cos(8] — 89) = synchronizing coefficient.
r1+12

Eqn. (12.23) can also be written as

APyo1z = 2Ty, ([ Afydt =] afyat) -(12.24)
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Where Af; and Af, are frequency deviations in area-1 and area-2 respectively. Similarly
power flowing from area-2 to area-1 can be given as

APyozn = 25Ty, ([ Af, di — ] Af, dt) ..(12.25)
Where

V1l
Pryxy

Ty = cos(d3 — 89) = synchronizing coefficient.

Note that P,; and P,y are the rated capacity of area-1 and area-2, respectively,
From eqns. (12.24) and (12.25) we get

AP 01 = 219APyie 19 ...(12.26)
Where
_Prl
a9 = ...(12.26)
12 Pr2

With reference to eqn. (12.10), incremental power balance equation for area-1 can be
written as

ng_
f° dt

Taking Laplace transform of eqn. (12.27) and reorganizing, we get

2
AP, — APL, = (Af) + DiAfy + APy 1y ..(12.27)

K 1
AF,(S) = [APy1(S) = APLy(S) - APy 1 <S>].(—pj ..(12.28)
’ 1+ ST
pl
Where K L = & ...(12.29)

pl_Dl’ pl_leo

Block diagram representation of eqn. (12.28) is given in Fig.12.17.

APL, (S)

p1

1+ST,

p1

——» AF,(S)

APt\e!Q (S)

Fig.12.17: Block diagram.



326 Electrical Power Systems

Similarly for area-2, block diagram representation of area-2 is given in Fig. 12.18.

l A Pye, 12(S)

———» AF,(S)

APL, (S)
Fig. 12.18: Block diagram.

Taking Laplace transform of eqn. (12.24), we get
21Ty

APy, 15(S) = [AF|(S) - AF,(S)] .(12.30)
Figure 12.19 gives block diagram representation of eqn. (12.30)
AF(9)
+
A Pt\e*ﬂZ(S) — M
TA F,(s)

Fig. 12.19: Block diagram representation.

Figure 12.20 shows that small perturbation transfer function block diagram—cansidering
one non-reheat type unit in each area.

A

y
T APL,
R, l

<
.
S
A
>
D &3
|
{l@
U><
x
i 4
>
on

1+ST, AE, > 1+ST,, 1+ST,,

A'Dtie. 12 2nT,,
<

v X S
aiy

+ 1 X7 > 1 X5 + sz b AF
u, 1+ST,, AE, 1+ST, AP '( : ) > 1+ST,, er 2

— 92 _
TA PL,

Fig. 12.20: Block diagram representation of two area system.
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From Fig. 12.20, state-variable equations can be written as

= il 0 Ko En g o | |m
5c2 pl TpII{ Tpl K
0 -1 Q128 p2 p2 0 0 xs,
Xg Tyo Tyo Tyo
2nTyy —2nT, 0 0 0 0 0 Xg
i 0 0 0 1oy Loy Xy
4= Ty Ty
. 0 0 0 o L o Lllu
X5 Tio Tio
. -1 0 0 0 o —L o X
X6 R Ty gl
-1 -1
: 0 0 0 0 0 —||x
X
7 L R2 Tg2 Tg2 | T
0 0 -K 0
0 0 T
_ sz
0 0 T,
0 0
0 0 1221 APL,
+ +1 0 0 ... (12.31)
S P APL,
1 0 0
— 0
T,
0 0
0 L
i Tys | 0 0

Above equation can be written as
X =AX + BU +Tp .(12.32)

Where A is 7x 7 matrix, B and T" are 7x 2 matrices. X, U and p are state, control and
disturbance vectors.

X' =[x x x3 x4 x5 x5 X7
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U  =lu; uyl ...(12.33)
p' =[APL, APL,]

The steady-state, frequency deviation is the same for the two areas. At steady-state,

d d
= = —(A = —|(A =
Afl AfZ Afss and dt( fl) dt( f2) 0
and
gsls - APtsinQ - APLl = Dl' Afss (1234)
A gS§ — a1 APgq 19 — APLy = Dy Af ...(12.35)
—Af
= TISS ...(12.36)
~Af
ngs = T;S ...(12.37)
Solving eqns. (12.34), (12.35), (12.36) and (12.37), we have
APL, — APL
Af, = (@124, 2) ..(12.38)
1 1
Dy +— |-ays| Dy +—
[ R2) [ Rl)
and
1 1
D, + R)APLQ - (DQ + R)APL1
AP 15 = L 2 ..(12.39)
} D +i —a9| D +i
2 R, 12| P R,

12.17 TIE-LINE FREQUENCY BIAS CONTROL

Equation (12.38) and Eqn. (12.39) suggest that, there will be steady-state errors of frequency
deviation and tie-power deviation, following a change in loads. To correct these steady-state
errors, supplementary control must be given in both the areas. The supplementary control in
a given area should ideally correct only for changes in that area. In other words, if there is a
change in area-1 load, there should be supplementary control action only in area-1 and not in
area-2.

Equations (12.38) and (12.39) indicate that a control signal made of tie-line flow deviation
added to frequency deviation weighted by a bias factor would accomplish the desired objectives.
This control signal is known as area control error (ACE).
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The area control error for area-1 and area-2 can be defined as

ACE, = B/Afy + APy 15 ...(12.40)
ACE, = ByAfy + alePﬁe,u ..(12.41)
1
Where B, =B,=D;+ —
R,
1
By, =By=Dy + - ...(12.42)
R,

B, and B, are the frequency response characteristic of area-1 and area-2 respectively.
Integral control law for area-1 and area-2 are given by

U, = —Kn | ACE,dt ..(12.43)

U, = K1z | ACE,dt (12.44)

Where Kj; and Kj, are the integral gains of area-1 and area-2 respectively.

12.18 BASIS FOR SELECTION OF BIAS FACTOR

From the point of view of steady-state performance, the selection of bias factor is not important.
Any combination of area control errors containing components of tie-line power deviation and
frequency deviation will result in steady-state restoration of the tie-flow and frequency since
the integral control action ensures that ACE is reduced to zero. Consider the following area
control errors applicable to a two-area power system:

ACEY® = A| AP, 15 + B My =0 -..(12.45)

ACES® = Ag.a19 AP 15 + By Afyg =0 ...(12.46)

The above equations result in AP, 1o = 0 and Af = 0 for all non-zero values of A,, Ay, B; and
B,. However, the composition of area control error signals is more important from dynamic
performance considerations. This can be explained by considering the transient response of the
AGC system to a sudden increase in the load of area-1. The sudden increase in load will result
in a decrease in system frequency, followed by governor response which limits the maximum
frequency excursion and subsequently brings the frequency deviation back to a value determine
by the regulation characteristic of both systems and from eqn. (12.38), we can write

a9 APLl

Af= . . ..(12.47)
(DQ + RQ) — a9 (Dl + Rl)

If we assume P,; = Py, then a5 = —1 and eqn. (12.47) reduces to

Af = m ...(12.48)
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At this point, there will be deviation of tie-power flow from its scheduled value. Supplementary
control, which is much slower than the primary speed control, will now commence responding.

Let us now study the following cases:
(@) For B;=pB, and B,=, APL,=APL,, APL,=0.0,a,,=-1,

ACETS =A 52,12 + Bl'Afss
~APL,
S — -
ACE;” = W(BZ +B1) =-AP,
—-APL
ACE® =-APgc 9 + By Afs = m(_f’z +[31) =0

From the above, we can conclude that only the supplementary control in area-1 will respond
to APL, and change generation so as to bring ACE; to zero. The load change in area-1 is thus

unobservable to the supplementary control in area-2.

(b) In this case, let us assume, B;=2p;, and By, =28, a,=-1
1
ACES = APf 15 + BiAf = _APLl(l_ﬁ )
2
. . — Ll
Similarly, ACES® = -AP;, 1, + 2BAf = B
’ 2

Here both area-1 and area-2 supplementary controls would respond and correct the frequency
deviation twice as fact. However, the generation picked up by area-2 will subsequently reflect
itself as a component of ACE,, and will be backed off again in the steady-state. For AGC more
logical choice of frequency bias setting is B = .

Block diagram of integral control law using eqns. (12.43) and (12.44) are given in Fig. 12.21.

Fig.12.21: Block diagram showing Integral Control.
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Fig. 12.22 shows the dynamic responses for Af}, Afy, APy, 19 APy and AP, with and without
considering integral controller. Following parameters were used for plotting Fig. 12.22,
R, =R, =2.40 Hz/pu MW, K, = K,, = 120 Hz/pu MW, T}, = T\, = 20 secs, Ty,; = T,5 = 0.08 sec,
T,1 = Tio = 0.30 sec, T}, = 0.0866,

a;5 =—1.0, APL,=0.01 pu MW
APL,=0.0, Kj; =K, =0.67.

From Fig. 12.22, it is seen that with integral control action A f;, Af, and A P, ;, are setting
to zero for a step load disturbance in area-1. Note that without integral control, load increase
in area-1 is equally shared by both the units, i.e. AP,; = AP, = 0.50 APL; = 0.005 pu MW. With
integral control action AP, = APL; = 0.01 pu MW and AP, = 0.0.

0.005

0

0.005

-0.01 |

A f(Hz)

0.015

-0.02 A

—-0.025

1 1 1 1
15 20 25 30 35

Fig. 12.22: (a) Time (sec).

0.01 T T T T T T

0.005

0.005

AT ,(Hz)

-0.01

-0.015

-0.02 i

0 5 10 15 20 25 30 35

Fig. 12.22: (b) Time (sec).
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APy 1,(pu MW)

AP (pu MW)

AP,(pu MW)

71
0 5 10 15 20 25 30 35
Fig. 12.22: (¢) Time (sec).
0.012 T T T T T
0.01 1
0.008 1
n
/i
0.006 1 /4 A A ]
0.004 1 v ]
1
0.002 _
0 5 10 15 20 25 30 35
Fig. 12.22: (d) Time (sec).
T T T T
—1 1 1 1 1 1 1
0 5 10 15 20 25 30 35
Fig. 12.22: (e) Time (sec).
Fig. 12.22: Dynamic responses for Afy, Afy, APyeqy, APy, and APg,.

K, = K, = 0.67
Uncontrolled
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Example 12.5: Fig. 12.23 shows a two area interconnected system. The load in each area varies
1% for every 1% change in system frequency. f, =50 Hz, R = 6 % for all units. Area-1 is operating
with a spinning reserve of 1000 MW spread uniformly over a generation of 4000 MW capacity,
and area-2 is operating with a spinning reserve of 1000 MW spread uniformly over a generation
of 10,000 MW. D; = 380 MW/Hz and D, = 800 MW/ Hz.

Area—1 Area—-2

Load = 20,000 MW 1000 MW . Load = 40,000 MW
1 Gen. = 41,000 MW

Gen. =19,000 MW !

Fig. 12.23

Determine the steady-state frequency, generation and load of each area, and tie-line power
for the following cases.

(a) Loss of 1000 MW load in area-1, assuming that no supplementary controls.

(b) Each of following contingencies, when the generation carrying spinning reserve in each
area is on supplementary control with B; = 2500 MW/Hz and B, = 5000 MW/Hz.

(i) Loss of 1000 MW load in area-1

(i1) Loss of 500 MW generation, carrying part of the spinning reserve, in area-1.

Solution
(@) 6% regulation on 20000 MW generating capacity (induding spinning reserve of

. 1 1 20000
1000 MW) in area-1 corresponds to — = X ———

— = 6666.67 MW/Hz
R, 006 50

1
Similarly 7= ﬁ 42000 _ 4 4000 MW/Hz.
1oL L 0ee6.67 MW
R R R ' z
D =D, + D, =380 + 800 = 1180 MW/Hz
Y ~(~1000)
s (D+ % ) (1180 +20666.67)

Af,, = 0.04577 Hz
Load changes in the two areas due to increase in frequency are
APy = D;.Af, =380 x 0.04577 MW = 17.392 MW
APy, = D,.Af,, =800 x 0.04577 MW = 36.616 MW
e -
1

_Afss _ —
B T 0.04577 x 14000 = — 640.78 MW
2

AP, = —0.04577 x 6666.67 = — 305.13 MW
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New load in area-1 and area-2,
LOAD, = 20,000 — 1000 + 17.392 = 19017.392 MW
LOAD, = 40,000 + 36.616 = 40036.616 MW
Generation in area-1 and area-2,
PG, = 19000 — 305.13 = 18694.87 MW
PG, = 41000 — 640.78 = 40359.22 MW
Pije91 = LOAD, — PG, = 19017.392 — 18694.87
Pije 01 = 322.522 MW.

(b) With supplementary control
(i) Loss of 1000 MW load in area-1

Area-1 has a generating capacity of 4000 MW on supplementary control and this will reduce
generation so as to bring ACE, to zero. Similary, area-2 generation on supplementary control
will keep ACE, at zero.

ACE, = B Af+AP;;, 1, =0
ACE, = By Af — APtie,lZ =0
Hence, Af=0.0, APy,12=0.0

Area-1 generation and load are reduced by 1000 MW. There is no steady-state change in
area-2 generation and load, or the tie flow.

(i1) Loss of 500 MW generation carrying part of spinning reserve in area-1:

Spinning reserve lost with generation loss is

500 %1000

(4000—1000) _ L66-67 MY

Spinning reserve remaining is (1000 — 166.67) = 833.33 MW. This is sufficient to make up
500 MW. Hence, the generation and load in the two areas are restored to their pre-disturbance
values. There are no changes in system frequency or tie-line power flow.

12.19 GENERATION RATE CONSTRAINT (GRC)

In establishing AGC signals, it should be recognized that there is a limit to the rate at which
generating unit outputs can be changed. This is particularly true for thermal units where
mechanical and thermal stresses are the limiting factors. Figure 12.24 shows the flow chart for
incorporating the effect of GRC in the matrix differential equation X = AX + BU + I'p for
obtaining the system response at various states. At each time interval of A¢ seconds for
integration, the generation rate is checked for its magnitude and sign; that is for the K-th
interval, if the generation rate |Apgi,k | are less than or equal to a specified maximum rate
(say r), the corresponding generation changes APy is not altered. In case the generation rate
exceeds the maximum specified rate r, the generation change is constrained through the
relationship

APy = APy 1 +r.A ...(12.49)
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Store
A Pgi,k—1

v

Solve X =AX+BU+T" P
and evaluate the states
at the end of K-th interval

Is

No

A 4

AP

il 1 ?

—|APgi,k= AP, HTAL

Y

AP, = APy, —TAt

v

Write
ik r APy p,etc.

tAP

g

Fig. 12.24: Flow chart for considering GRC in the system dynamics. (i-is the /™ unit).

12.20 DISCRETE INTEGRAL CONTROLLER FOR AGC

For ease operation and control, an interconnected power system is generally considered an
amalgamation of a number of areas. Interconnectiors between contiguous areas are physically
remote from the dispatch centre. It is a usual practice to sample system data, i.e., frequency and
tie-line power, and transfer information over data links to the dispatch centre. These signals
are updated every 2 sec, 4 secs, etc.

Figure 12.25 shows the power system and controller representation. As shown in Fig. 12.25,
the controller is in the discrete domain even though the power system is in the analogue or
continuous-time domain. Diceretization of the model

L] ] I
U1 Controller I ZOH :_» P?wer system
et ! 1 X=AX+BU+TI'p

Sampler

Fig. 12.25: Power system and controller representation.
Continuous domain
——————————————————————— discrete domain
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for simulation studies must be done in accordance with Shannon's sampling theorem. Otherwise
an error, proportional to the amount of aliasing, occurs.

A mixed system, such as that shown in Fig. 12.25, may be analyzed by modeling the entire
system exactly as shown in Fig. 12.25. The system output will be sampled at the normal
sampling rate, i.e., if the sampling time T = 2 sec, the controller output will be updated every
2 sec. Thus the control input to the power system in the continuous—time domain is held
constant for 2 sec between consecutive samples.

The control law in continuous mode is described as

U = — Ky | ACE; ()dt ..(12.50)
The discrete vevsion of eqn. (12.50) is computed directly as
U(KT) = U{(K ~ )T} - Ky + T« ACE(KT) .(12.51)

where K is sampling count.

EXERCISE

12.1. A system consists of three identical 500 MVA generating units feeding a total load of 765 MW. The
inertia constant H of unit is 5.0 on 500 MVA base. The load varies by 1% for 1% change in
frequency. When there is a sudden increase in load by 15 MW, (Assume f, = 50 Hz.)

(a) Determine H and D expressed on 1500 MVA base.

(b) Find the steady state value of frequency diviation and its mathematical expression. Assume
there is no speed-governing action.

Ans: Af,, = —1Hz.
Af(t) — (e—t/ZO _1)
H = 5.0 sec.

D =0.01

12.2. An isolated power system consists of three turbine-generating units rated 1000, 750 and 500 MVA,
respectively. Regulation of each unit is 5% based on its own rating. Initially each unit was
operating at half of its own rating, when the system load suddenly increases by 200 MW. Determine
area frequency response characteristic (AFRC)  on a 1000 MVA base. Also steady-state frequency

deviation and APgsls, APgSZS and AP;; Assume U = 0 and D = 0, given system frequency
fo = 60 Hz.

Ans: B =45.0 pu

Afy =—0.2667 Hz

SS

o1 = 88.88 MW
AP =
w2 = 66.66 MW

APZ; = 44.44 MW.
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12.3. Consider a two area power system interconnected by a tie-line. Area-1 has 1000 MW of total
generation and R, = (350)"! Hz/MW and area-2 has 2000 MW of total generation and
R, = (700)~! Hz/MW. Initially, each area was generating half of its total generation. Assume D = 0

SSs SSs

a1 » APgs and

and U = 0 (uncontrolled), and system frequency f, = 50 Hz. Compute Af,

AP&Z,H for a step increase of 100 MW load in area—1.

Ans: Af,,=— 0.0952 Hz.

1 = 33.33 MW
> = 66.67 MW

55 19 = — 66.67 MW.

12.4. Consider a single area system as shown in Fig. 12.26 with P-I-D controller. Obtain the dynamic
responses and compare it with only integral controller.

K u o+ 1 1 + K
B Npt S' +SKd 1+STg » 1+STt _>@_’ 1+STp VAf
Fig. 12.26
Use T, = 0.08 sec, Ty = 0.3 sec, K, = 120.0, T, = 20 sec,

R = 240 Hz/pu MW, K, = — 0.40, K; = — 0.70,
Ky=-0.55, AP, =0.01

12.5. An area is interconnected with another area having extremely large capacity (infinite capacity) as
shown in Fig. 12.27. Obtain the dynamic response of this system with and without considering
integral controller. Consider same parameters as in P 12.4. Given T, = 0.0866, K; = 0.65.

B

A
— APL
R
" . -
) - - 1 H Al ,
S 1+ST, T+8T, 1+8T, N

¥
A/i’ue,m 2n T, <Z>+
S

Fig. 12.27

A4

A
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12.6. Draw the complete block diagram model and write down all the state equations of the three area
and four area interconnected power system as shown in Fig. 12.28.

A, A,
RH »- NRH|
A,
(a) 3—Area System 4—Area System

Fig. 12.28

12.7. For a single area system, assume T, = 0.0, T} = 0.0, R =2.40 Hz/pu MW, K, = 100.0, T}, = 20.0 sec
and A P, = 0.01. Obtain an expression of Af(¢) and the value of Af,,.

Ans: Af() = —0.029(1 — e 1717)
Af,, =—0.029 Hz.



Automatic Generation Control
in a Restructured Power System

13.1 INTRODUCTION

In a restructured power system, the engineering aspects of planning and operation have to be
reformulated although essential ideas remain the same. Some countries like United Kingdom
and Norway are along the path of restructuring than others and it is becoming clear that there
will be many variations in the restructured scenarios for electric power systems around the
world. The electric power business at present is largely in the hands of vertically integrated
utilities (VIUs) which own generation—transmission—distribution systems that supply power to
the customer at regulated rates. Such a configuration is shown conceptually in Fig. 13.1, in
which the large rectangular box denotes a VIU. The VIU is usvally interconnected to other
VIUs and this interconnection is almost always at the transmission voltage denoted in the
figure as tie-lines. Thus, electric power can be bought and sold between VIUs along these tie-
lines and moreover, such interconnection provides greater reliability.

The major change that has happened is the emergence of independent power producer
(IPPs) that can sell power to VIUs and these are also shown in Fig. 13.1. Thus, at the square
boxes in Fig. 13.1 denote business entities which can buy and/or sell electric power.

Vertically Integrated Utility

IPP
Tie-Lines Transmission Tie-Lines
Distribution >/—|§|
IPP
O 4 N 4 N
IPP

Fig. 13.1: Vertically integrated utility structure.

Given the present situation, it is generally agreed that the first step in deregulation will be
to separate the generation of power from the transmission and distribution, thus putting all the
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generation on the same footing as the IPPs. Figure 13.2 shows the deregulated utility structure.
In Fig. 13.2, GENCOs which will compete in a free market to sell electricity they produce. It can
be assumed that the retail customer will continue for some time to buy from the local distribution
company. Such distribution companies have been designated as DISCOs. The entities that will
wheel this power between GENCOs and DISCOs have been designated as TRANSCOs. Although
it is conceptually clean to have separate functionalities for the GENCOs, TRANSCOs and
DISCOs, in reality there will exist companies with combined or partial responsibilities.

GENCO  GENCO GENCO GENCO
| | | | | @
I I I I I
Tie-Lines i TRANSCO | Tie-Lines

O
. DIsco DISCO 4@
O-J l l l GENCO

GENCO

Fig. 13.2: Deregulated utility structure.

With the emergence of the distinct identities of GENCOs, TRANSCOs, DISCOs and the
ISO, many of the ancillary services of a VIU will have a different role to play and hence have
to be modeled differently. Among these ancillary services is the Automatic Generation Control
(AGC). In the new scenario, a DISCO can contract individually with a GENCO for power and
these transactions will be made under the supervision of ISO.

13.2 TRADITIONAL VS RESTRUCTURED SCENARIO

In the previous section vertically integrated utility (VIU) structure and deregulated utility
structure have been discussed. As there are several GENCOs and DISCOs in the deregulated
structure, a DISCO has the freedom to have a contract with any GENCO for transaction of
power. A DISCO may have a contract with a GENCO in another control area. Such transactions
are called “bilateral transactions.” All the transactions have to be cleared through an impartial
entity called an independent system operator (ISO). The ISO has to control a number of so-
called “ancillary services”, one of which is AGC.

13.3 DISCO PARTICIPATION MATRIX (DPM)

In the restructured environment, GENCOs sell power to various DISCOs at competitive prices.
Thus, DISCOs have the liberty to choose the GENCOs for contracts. They may or may not have
contracts with the GENCOs in their own area. This makes various combinations of GENCO-
DISCO contracts possible in practice.

We will describe here DISCO participation matrix (DPM) to make the visualization of
contracts easier. DPM is a matrix with the number of rows equal to the number of GENCOs and
the number of columns equal to the number of DISCOs in the system. For the purpose of
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explanation, consider a two-area system in which each area has two GENCOs and two DISCOs
in it. Let GENCO,, GENCO,, DISCO,; and DISCO, are in area-1, and GENCO3;, GENCO,,
DISCO; and DISCO, are in area-2 as shown in Fig. 13.3.

[sco]  [B%o]
Tie-Line
e
[Evco]  [GEnca)
Area-1 Area-2

Fig. 13.3: Schematic of a two-area system in a restructured power system.

The DPM of Fig. 13.3 can be given as:

DISCO, Disco, DISCO, DISCO,
GENCO, cpf 4 cpfy, cpfys cpfyy
DPM = | GENCO, cpfyy cpfyy cpfas cpfoy ..(13.1)
GENCO,4 cpfay cpfs, cpfag cpfay
GENCO, cpfyq cpfan cpfas cpfay

Each entry in eqn. (13.1) can be thought of as a fraction of a total load contracted by a
DISCO (column) toward a GENCO (row). Thus, the ij-th entry corresponds to the fraction of the
total load power contracted by DISCO j from a GENCO i. The sum of all the entries in a column
in this matrix is unity. DPM shows the participation of a DISCO in a contract with a GENCO,
and hence the “DISCO participation matrix”. In eqn. (13.1) , cpf;; refers to “contract participation
factor”. For the purpose of explanation, suppose that DISCO, demands 0.1 pu MW power, out
of which 0.02 pu MW is demanded from GENCO;, 0.035 pu MW demanded from GENCO.,,
0.025 pu MW demanded from GENCO; and 0.02 pu MW demanded from GENCO,.

The column 2 entries in eqn. (13.1) can easily be defined as:

0.02 0.035

cpfre = 01 0.20; cpfos = 01 0.35;
0.025 0.02

cPfsy = o1 - 0.25; cpfye= o1 - 0.20;

Note that cpfis + cpfog + cpfsy + cpf43 = 1.0
Other cpfs are defined easily to obtain the entire DPM. In general

>.pfi =1.0 ..(13.2)

13.4 BLOCK DIAGRAM REPRESENTATION

In chapter-12, Block diagram representation of two area system has been presented for
conventional AGC. Here, we will formulate the block diagram for a two area AGC system in the



342 Electrical Power Systems

deregulated scenario. Whenever a load demanded by a DISCO changes, it is reflected as a local
load in the area to which this DISCO belongs. This corresponds to the local loads APL; and APL,
and should be reflected in the deregulated AGC system block diagram at the point of input to
the power system block. As there are many GENCOs in each area, ACE signal has to be
distributed among them in proportion to their participation in AGC. Coefficients that distribute
ACE to several GENCOs are termed as “ACE participation factors”.

Note that
NGENCO;
> aj =10 .(13.3)
1=1
Where a;i = participation factor of i-th GENCO in j-th area

NGENCO; = Number of GENCOs in j-th area.

Unlike the traditional AGC system, a DISCO asks/demands a particular GENCO or GENCOs
for load power. These demands must be reflected in the dynamics of the system. Turbine and
governor units must respond to this power demand. Thus, as a particular set of GENCOs are
supposed to follow the load demanded by a DISCO, information signals must flow from a
DISCO to a particular GENCO specifying corresponding demands. The demands are specified
by cpfs (elements of DPM) and the pu MW load of a DISCO. These signals carry information as
to which GENCO has to follow a load demanded by which DISCO.

The scheduled steady state power flow on the tie-line is given as:

scheduled — (Demand of DISCOs in area-2 from GENCOs in area-1) —

AFie12 (Demand of DISCOs in area-1 from GENCOs in area-2)
2 4 4 2
= X ZXZcpfi; APL, — X  Zcpf; APL;
APtsighle;uled i=1j= gpfu I i=3 j= fpfl] J ..(13.4)

At any given time, the tie-line power error APS, 15 is defined as:

error _ actual scheduled
AZ:)tie 12 = tiel2 tie 12 ...(13.5)

AP§; 75 vanishes in the steady-state as the actual tie-line power flow reaches the scheduled
power flow. This error signal is used to generate the respective ACE signals as in the traditional

scenario:

ACE, = B, A F, + AP5)s ...(13.6)

ACEy = ByA Fy + a5 AP TS ...(13.7)
For two area system as shown in Fig. 13.3, contracted power supplied by i-th GENCO is
given as:

NDISCO=4

AP, = EicpfijAPLj ..(13.8)
p
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The block diagram of two area AGC system in a deregulated environment is shown in Fig.
13.4(a). Simplified version of Fig. 13.4(a) is shown in Fig. 13.4(b). In fig. 13.4(b), for i = 1,

A Py =cpfi; A PLy + epfig A PLy, + cpfi3 A PLg + cpfi, A PL, ...(13.9)

"l cpfy - E@f cpfy, [0
-
pu load of cpf,, I > < cpf
DISCO, [ I -7t + 22 pu load of

[ [ pIsSco,
> cpfy, ! ] < i®< —————— . cpfs,
+

f

A 4

f

B1_|AcE,

I
1
I
I
1
I
I
|
|
I
1
1
I
1
1
I
1
1
I
I
:
I
from GENCOs of A tv |
2 AP !
tie12actual P 27TT12 :
S |
1
I
I
1
I
I
1
1
I
1
1
I
|
1
I
|
I
I
I
1
I
I
1

‘\\ Demand of DISCOs of A,
\
APtie12(error \\\
N <
Demand of DISCOs of A, —4
a4 from GENCOs of A, a,
ACE,
/ uc2
+
Ke Ko AF,
T S 1+sT,, "
| N P
i U, L2,Loc
B, !
|4 > e S R
pu load of pu load of
DISCO, 1 pisco,

Fig. 13.4(a): Block diagram of two-area deregulated power system.
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Fig. 13.4(b): Simplified representation of fig. 13.4(a).
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Similarly, APy, AP; and AP, can easily be obtained from eqn. (13.8). In Fig. 13.4(b), AP,.; and
o are uncontracted power demand (if any).

Also note that APL, 1 oc = APL; + APLy and APLgy ¢ = AP 3 + APL,. In the proposed AGC
implementation, contracted load is fed forward through the DPM matrix to GENCO setpoints.
This is shown in Fig. 13.4(b) i.e., AP;, AP,, APy and AP,. The actual loads affect system dynamics
via the inputs APL,; o to the power system blocks. Any mismatch between actual and contracted
demands will result in a frequency deviation that will result in a frequency deviation that will
drive AGC to redispatch GENCOs according to ACE participation factors, i.e., a1, ais, @31,

AP,

u

and ajy . The AGC scheme does not require measurement of actual loads. The inputs APL; ¢

and APLg o in the block diagram of Fig. 13.4 (a) & (b) are part of the power system model, not
part of AGC.

13.5 STATE SPACE REPRESENTATION OF THE TWO-AREA SYSTEM
IN DEREGULATED ENVIRONMENT

The closed loop system shown in Fig. 13.4 (b) is characterized in state space form as

X =AX+BU+TP+7yp ...(13.10)
For this case, Ais 11 X 11 matrix, Bis 11 X 2 matrix, I'is 11 x 4 matrix and yis 11 X 2 matrix.
Details of this matrices are given below:

_ -K K K
L 0 pt el g R 9 0 0 0
pl Tpl Tpl Tpl
_ K ,a K K
0 1 p2 %12 0 0 0 p2 0 p2 0
Tp2 Tp2 Tp2 Tp2
onTy, —2nTy, 0 0 0 0 0 0 0 0 0
0 0 0 -1 1 0 0 0 0 0 0
Ttl Ttl
-1 -1
0 0 0O — 0 0 0 0 0 0
R\Ty, Ty
| o 0 0 o o L o o 0o o
A= Ty Ty
1 0 0 0 0 0 1 0 0 0 0
RyT,, Ty,
0 0 0 0 0 0 0 -1 1 0 0
Tt3 Tt3
-1 -1
0 0 0 0 0 0 0O — 0 0
Ry Ty Tys
0 0 0 0 0 0 0 0 0 -1 1
Ty Ty
-1 -1
0 0 0 0 0 0 0 0 0o —
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— O O - _Kpl _Kpl O O _Kpl O
0 0 Tpl Tpl Tpl
-K -K -K
0 0 0 0 p2 p2 0 p2
sz sz Tp2
Q 0 0 0 0 0 0 0
din 0 0 0 0 0 0
Te cofy  cphe  cPhs  Pha 0 0
0 0 T T T T
— ’ gl gl gl gl —
B= a4 | 0 0 0 o |”7| o 0
Tg2 cpfo1  CPlag  cPlag  CPfoa 0 0
0 aQ Tg2 Tg2 Tg2 Tg2
0o 2 0 0 0 0 0 0
Tg3 cpfs1  cPfsy  cPfss  cPfsa 0 0
0 a(/) Tg3 Tg3 Tg3 Tg3
0o 2 0 0 0 0 0 0
i T4 cpfyn  cPfsa  cPlaz  CPlua
i Tg4 Tg4 Tg4 Tg4 0 0
APL,
251 APLQ APucl
U= , P= APL, and p =
Uy APL APuc2
4

Integral control law for area-1 and area-2 are given as:

U, =— Ky, [ACE dt .(13.11)

U, = K13 [ ACE,dt (13.12)

K;, and Kj, are the integral gain settings of area-1 and area-2 respectively,

Case-1

Consider a case where the GENCOs in each area participate equally in AGC, i.e., ACE
participation factors are ai;=0.5, ajg=1-ai;=0.5; ay; = 0.5, ass = 1- aj; = 0.50. Assuming
that the load change occurs only in area-1. Thus, the load is demanded only by DISCO, and
DISCO,. Let the value of this load demand be 0.04 pu MW for each of them, i.e., APL; = 0.04

puMW, APL; =0.04 pu MW, APL3= APL, =0.0. DISCO participation matrix (DPM), referring
to eqn. (13.1) is considered as

050 050, 0 0

I
050 050! 0 0
DPM = |-*---2220 I
0 0 !0 O
0 010 0
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Note that DISCO5 and DISCO, do not demand power from any GENCOs and hence the
corresponding contract participation factors (columns 3 and 4) are zero . DISCO; and DISCO,
demand identically from their local GENCOs, viz., GENCO, and GENCO,. Therefore, cpf;; =
cpfis = 0.50 and cpfy; = cpfye = 0.50.

delf2 in Hz delf1 in Hz

delptie1-2ac in pu Mw

0.08
0.06
0.04
0.02
0
-0.02
—0.04
—0.06
-0.08
-0.1

5 10 15 20 25

time in sec

Fig. 13.5(a): AF, (Hz) vs. time(sec).

0.04
0.03
0.02
0.01

-0.01
-0.02
-0.03

—-0.04

0.01
0.005

—0.005
-0.01
-0.015
-0.02

5 10

time in sec 15 20 25

Fig. 13.5(b): AF, (Hz) vs. time (sec).

5 10 time in sec 15 20 25

Fig. 13.5(c): APje_2.ct (PU Mw) vs. time (sec).
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Fig. 13.5(d): APjei_seror (PU Mw) vs. time (sec).

Fig. 13.5(e): APy, (pu Mw) vs. time (sec).

Fig. 13.5(A): AP, (pu Mw) vs. time (sec).

Fig. 13.5(g): AP ; (pu Mw) vs. time (sec).
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0.015
0.01 ,

0.005 ]

delpg4 pu Mw

-0.005 ]

-0.01

0 5 10 time in sec 15 20 25
Fig. 13.5(h): APy, (pu Mw) vs. time (sec).
Fig. 13.5: Dynamic responses for Case-1.

Figure 13.5 shows the results of this load change: area frequency deviations, actual power
flow on the tie-line (in a direction from area-1 to area-2), and the generated powers of various
GENCOs, following a step change in the load demands of DISCO,; and DISCO,,

The frequency deviation in each area goes to zero in the steady state. Since, there are no
contracts of power between a GENCO in one area and a DISCO in another area, the scheduled

steady state power flow over the tie-line is zero.
In the steady state, generation of a GENCO must match the demand of the DISCOs in
contract with it. Expanding eqn. (13.8), we have,

AP, = cpf;;APL, + cpf;9 APLy + cpfi3sAPLy + cpfi4,APL, ...(13.13)
For the case under consideration, we have,

AP, = AP, =0.5 x0.04 + 0.50 x 0.04 = 0.04 pu MW.

1,steady-state
Similarly
APqs steady-state = APy =0.04 pu MW
APq3 steady-state = AP3=0.0 pu MW
AP, g4 steady-state = APy = 0.0 pu MW

Figure 13.5 also shows the actual generated powers of the GENCOs reach the desired
values in the steady state GENCO; and GENCO, are not contracted by any DISCO for a
transaction of power, hence, their change in generated power is zero in the steady-state, i.e.,
APgS,steady-state =0.0 pu MW and APg4,steady-state =0.0 pu MW.

Case-2

Here we will consider that all the DISCOs have contract with the GENCOs for power as per the
following DISCO participation Matrix (DPM):

050 02500 0.30
020 025100 00
00 025110 0.70
030 025100 00
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In this case, it is also assumed that each DISCO demands 0.04 pu MW power from GENCOs
as defined by cpfs in DPM matrix and each GENCO participates in AGC as defined by following:
apfs: aj;=0.75, ajy = 0.25; as; =as, = 0.50

Note that ACE participation factors (apfs) affect only the transient behaviour of the
system and not the steady-state behaviour when uncontracted loads are absent, i.e.,

AP, =AP,, = 0.0.

u
The scheduled power flow on the tie-line in the direction from area-1 to area-2 is (eqn. 13.4):

2 4 4 2
scheduled
AP = Y D epfAPLj— Y Y epfyAPL,
3 i=3 =1

i=1 j=

0.1
0.05 ]

-0.05 -

delf1 in Hz

0.1 ]

—0.15 L L \ \
0 5 10  timeinsec 15 20 25

Fig. 13.6(a): AF,(Hz) vs. time (sec).

0.1
0.08
0.06
0.04
0.02

-0.02
-0.04
—0.06
—-0.08

0.1

delf2 in Hz
o

0 5I 1b time in sec 1I5 Zb 25

Fig. 13.6(b): AF,(Hz) vs. time (sec).

-0.005
-0.01
—0.015

-0.02

delptie1-2eac in pu Mw

—0.025

0 é 1b time in sec 'll5 Zb 25

Fig. 13.6(c): APy n aorual (PU Mw) vs. time (sec).
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Fig. 13.6(d): APgn. eror (PU Mw) vs. time (sec).

Fig. 13.6(e): AP ;(pu Mw) vs. time (sec).

Fig. 13.6(f): AP, (pu Mw) vs. time (sec).

Fig. 13.6(g): APy; (pu Mw) vs. time (sec).
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0.05 ; . ' :
0.045 - i
0.04 - -
0.035 |- i
0.03 i
0.025 i
0.02 =
0.015 i
0.01 i
0.005 i

05 5 10 15 20 25

2

delpg4 pu M

time in sec

Fig. 13.6(h): APy,(pu Mw) vs. time (sec).

Fig. 13.6: Dynamic responses for Case-2.

= (epfi5 + cpfe3) APLg + (cpfiy + cpfyy) APL,

— (cpfsy + cpfy1) APLy — (cpfse + cpfys) APLy
=0 +0) x 0.04 +(0.30 + 0.0) x 0.04 — (0 + 0.3) x 0.04
—(0.25 + 0.25) X 0.04

=—-0.02 pu MW.

Figure 13.6 shows the dynamic responses. Figure 13.6(c) shows the actual power on the tie-
line. It is to be observed that it settles to —0.02 pu MW, which is scheduled power flow on the
tie-line in the steady-state.

As given by eqn. (13.8), in the steady state, the GENCOs must generate

APy steady-state = AP, =0.5x0.04 + 0.25 X 0.04 + 0.0 + 0.3 X 0.04

=0.042 pu MW
and Similarly,
APgZ’ steady - state — AP, = 0.018 pu MW
APgS’ steady - state — AP; = 0.078 pu MW
AP, AP, =0.022 pu MW

g4 steady - state =
0.15 T T T T
0.1 4
0.05 - -

—0.05 4
0.1 4
-0.15 4
-0.2

delf1 in Hz

0 5 0 tme nsec 15 20 25

Fig. 13.7(a): AF,(Hz) vs. time (sec).
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Fig. 13.7(b): AF, (Hz) vs. time (sec).

Fig. 13.7(¢): APyic12, actual (PU Mw) vs. time (sec).

Fig. 13.7(d): AP, (pu Mw) vs. time (sec).

ie12, error

Fig. 13.7(e): AP, (pu Mw) vs. time (sec).
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Fig. 13.7(): APy, (pu Mw) vs. time (sec).
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Fig. 13.7(g): AP ; (pu Mw) vs. time (sec).
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Fig. 13.7(h): APy, (pu Mw) vs. time (sec).

Fig. 13.7: Dynamic responses for Case-3.

Case-3 Contract Violation

It may happen that a DISCO violates a contract by demanding more power than that specified
in the contract. This excess power is not contracted out to any GENCO. This uncontracted
power must be supplied by the GENCOs in the same area as the DISCO. It must be reflected
as a local load of the area but not as the contract demand. Consider case-2 again with a
modification that DISCO, demands 0.04 pu MW of excess power, i.e., AP, ; = 0.04 pu MW and
AP, 5 =0.0 pu MW

The total load in area-1,
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= Load of DISCO; + load of DISCO,
=APL, + AP,. | + APL,
=0.04+0.04 +0.04

=0.12 pu MW.

Similarly, the total load in area-2

= Load of DISCOj + load of DISCO,
= APL, + APL, = 0.04 + 0.04 = 0.08 pu MW.

Figure 13.7 shows the dynamic responses under this condition. From Fig. 13.7, it is seen
that frequency deviations vanish in the steady state. As DISCO participation matrix (DPM) is
same as in the case-2 and the excess load demand is taken up by GENCOs in the same area
(area-1), the tie-line power is the same as in case-2 in the steady-state. In the steady-state, the
generation of GENCO3; and GENCO, are not affected by the excess load of DISCO;, i.e.,

APgB, steady-state =0.078 pu MW
AI)g4, steady-state =0.022 pu MW.

The uncontracted load of DISCO; is reflected in the generations of GENCO, and GENCO.,.
ACE participation factors of area-1 decide the distribution of uncontracted load in the steady-
state. Therefore in this case,

J— 7
AI)gl, steady-state — APl + all'APucl

=0.042 + 0.75%x0.04 = 0.072 pu MW

and

AP,

— ’
g2, steady-state — APZ + alQ‘APucl

=0.018 + 0.25 x 0.04
= 0.028 pu MW.

This is also shown in Fig. 13.7

13.1

13.2

EXERCISE-13

Consider three area power system (i) radial interconnected power system (i) loop interconnected
power system. Area-1 has two GENCOs and two DISCOs, Area-2 has three GENCOs and two
DISCOs and Area-3 has two GENCOs and three DISCOs. Draw the block diagram for both the
cases, and construct DPM. Also obtain the expressions of scheduled tie-line power flows.

Consider a two area interconnected power system. Area-1 consists of two GENCOs and two
DISCOs and Area-2 also consists of two GENCOs and two DISCOs. Contract participation factors
are ¢pfy; = 0.40, cpfy; = 0.30, epfy; = 0.10, cpfy; = 0.20, cpfro = cpfag = cpfsz = cpfip = 0.25, cpfi3 = cpfoy
= 0.0, cpfs3 = cpfy5 = 0.50, cpfi, = 0.30, cpfy, = 0.0, cpfs, = 0.70, cpf,, = 0.0. Assume that each DISCO
demands 0.10 pu MW power from GENCOs as defined by contract participation factors and each
GENCO participates in AGC as defined by following ACE participation factors. a%; = 0.75,
a’y = 0.25 and a%; = a%y, = 0.50. Determine the output of each GENCO in the steady-state. Also
determine the scheduled power flow on the tie-line and its direction. If DISCO; in area-1 and
DISCO, in area-2 demands 0.10 pu MW (each) of excess power, calculate the output of each
GENCO in the steady-state. Note that GENCO,, GENCO,, DISCO, and DISCO, are in area-1 and
GENCO;, GENCO,, DISCO,4 and DISCO, are in area-2.
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14.1 INTRODUCTION

The use of high voltage is extremely important in order to meet the rapidly increasing power
demand. The corona characteristic of transmission lines having voltage level 220 KV or above
assumed great importance. Investigations on the basis of series of experiments reveal that it is
possible to predict corona performance of transmission line under various operating conditions.
Corona has associated power loss, radio and TV interference and audible noise. Corona influences
the line losses and the design of overhead transmission line conductors, assessories, hardware
and insulators etc.

14.2 THE PHENOMENON OF CORONA

Air is not a perfect insulator and even under normal condition, the air contains a number of free
electrons and ions. Consider two large parallel conducting planes. When an electric gradient is
set up between them, the electrons and ions acquire motion by this electric field and they
maintain a very small current between the conducting planes. This current is negligible, when
the electric field intensity is less than 30 KV/em.

But when the electric field intensity or potential gradient reaches the critical value of about
30 KV/cm, the air in the immediate vicinity of conductors no more remains a dielectric and at
this intensity, the ions attain high velocity and on striking another neutral molecule dislodge
one or more electrons from the neutral molecule. This produces a new electron and a positive
ion which in turn are accelerated and collide with other air molecules to ionize them further.
Thus the number of charged particles goes on increasing rapidly. If a uniform field intensity is
assumed between the electrodes such conditions are produced everywhere in the gap. As a
result of this, the saturation is reached.Therefore, the air becomes conducting, hence a complete
electric breakdown occurs and arc is established between the two electrodes.

When an alternating potential difference is applied across two conductors whose spacing is
large in comparison with the diameter, then the air surrounding the conductor is subjected to
electro-static stresses. This stress or intensity is maximum at the surface of the conductor and
then decreases in inverse proportion to the distance from the centre of the conductor. If this
potential difference is gradually increased, a point will be reached when a faint luminous glow
of violet colour will make its appearance, and at the same time a hissing noise will be heard.
This phenomenon is called corona and is accompanied by the formation of ozone, as is indicated
by the characteristic odour of this gas. This luminous glow is due to the fact that the atmospheric
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air around the conductor becomes conducting due to electrostatic stress. If the potential difference
is raised still further, the glow and the noise will increase in intensity until eventually a spark-
over will take place. If the conductors are perfectly uniform and smooth, the glow will be
uniform along their length, otherwise the rough points of the conductor will appear brighter.
With conductors only a short distance apart in comparison with their diameter, the spark-over
may take place before there is any luminous glow is observed.

If the applied potential difference is D.C. instead of A.C., the positive conductor having a
uniform glow while the negative conductor has a more patchy glow and often it is accompanied
by streamers if there are any rough places. An important point in connection with corona is that
it is accompanied by loss of power, which is dissipated in the form of heat, light, sound and
chemical action. In case of A.C. system, current flow due to corona is non-sinusoidal and in
practice this non-sinusoidal current and non-sinusoidal voltage drop by corona may be more
important than the power loss.

The effects of corona can be summarized as follows:

(1) It is accompanied by power loss
(11) A luminous violet glow is observed around the conductor
(ii1) This glow is much brighter over rough and dirty surfaces of the conductor
(iv) It produces a hissing noise
(v) It produces ozone gas which can be readily detected by its characteristic odour

14.3 POTENTIAL GRADIENT FOR SINGLE-PHASE LINE

Figure 14.1 shows a single phase line. Radius of each conductor is r.
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Fig.14.1: Single phase transmission line.

The voltage gradient at a point P from conductor 1 is given by

G=G, -G, ..(14.1)
Where G, = Voltage gradient at point P due to a charge + g on conductor 1.

G, = Voltage gradient at point P due to a charge — g on conductor 2.

We Know, G, = ZR% volt/m ... (14.2)
0

-9

%= Sne D-2)

volt/m ...(14.3)
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. Therefore,
__q q
2ney x  2ney (D—x)
g=—24 |1, 1 1t/ 14.4
_21teo - T D« volt/m ... (14.4)

The voltage gradient is a maximum at the surface of the conductor, where x =r. Substituting
x =rin eqn. (14.4), we get

q 1 1
= -+ .
Grax 27 eg |:r D r} volt/m (14.5)

Since D is large compared with r, we can write D — r =~ D. Therefore,

volt/m ...(14.6)

maxe 2negr

The R.M.S. value of voltage gradient is given by

G
Gops = \‘/“E"‘X ..(14.7)
Potential difference V;, between the conductors of a single phase line (chapter-3) is written
as:

q D
= In| — | volt ...(14.8
V12 T GO n( - ) VO ( )
Voltage from conductor to neutral is given as:
Ve _ ¢ 2
V,= 9 T om - In . volt ... (14.9)
Eqn. (14.9) can be written as:
Va q (D)
_n _ In| =
r 2neyr r
q Vi

n&r rin (2)
r

Vi
Gax = volt/m ... (14.10)
i D ]
rln| —
r
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14.4 POTENTIAL GRADIENT FOR THREE-PHASE LINE
Figure 14.2 shows the unsymmetrical three phase transmission line.

b

Fig. 14.2: Unsymmetrical three phase transmission line.

Let G,, G, and G, denote the voltage gradients at the surface of the conductors in phases a,b
and c respectively. Therefore we can write,

da
=, q (14,11
2n g, " Ya ( )

9p
=r. G (1412
21 g T Ub ( )

dc
——=r.G ...(14.13
2n g, T He ( )

The voltage V; (see chapter-3) is given by

da dp Dab q. Dbc
= - +
Vb (Zn €y 2Tmeg jln( r ) 21 g In (Dca )

D D
V= 1(Ga- Gb)ln( ab ) +G, h{ be )]V()]t .. (14.14)
r D,
Similarly,
D, D
Vv, = 1(G, —Gc)ln( Ca)mb h{ he )] volt .. (14.15)
r Dab

Figure 14.3 Shows phasor diagram for balanced three phase system
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Vbc

Fig. 14.3: Phasor diagram for balanced three phase system.

From Fig. 14.3, we can write

Ven = Vin [ 0° L(14.11)
Vab = 3 Van | 30° ..(14.12)
Vae = V3 Van | -30° ..(14.13)

Also, for a balanced three phase system
Ltam+q.=0
. 2neyrGyt 2ney rGy+ 2ney rG, = 0
G,+G,+G,= 0 ...(14.14)

For equilateral spacing, D,, = D,.= D., = D (say).
Therefore eqn. (14.14) can be written as:

_ D]
Km:r(Ga—(%ﬁn(r) .(14.15)
From eqns. (14.12) and (14.15), we get
V3 Vn | 30°= 1| (G, ~ G)1n[ 2 .(14.16)
an i r |
Similarly,
| D
J3 Vi | -3 :r(Ga—(%)h{7J} .. (14.17)
Adding eqns. (14.16) and (14.17), we get
3V, =3G,rIn (?)
G, = v;3) ..(14.18)
rln| —
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Similarly,
G, = beb ..(14.19)
rln| —
r
G, VCfb .(14.20)
rln| —
r

14.5 DISRUPTIVE CRITICAL VOLTAGE FOR A SINGLE PHASE
TRANSMISSION LINE

The minimum voltage at which complete disruption of air occurs and corona starts is called the
disruptive critical voltage. The potential gradient corresponding to this value of the voltage is
called disruptive critical voltage gradient.

From eqn. (14.8)

D
Vip= —1n (—) volt ..(14.21)

TE r

The voltage gradient at the conductor surface is given by eqn(14.10) as:
G, = Gy = = — .. (14.22)
t max 2megr

—— =2rG, ...(14.23)

From eqns. (14.21) and (14.23), we get

D
V12 = 2T’Gr ln T ...(14.24)

The break down strength of air at 760 mm pressure and temperature of 25°C is 30 KV/em
(maximum).
Let V,,,x = maximum value of disruptive critical voltage

G, = maximum value of disruptive critical voltage gradient.

Now eqn. (14.24) can be written as:

D
=2r@G. In| — ...(14.25
Vmax eraX n( r ) ( )
But

G . =3%10° V/m

Therefore,

Vipax = 2rX 3% 10% In (?) ...(14.26)
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R.M.S. Value of the disruptive critical voltage for single phase line is given by

) max 1 6 D
‘/ = ———=—= X§g@pX Xr — /
0 — — 6 10 ln ...(14.2 )

14.6 DISRUPTIVE CRITICAL VOLTAGE FOR A THREE PHASE
TRANSMISSION LINE

Let us define,

Vn = |Van| = |Vbn| = |‘/cn| (1428)
Now we know,
D
v.=—2 In [ﬂ) ..(14.29)
21 g r
Where D, = Dy, Dy,.D)"?
From eqns. (14.29) and (14.23), we get
D,
V,=rGln . ...(14.30)
If G, = G,y then V.=V, Therefore, eqn. (14.30) becomes
D,
Viax = 7 Graxll . ...(14.31)(a)
R.M.S. Value of the disruptive critical voltage for a three phase line is given by
Vy = 3x10° 1n| Dea Volt/ph 3
N rln - olt/phase ...(14.31)(b)

14.7 FORMULA FOR DISRUPTIVE CRITICAL VOLTAGE SUGGESTED
BY F.W. PEEK

Based on experimental data, Peek suggested that the disruptive critical voltage is directly
proportional to the air density factor & over a considerable range. Therefore, a correction factor
should be introduced for calculation of disruptive critical voltage at conditions other than
standard ones.

For single phase line, the formula for disruptive critical voltage takes the form,

6 D
y, = $x10 rSln(—) ..(14.32)

J2 r

For three phase line, disruptive critical voltage is

_ 3x10°

V2

Vo

D,
réln — Volt/phase ...(14.33)
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In the above expressions for disruptive critical voltage, it is assumed that conductors are
smooth and clean. However, when the conductor surface is rough and dirty, disruptive critical
voltage is somewhat less. To consider this effect, eqn. (14.32) and eqn.(14.33) must be multiplied
by a factor my known as the irregularity factor or surface factor or roughness factor.

Therefore, the mathematical expression for disruptive critical voltage can be given as:

L U (D)(S' le phase line) (14.34)
= ———rdmgyln| — ingle phase line ..(14.
0 \/E ] r gle p
and for three phase line,
3%10° D
VO = T rSmoln [%j ...(14.35)

The approximate value of m given by F.W. Peek are as follows:
my = 1.0 for smooth, polished conductors
mg=0.93 to 0.98 for rough and weathered conductors
my=0.80 to 0.87 for stranded conductors

14.8 VISUAL CRITICAL VOLTAGE

Visual luminous glow of corona generally occurs at a voltage higher than the disruptive critical
voltage. Actual visual corona does not start at the disruptive critical voltage. For starting of
corona, maximum value of voltage gradient is 30KV/ecm. But this value of the voltage gradient
at the surface of the conductor will not ionize the air. Voltage gradient 30KV/ecm will cause

ionization when this value is reached at a distance of (r + 0.0301 ./ ) from the conductor axis,

where r is in meters and reason is that some energy is required by the charged ions to start
corona. If the maximum voltage gradient at the surface of the conductor is 30KV/cm, the value
of the maximum voltage gradient at any other point away from the centre would be less than
this and thus there will be corona discharge at that point.

The expressions of the visual critical voltages for single phase and three phase lines can be
given as when the effects of irregularity of the surface of the conductor and air density factor
are considered,

For a single phase line

6 D
V,= wmvré{l + 0'0301)111(—) ..(14.36)

V2 Jrs

For a three phase line

3)(106 Deq
V, = varS 1+ 7 In - ...(14.37)

Where m, is roughness or irregularity factor.
m, = 1.0 for smooth conductor
m, = 0.70 to 0.75 for local corona when the effect is first visible at
some places along the line
m, = 0.80 to 0.85 for general corona along the whole length of the
conductor
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The value of voltage gradient, G,,,, at which complete disruption of air occurs is called
disruptive strength of air. The break down strength of air at 760 mm pressure and temperature
of 25°C,

10°
L = 3X 10° V/m (maximum) or MT V/m (rms).

o

ma

G

The value of G:na depends upon the density of air. The dielectric strength of air is

proportional to its density over a wide a range, and thus directly proportional to the barometric
pressure and inversely proportional to the absolute temperature. Thus the air density factor at
a barometric pressure of p mm of mercury and temperature of t°C can be given as:

0.392p

= m ...(14.38)

X

14.9 CORONA POWER LOSS

The power dissipated in the transmission line due to corona discharges is called corona loss.
Estimation of accurate corona loss is very difficult because of its extremely variable nature. It
has been found that corona loss under fair weather conditions is very small as compared to the
losses found under foul weather conditions. According to F.W. Peek, the corona loss under
fairweather conditions is given by the formula,

244
P = 5 (f + 25)(V, — VO)Z\/Z x 107 KW/km/phase ...(14.39)

Where
P, = corona power loss

f = supply frequency (Hz)
d = air density factor
= rms phase-voltage (line-to-neutral voltage) in KV
V, = rms value of disruptive critical voltage per phase in KV.
r =radius of the conductor (meters)
D = Spacing (or equivalent spacing) between conductors (meters)
It is also to be noted that for a single phase line

1
V.= 9 X line voltage

and for a three phase line
V.= e voltage
n (3

Peek's formula for corona loss is valid when corona losses are predominant and the ratio V/

V
V, is greater than 1.8 when — <1.8, the following formula known as Peterson's formula, gives

Vo

better results:
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P, =21f Vi ) X107 x F KW/phase/Km ...(14.40)
logy o

Where

P, = corona loss
f = supply frequency

V, = rms phase voltage (line-to-neutral) in KV.
r =radius of conductor (meters)

D = Spacing (or equivalent spacing) between conductors (meters)

The factor F'is called the corona loss function. It varies with the ratio — and is given below

Vo
in tabular form:
Table: 14.1
Va
7 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
0
F 0.012 0.018 0.05 0.08 0.30 1.0 3.5 6.0 8.0

14.10 FACTORS AFFECTING CORONA LOSS

(@)

(b)

(c)

(d)

Effect of System Voltage

Electric field intensity in the space around the conductors depends on the potential
difference between the conductors. If potential difference is high, electric field intensity
is also very high and hence corona loss is also high. As seen from eqns. (14.38) and
(14.39), When V, is large as compared to disruptive critical voltage V,,, corona loss
increases at a very fast rate with increase in voltage.

Effect of Frequency

As seen from eqns. (14.38) and (14.39), corona loss is directly proportional to system
frequency.

Effect of Density of Air

From eqn. (14.38), it is evident that corona loss is inversely proportional to air density
factor, i.e., corona loss increases with decrease in density of air. The corona loss of a high
voltage transmission line passing through a hilly area may be higher than that of similar
transmission line in plains due to the lower value of § at high altitudes.

Effect of Conductor Radius

If conductor radius is high, surface field intensity is less and hence corona loss is less. For
the same current carrying capacity, an ACSR conductor has larger radius than single
copper conductor. Therefore, transmission lines of ACSR conductor have lower corona
loss than copper conductor lines. For bundled conductor lines, effective radius is high and
hence corona loss is less.
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(e) Effect of Temperature Rise of Conductor by Load Current
Conductor current raises the conductor temperature and hence leading to an indirect
reduction in corona loss. Corona loss is larger if the conductor temperature is low and
this is due to the fact that at low temperature, dew drops collect on the conductor surface
during fog and humid weather. High conductor current prevents such condensation and
reduces corona loss.

() Effect of Snow or Frost Layer
Snow or frost layer on transmission line conductor causes very high corona losses and
radio interference. This layer is found if temperature is 0°C and remain for longer
duration if temperatures are lower.
Corona discharges with conductor surface covered with snow and electric field intensity
not exceeding 30 KV/ecm conssists mainly of pulses in negative half-cycles and pulseless
steady corona at positive half-cycles. Corona discharges themselves affect the form of
snow layers and often blow off the snow in the neighbouring region of corona.

(g) Corona Loss of New and Old Conductors
On new conductors, corona loss is more due to scratches, burrs etc. As the line ages,
corona loss decreases. The old conductor is called weathered conductor.

(h) Effect of Supply Voltage
If the supply voltage is high, corona loss will be high. In low-voltage transmission lines,
corona is negligible due to insufficient electric field to maintain self-sustained ionization.

(i) Effect of Dust and Dirt
In the presence of dust and dirt, required voltage gradient is less for maintaining
sustained discharge. Disruptive critical voltage is reduced due to dust and dirt and hence
corona loss is more.

(j) Effect of Conductor Configurations
Conductors of three phase overhead transmission lines can be placed in either horizontal
or vertical configuration. The electric field intensity at the surface of middle conductor is
higher than the outer conductors. Therefore, the disruptive critical voltage for middle
conductor will be less than the two other outer conductors and hence there will be more
corona loss in middle conductor. If conductors are placed equilaterally, the average
electric field intensity at each conductor will be same. Since the ground is an equipotential
surface, the electric field distribution is affected by the presence of earth. Corona loss will
be less, if conductors are placed at more height.

14.11 EFFECT OF CORONA ON LINE DESIGN

Transmission lines are designed in such a fashion that the corona loss is small enough in fair
weather condition because corona loss reduces the efficiency of the lines. If disruptive critical
voltage of about 10% more than the operating voltage, then it is acceptable even though some
corona loss will take place under foul weather condition. Generally, corona loss under foul
weather condition will be 10 times higher than the fair weather condition. An increase in D,
and r increase the disruptive critical voltage, thus reduces the corona loss but increases the
cost.

Example 14.1: Conductors of a three phase transmission line are equilaterally spaced 6 m
apart. The radius of each conductor is 1 cm. The air temperature is 30°C and pressure is 740 mm
of Hg. If surface factor is 0.83 and irregularity factor is 0.92, calculate the disruptive critical
voltage and visual critical voltage.
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Solution:
From eqn. (14.38), air density factor,

~0.392p
© 273+¢
Given p = 740 mm, ¢ = 30°C
_0.392x 740
8= 273+30) 0957

From eqn. (14.35), disruptive critical voltage,

3x106 D,
Vo= —F7= rdmyIn — volts

J2

Given that m; = 0.92, 6 = 0.957, r=1cm = 0.01 mt, D,, =6 m

3x10° In| 5
V, = T % 0.01x0.957x0.92 x 1 001 volts

. V, =119.475 KV (rms value)
From eqn. (14.37), visual critical voltage

_ 3x10° 14 00301} fDeg .
VV = \/E mvrS \/% r volts

3x10° 0.0301 6
V=22 083 0.0l x0.957% |1+ ——|x In| — |volt
VT g T T XX ( J0.01 ><0.957) X (0.01)VO °

V,=140.95 KV (rms value).

367

Example 14.2: A three phase 220 KV, 50 Hz, 200 Km long transmjission line consists of three
stranded aluminium conductors spaced triangularly at 4.8 m. Radius of each conductor is 1.5
cm. The air temperature is 27°C and pressure is 740 mm of Hg. If the breakdown strength of air
is 21.1 KV (rms) per cm and the surface factor is 0.85, compute disruptive critical voltage. Also,
determine the visual critical voltages for local and general corona if the irregularity factors are

0.72 and 0.80 for visual corona (local) and visual corona (general) respectively.

Solution:
Given parameters are:

r=15cm=0.015m, p =740 mm, ¢t = 27°C

B 0.392p_0.392><740_0967
T 273+t 273427 T U

S

D,, =4.8m, m;=0.85, G, =21.1 KV (rms)/em = 2.11 X 10° v/m
We know, disruptive critical voltage (rms)

D,
Vo= Gymyrd In| — |volts

r
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4.8
— 6 -
Vy=2.11 x 10° X 0.85 X 0.015 x 0.967 X In (0.015) volts

V, = 150.06 KV.
For local corona, m, = 0.72,

We know, visual critical voltage (rms)

0.0301 D,
V.=Gmrxrd |1+ In| —
v [ Jr—é) [ r )

Vo =211 x 10°x 0.72 x 0.015 x 0.967 x 100301 xln(ﬁ)
o ' ‘ ‘ J0.015 % 0.967 0015

V, = 158.87 KV

For general corona, m, = 0.82

0.82
V,=158.87 x —= KV =180.93 KV

0.72
220
Actual operating voltage to neutral = e 127 KV, which is less than V, and there is no

corona.

Example 14.3: Determine the corona loss of a three phase, 220 KV, 50 Hz and 200 Km long
transmission line of three conductors each of radius 1 cm and spaced 5 m apart in an equilateral

triangle formation. The air temperature is 30°C and the atmospheric pressure is 760 mm of Hg.
The irregularity factor is 0.85.

Solution:
From eqn. (14.39),

r
244 -
P, = = (f + 25) (V,, -V,)* [\/;) X 107° KW/Km/phase

0.392p 0.392 x 760

f:50 HZ, d= m: (273+30’ = 0.983

r=1ecm=0.01lm, D=5m.

3x10° D

\/E XX §X myx 1n(7)

VO =

3x10° 1] 5
VOZ \/E X0.01x0.983x0.85%x 11 m volts
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B
I

110.15 KV(rms)

220
V,= 3 KV=127KV
1

244
P, = 5 ogg (50 +25) (127 - 110. 15)2 (021) x 107 x 200 KW/phase

P, =472.73 KW/phase
Total corona loss = 3 X472.73 KW = 1418.19 KW.

Example 14.4: Calculate the disruptive critical voltage for a three phase line with conductors
of radius 1 cm and spaced symmelrically 4m apart.

Solution:
Using eqn. (14.31(b)), disruptive critical voltage

3x108 I D,
V0: \/E r n

lem=0.01m, D,; =4 m

j volt/phase

%
Il

3x10° 4
Vo= T x 0.01 In 001

- V, = 127.1 KV (line-to-neutral)
- line-to-line disruptive critical voltage
= /3 x 127.1 = 220.14 KV.
Example 14.5: A 220 KV three phase transmission line with conductors radius 1.3 cm is built

so that corona takes place if the line voltage exceeds 260 KV(rms). Find the spacing between
conductors.

Solution:

260
Disruptive critical voltage V, . = EKV =150.11 KV

rms

From eqn. (14.35)

3)(106 Deq
Vo= T rémy, In —, | volts/phase

Assuming 6 = 1, and my = 1 (smooth conductor),
r=0.013 m, V, = 150.11KV = 150.11 x 10 volts

3x10°

D,
150.11 x 10 X 1 X1 X 0.013 X n[0013)
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D
woIn| —L |=5.44
0.013

D, =0.013 >4 =3 m Ans.

Example 14.6: A three phase equilateral transmission line has a total corona loss of 55 KW at
110 KV and 100 KW at 114 KV. What is the disruptive critical voltage between lines? What is the
corona loss at 120 KV.

Solution:
Power loss due to corona for three phases is given by

244 r 9 &
P.=3x 5 (f + 25) D (V, — Vo)* x 10 KW/Km

Taking 6, f, r and D are constants.
P o (V, -V

2
110
—_V ..
d 100 14 -V 2 (i1)
an o \/g 0 .11

Dividing eqn.(i) by eqn. (ii), we get

55 _ (635-V,)
100 (658-V,)’

635-Vo _ .,
658-V,
V, =57 KV.

In the 2nd case,

2
120
-V
Woc( \/g 0)
W o, (69.28 — V,)* ...(ii1)

Dividing eqn. (iii) by eqn. (i), we get

w (6928 -Vp)?
55 (635-V,)
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(69.28 -57)°

M =196.3 KW Ans.

W=55x

Line-to-line disruptive critical voltage
= J3 Vo= /3 X57=98.72 KV Ans.
Example 14.7: A 220 KV, 50 Hz, three phase transmission line consists of 1.4 cm radius

conductors spaced 3 m apart in equilateral triangle formation. If the temperature is 27°C and
atmospheric pressure 750 mm of Hg, m, = 0.80, determine the corona loss.

Solution:
Disruptive critical voltage,

3% 106 Deq
Vims = TrSmoln e volts/phase
r=1.4cm = 0.014m . my = 0.80,
0.392 x 750

d= (273+27' =O.98,Deq=3m

~ 3x10° In 3
Vo= 5 X 0.024 x 0.98 x0.80 x In| =7 | Viph

Voms = 124.97 KV/ph.
Corona loss using peek's formula

244
P= e (f + 25). \/% (V= V.. 0% x 107° KW/Km/ph
1 2
244 0024 /% (220
_ +om| 2271220 19497 -5
P, = oo X (50 25)( 5 ) (\/5 ) x 10

P, = 0.0534KW/Km/ph.

EXERCISE

14.1 Determine the disruptive critical voltage and visual critical voltage (for local and general corona)
for three phase transmission line having conductor radius 0.5 cm and spaced 3 m equilateral
arrangement. The air temperature is 26°C and pressure 740 mm of Hg. Surface factor is 0.85 and
irregularity factor for local visual corona is 0.72 and for general visual corona is 0.82.

Ans: 55.6 KV/ph, 67.5 KV/ph, 76.9 KV/ph.
14.2 A three phase, 220 KV, 60 Hz transmission line consists of 1.5 cm radius conductors spaced 2 m

apart in equilateral triangle formation. The air temperature is 20°C and pressure 750 mm of Hg.
Irregularity factor is 0.80. Determine the corona loss. Ans: 0.48 KW/Km.
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14.3

14.4

14.5

14.6

14.7

14.8

14.9

14.10

Determine the disruptive critical and visual critical voltage of a grid-line operating at 132 KV.
Conductor radius of this three phase line is 0.95 cm and spaced 3.81 m apart in equilateral triangle
formation. The air temperature is 44°C and pressure 737 mm of Hg. Conductor surface factor 0.8
(fine weather) and 0.66 (rough weather). Ans: 155.4 KV/ph, 157.6 KV/ph.

Find the corona characteristics of a three-phase line 161 Km long consisting of three 0.254 cm
stranded conductors equally spaced, 2.44 m, delta spacing, air temperature 26.7°C, altitude
2440 m, corresponding to an approximate barometric pressure of 731.5 mm. Line voltage 110 KV
and frequency 50 Hz. Given m, = 0.85 and m, = 0.72.Ans: Disruptive critical voltage = 54.5 KV/ph

Visual critical voltage = 66 KV/ph
Fair weather corona loss = 342 KW.
Approximate loss during sterm condition = 1680 KW.

The conductors of a three phase, 220 KV, 50 Hz transmission line are arranged in a 3.65 m delta.
What is the minimum radius of the conductor that can be used for no corona loss under fair
weather conditions? Assume & = 0.85 and disruptive critical voltage to be 230 KV. Find also the
power loss under storm condition. Ans: 1.42 cm, 16.12 KW/Km.

Conductors radius of a single phase transmission line is 0.625 cm and spaced 250 cm apart. If the
operating voltage of the line is 60 KV, determine an expression for the potential gradient at any
point on a line joining the centres of the conductors. Find out the voltage at which corona will start.

Ans: 158 KV.

Determine the corona loss of a three phase, 110 KV, 50 Hz, 150 Km long transmission line having
three conductors each of 0.5 cm radius and spaced 2.5 m apart in an equilateral triangle formation.
The air temperature is 30°C and the atmospheric pressure is 750 mm of Hg. Irregularity factor is
0.85. Ans: 316.8 KW.

Determine the disruptive critical voltage of a three phase transmission line which has three
smooth conductors of 1.27 cm diameter arranged in a 3 m delta. The atmospheric pressure is 750
mm of Hg and the air temperature is —1°C. Ans: 89.2 KV.

A conductor of 0.5 cm radius passes centrally through a porcelain cylinder of inner diameter 2 cm
and outer diameter 8 cm. The permittivity of porcelain is 5 and the peak voltage gradient in air 34
KV/em. Determine the maximum safe working voltage. Ans: 66 KV to neutral.

Determine the corona loss of a three phase, 220 KV, 200 Km long transmission line having
D,, =650 r. Use Peterson's formula and it is given that F = 0.05. Ans: 64.2 KW.



Analysis of Sag and Tension

15.1 INTRODUCTION

Analysis of sag and tension of conductor is an important consideration in overhead transmission
as well as distribution line design. The continuity and quality of electric service depend largely
on whether the conductors have been properly installed. Thus, a design engineer must determine
in advance the amount of sag and tension to be given to the conductor at a given temperature,
maximum wind, and possible ice loading. In order to specify the tension to be used in stringing
the line conductors, the values of sag and tension in summer and winter conditions must be
known. Excessive tension may cause mechanical failure of the conductor itself because conductors
tension contributes to the mechanical load on structures at angles in the line and at dead ends.
The main factors in the design and stringing of conductors on the supports are:

1. Conductor load per unit length.

2. Conductor tension.

3. Span, that is, distance between supports.
4. Temperature.

For determining the conductor load, the factors that need to be considered are:

1. Weight of conductor itself
2. Weight of ice or snow clinging to conductor.
3. Wind blowing against conductor.

The maximum effective weight of the conductor is the vector sum of the vertical weight of
the conductor and horizontal wind pressure. It is extremely important to include the most
adverse condition. From the design point of view, it is considered that the wind is blowing at
right angles to the line and to act against the projected area of the conductor, which includes the
projected area of ice or snow that may be clinging to it.

From the practical point of view, economic design dictates the following:

1. Sag of conductor should be minimum to refrain from extra pole height.

2. Sufficient clearance above ground level.

3. To avoid providing excessive horizontal spacing between conductors to prevent them
swinging together in midspan.

Sag of the conductor decreases because its tension pulls the conductor up. But at the same
time, tension elongates the conductor from elastic stretching which tends to relieve tension and
sag increases.
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The elastic property of wire is measured by its modulus of elasticity. The modulus of
elasticity is defined as the stress per unit area divided by the deformation per unit length.
Since

T
o= " kg/m? .. (15.1)

where
o = stress per unit area (kg/m?)
T = conductor tension (kg)
A = actual cross section of conductor (m?)
Elongation e of the conductor due to the tension is

stress

= — .. (15.2
modulus of elasticity ( )
Elongation is high if modulus of elasticiy is low. Thus, a small change in the length of
conductor causes large effect on sag and tension of conductor.
Sag and stresses in conductors are dependent on the following things:

1. Initial tension put on them when they are clamped in place.
2. Weight of the conductors themselves.

3. Ice or sleet chinging to them.

4. Wind pressure.

Stress depends on sag, any span can be used provided the poles or towers are high enough
and strong enough. The matter is merely one of extending the catenary in both directions. Cost
of towers sharply increases with height and loading.

15.2 EFFECT OF TEMPERATURE CHANGE

Sag and stress vary with temperature because of the thermal expansion and contraction of the
conductor. Temperature rise of conductor increase the length of conductor, and hence sag
increases and tension decreases. A temperature fall causes opposite effect. Maximum stress
occurs at the lowest temperature, when the line has contracted and is also possibly covered with
ice and sleet.

If conductor stress is constant while the temperature changes, the change in length of the
conductor is

Al = [, oAt ...(15.3)

where

where
t, = initial temperature
conductor length at initial temperature £,
conductor length at ¢;.
o = coefficient of linear expansion of conductor per degree centigrade.
At = change in temperature in degree centigrade.
Al = change in conductor length in meter.

~ S~
o
Il

If the temperature is constant while the conductor stress changes (i.e., loading), the change
in length of the conductor is
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AT
Al = lo.m ..(15.4)
AT=T,-T,

where
T, = initial tension of conductor (kg)
AT = change in conductor tension (kg)
M = modulus of elasticiy of conductor (kg-m)
A = actual metal cross section of conductor (m?).

15.3 CALCULATIONS OF LINE SAG AND TENSION

Figure 15.1 shows a conductor suspended freely from two supports, which are at the same lavel
and spaced L meter, takes the form of a catenary curve providing the conductor is perfectly
flexible and conductor weight is uniformly distributed along its length. When sag (d) is very
small in comparison to span L (i.e., the conductor is tightly stretched), the resultant curve can
be considered as parabola. If d < 0.06 L, the error, the error in sag computed by the parabolic
equations is less than 0.5 per cent. If 0.06 L < d < 0.1 L, the error in sag computed by the
parabolic equations is about 2 per cent.

15.3.1 Catenary Method: Supports at Same Level

Figure 15.1 shows a span of conductor with two supports at the same level and separated by a
horizontal distance L. Let O be the lowest point on the catenary curve [ be the length of the
conductor between two supports. Let W is the weight of the conductor per unit length (kg/m),
T is the tension of the conductor (kg) at any point P in the direction of the curve, and H is the
tension (kg) at origin O.

Further, s be the length of the curve between points O and P, thus the weight of the portion
s is ws.

V=ws H

Fig. 15.1: Conductor suspended between supports at same level.

Tension T can be resolved into two components, T, the horizontal component and 7}, the
vertical component. Then, for equilibrium,
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T.,=H

Ty= ws

Thus the portion OP of the conductor is in equilibrium under the
tension 7T at P, the weight ws acting vertically downward, and the

horiazontal tension H.

Figure 15.2 shows a triangle, where ds represents a very short
portion of the conductor, in the region of point P. When s is increased by
ds, the corresponding x and y are increased by dx and dy, respectively.

Therefore, we can write,

ws

tan0 = Q :K
dx H H
From Fig. 15.2,

(ds)* = (dx)* + (dy)*

2
4] (o]
dx - dx

Using eqns. (15.8) and (15.7), we get

s V' (s
dx ) H
ds

2

dx: 1+ﬁ
H

Integrating both side of eqn. (15.9),
d
o) ds
1+|—
\ H

H ws
x= Esinh‘l(H)+K

Therefore,

where K is constant of integration.
Whenx =0, s=0, and hence K=0

H ws
x= —ginh™ (H)
w

H wx
s= —sinh(H)
w

..(15.7)

...(15.5)
...(15.6)

ds
dy

dx
Fig. 15.2

..(15.8)

...(15.9)

... (15.10)

..(15.11)
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L l
when x = E,s— 5
L_H on|wE
2~ w M\ oH
2H . wlL
l= » smh(ZH) ..(15.12)

or we can write
2H | 1 wL 1 wL3
== | ——+—|—| +..
w |1'2H 3'\2H

272
= L[l LWL ) ..(15.13)
From eqns. (15.7) and (15.11), we get,

dy _ws_ .o fw
dc H "M H

or approximately,

dy = sinh (%) dx ...(15.14)
Integrating both sides of eqn. (15.14), we get,
y=] sinh(%jdx
y= gcos (M;)H{l ...(15.15)

If the lowest point of the curve is taken as the origin, when x =0, y =0, then K] = — , since
w

by the series, cosh(0) = 1.
Therefore,

y= H cosh(uI};) - 1:| ...(15.16)

The curve of the eqn. (15.16) is called a catenary. Eqation (15.16) can also be written as

1 wx2
ZE 1+ —|— | +..;.—-1
Y w 2!(H)
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or in approximate form,

wx
= — ..(15.17
Y= o ( )
From Fig. 15.1,
T=\H?+V?

[ v 2
T=H 1+(E) ...(15.18)

From eqns. (15.18) and (15.7), we get,

dy 2
T=H 1+(5) ...(15.19)

From eqn. (15.16), we get

dy . |wx
I smh(H ) ...(15.20)
From eqns. (15.19) and (15.20), we get
_ wx
T = Hcosh H ...(15.21)

whereas the total tension in the conductor at the support (atx = E) is

wL
T = Hcosh °H ...(15.22)
or
T—H1+l£2+l%4+ 15.23
B 21\ 2H a\2H ) 7 -(15.23)

The sag or deflection of the conductor for a span of length L between supports on the same

L
level is [at x = 5 y=d , from eqn. (15.16)]

L
a=1 {Cosh(gﬂ) - 1} ..(15.24)

w

L1 [wL 1(wL) 1(wLY
d=21=|l=|+==| +=|—=| +-
2|2 \2H) 4\2H 6!1\2H

or
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or approximately,
72
d=Y= ..(15.26)

8H
Ty=WST _______ : Tzwy
I

v V=ws

y v /4 X

o (Directrix)

Fig. 15.3: Parameters of catenary.

The safety code gives the minimum (required) clearance height for the line above ground
and if this is added to the sag, the minimum height of the insulator support points can be found.

From Fig. 15.3, c is the ordinate of the lowest point of the curve with respect to the directrix
and y is the ordinate of the point of tangency with respect to the directrix.

From Fig. 15.3,

T =—w ..(15.27)

or if s= —, then
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T, = ws ...(15.28)

and
T, = wc ...(15.29)

where T, can be defined as the mass of some unknown length ¢ of the conductor and similarly
T and 7} also can be defined. Then at equilibrium

T.=H ...(15.30)
T,=V ...(15.31)
where
H = horizontal tension in conductor

V = weight of conductor per meter of span times distance from point of maximum
sag to support.

Thus, from the triangle of forces (Fig. 15.1)
T= H2 +V2 (1532)
Using eqns. (15.32), (15.31), (15.30), (15.29) and (15.28) we get,

T= (wc)2 +(ws)2

T= ( ¢+ )w ..(15.33)
From eqns. (15.29) and (15.30), we get,
H
c= — ...(15.34)
w

From eqns. (15.11) and (15.34), we have

x
s =c sinh (C) ...(15.35)

From eqns. (15.15) and (15.34), we get,
x
y = c|cosh IRy ...(15.36)

L
where x is half of the span length (E) From Fig. 15.3, whenx =0,y = ¢,

c= c[cosh(O)] + K,

K, = 0 and therefore,

y= c{cosh(%ﬂ ...(15.37)

Squaring eqn. (15.35). we get.
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2= |:s.inh2 (%ﬂ ...(15.38)

Squaring eqn. (15.37), we get,

2= cz[coshQ(fﬂ ...(15.39)
c

Subtracting eqn. (15.38) from eqn. (15.39),
22— .2|cosh? X | sinn2| X

y= ICQ +S2 (1540)

From eqns. (15.33) and (15.40),
Tax = WY ...(15.41)
Also

Tmax = Z,U\,/C2 +s2 (1542)

According to eqn. (15.41), maximum tension 7 occurs at the supports where the conductor

\% s
is at an angle to the horizontal whose tangent is T or o since V= ws and H = we, at supports,
y=c+d ...(15.43)
From eqns. (15.40) and (15.43), we get
ctd= 2 42
2 2
s —d
c=— ...(15.44
2d ( )
From eqns. (15.41) and (15.43), we can write,
T, s = w(c +d) ...(15.45)
Substituting eqn. (15.44) into eqn. (15.45),
T, = (s + d?) (15.46)
max = o7 ..(15.

which gives the maximum value of the conductor tension.

A line tangent to the conductor is horizontal at the point (0), where sag is maximum and has
greatest angle from the horizontal at the supports. Supports are at the same level, thus, the
weight of the conductor in one half span on each side is supported at each tower.

At the point of maximum sag (midspan), the vertical component of tension is zero. Thus,
minimum tension occurs at the point of maximum sag. The tension at this point (at y =c¢) acts
in a horizontal direction and is equal to the horizontal component of tension.
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Therefore,

Toin =H ...(15.47)
But H =wc,
: Tin = We ... (15.48)

From eqns. (15.48) and (15.44),

T _wﬂ
min 2d

From Fig. 15.3,

c=y-d ...(15.49)
The conductor length is

[ =2s ...(15.50)
From eqns. (15.50) and (15.35),

x

[ =2c¢ sinh - ...(15.51)

From eqns. (15.45) and (15.48), we get,
Toox = Ty + wd ...(15.52)

15.3.2 Parabolic Method

In the case of short span between supports, the sag is small and the curve can be considered as
parabola. For the sake of simplicity, the following assumptions are made:

1. Throughout the span, tension is considered uniform

2. The change in conductor length due to elastic stretch or temperature expansion is equal
to the change of length of conductor equal in length to the horizontal distance between
the supports.

Let P be any point on the parabolic curve as shown in Fig. 15.4, such that are OP is equal
to x. The portion OP is in equilibrium.

Ll
»

¢
<

?
wx :
I
I
I
I
I

X ——>

Fig. 15.4: Parameters of parabola.
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under the action of 7, H and wx.
For equilibrium,

T,=Hand T, = wx
Taking moments about P,

x
Hy = wx (5)

2

wx
= — ...(15.53
Y=o ( )
For short span with small sag, T, ,. — T, can be considered as small. Therefore T} ., =~
Tn=H orT=T, . =T,,=H
Therefore, eqn. (15.53) can be written as:
2
wx
= — ...(15.54
Y= Sr ( )
L
when =Ly = d
2
d= wL” ...(15.55)
8T
Since T'=H,
Also
2
d= wL” ...(15.56)
8H
From eqns. (15.13) and (15.56), we get
1+ ﬁ
=L 372 ...(15.57)

Example 15.1: A transmission line conductor has been suspended freely from two towers and
has taken the form of a catenary that has ¢ = 487.68 m. The span between the two towers is
152 m, and the weight of the conductor is 1160 kg/km. Calculate the following:

(@) Length of the conductor (b) Sag
(¢) Maximum and minimum value of conductor tension using catenary method.
(d) Approximate value of tension by using parabolic method.

Solution:
(@) From eqn. (15.12),

since c=
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Using eqn. (15.13)

(b) Using eqn. (15.24),

since

(¢) Using eqn. (15.45)

el

c=48768 m, L =152 m

(152
=2 x487.68 sinh| 5 yo-eo

[ =152.576 m.

1+w2L2
D=L
LZ
— 711+
! L[ 24(:2)
(152)"

N
=152 1T (487.68)

m

[=152.615 m.

ol
iz

CcC=

cosh i -1
d = 487.68 2% 48768

d=5934 m

Toax = W(c +d)

w =1160 kg/km = 1.16 kg/m
c=48768m,d=5.934 m

T, .. = 1.16 x (487.68 + 5.934) kg
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Toax = 572.59 kg
(d) From eqn. (15.55)

_ wI?
8T
2 116x(152)
T= % = ( ) kg
8d 8 x 5.934
T = 564.55 kg.

15.4 UNSYMMETRICAL SPANS (SUPPORTS AT DIFFERENT LEVELS)

Figure 15.5 shows supports at different levels with a span L between two supports whose
elevations differ by a distance h.

B

yy S

A
A4
A

X4 Xz

A

Fig. 15.5: Supports at different levels.
Using eqn. (15.54)

wx
27T

when y=dy, x=x
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2
wx
d = —* ..(15.58
1= op ( )
Similarly
g = b (15.59)
2 2T “en .
Therefore,
h=d,—d, ...(15.60)
Using eqns. (15.60), (15.59) and (15.58), we get,
w (.2 2)
= — |X9g — X
h oT ( 2 1 ...(15.61)
Also
L=x; +x, ...(15.62)
From eqn. (15.61),
Xg— X = _H ...(15.63)
w(x1 + x2)

From eqns. (15.63) and (15.62), we get,
_ 2TH

—X= ——— ...(15.64
Xo = X1 wL ( )
Solving eqns. (15.62) and (15.64), we get
— £ H (15.65)
xl - 2 - wL “ee .
— £ ﬂ (15.66)
xz - 2 wL “ee .
In eqn. (15.65),
L AT . .
if 2 > oL’ then x, is positive
L AT .
if o T WL’ then x, is zero
if Py < WL’ then x, is negative

If x, is negative, the lowest point (point 0) of the imaginary curve lies outside the actual
span as shown in Fig. 15.6.
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B

A
x

A 4
—»

A
A 4

Fig. 15.6: Case of negative x;.

15.5 RULING SPAN OR EQUIVALENT SPAN (SPANS OF UNEQUAL

LENGTH)

When a transmission line consists of spans of unequal length, theoretical tension of each span
depends to its own length. In fact, this is not possible with suspension insulators since the
insulator strings would swing so as to eqnalize the tension in each span. However, it is possible
to assume a uniform tension between dead-end supports by defining ruling span or equivalent

span.
Equivalent span or ruling span is defined as:

L, +Ly + Lg+..+L,

A=l
n
=1

L, = ruling span or equivalent span

~ \/L‘Q{ + L3+ L3+ +L3

or L

where

L; = each individual span in line.
An approximate equivalent span or ruling span can be calculated as

...(15.67)
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2
Lo=L,,+ 3 (Linax = Layg) ...(15.68)
where
L,,, = average span in line
1 n
= > L ..(15.69)

L .. = maximum span in line
=max[L,, Ly, Ls, ..., L] ...(15.70)

The tension of line 7 can be calculated using this equivalent span length and expression for
sag is detined as

wLe2
8T

d= ..(15.71)

15.6 EFFECT OF ICE

The sag is determined for the span design at which the transmission line is constructed so that
accumulations of snow or ice and excessive temperature changes will not stress the conductor
beyond its elastic limit, may cause permanent stretch or fatigue failures from continued
vibrations. In mountaneons areas, the thickness of the ice formed on the conductor is very
significant. Accumulations of ice on the line conductor has the following effects on the line
design:

1. Increase the dead weight per meter of the line
2. Increase the projected surface of the line subject to wind pressure.

More likely configuration of a conductor with ice coating is shown in Fig. 15.7. However, for
the sake of simplicity, it can be assumed that ice coating is uniform over the surface of the
conductor, as shown in Fig. 15.8.

Fig. 15.7: More likely configuration of cross-sectional area of ice covered conductor.
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Fig. 15.8: Assumed configuration of cross-sectional area of ice covered
conductor (uniform ice coating).

where
t; = thickness of ice (cm), uniform over the surface of conductor
d. = diameter of conductor (cm).
The cross-sectional area of the ice is

Ai = iﬂ[(dc +2ti)2 - dc2:|CIIl2

A, =mnt(d, + t) cm®
A =nt(d,+t) x10* m ...(15.72)
Volume of the ice per meter is
Viee = 1 X A, m®/m

’ Vie = mti(d, + t) X 107 m®m ...(15.72a)
Let the weight of the ice is w,(Kg/m?), so that the weight of ice per meter is,

w; = wrt(d, + t) x 107 kg/m ...(15.73)
Therefore, total vertical load on the couductor per merter length is

wr=w +w; ..(15.74)

where
wy = total vertical load on conductor per meter length.

w = weight of conductor per meter length.

w; = weight of ice per meter length.

15.7 EFFECT OF WIND

We assume that wind blows uniformly and horizontally across the projected area of the conductor
covered without ice and with ice. Fig. 15.9 shows the force of wind on conductor covered without
ice and Fig. 15.10 shows force of wind on conductor covered with ice.
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dyem)

+—/=1Tm—>»

Fig. 15.9: Wind force on conductor without ice.

(dc+2ti)

Fig. 15.10: Wind force on conductor covered with ice.

The projected area per meter length of the conductor with no ice is
Sy = Al ...(15.75)
where

S,; = projected area of conductor covered without ice in square meter per meter
length.

A,; = cross-sectional area of conductor covered without ice in square meter.
[ = length of conductor (meter)
For 1-meter length of conductor with no ice

d.
L= X 1 2 .
S, 100 m“/m (15.76)
with ice covered
S, = Ayl ..(15.77)

where

S, = projected area of conductor covered with ice in square meter per meter
length.

A,; = cross-sectioral area of conductor covered with ice in square meter.
[ = length of conductor (meter)
For 1-meter length of conductor,

d. +2t;

The horizontal force exerted on the line as a result of the pressure of wind without ice (Fig.
15.9) is

1 m%m ...(15.78)

F=8,P ..(15.79)
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For 1-meter length of conductor,

— dC
F=-%-p ke/m ...(15.80)

where
F = horizontal force due to wind pressure exerted on line (kg/m)
p = wind pressure (Kg/m?)
with ice covered (Fig. 15.10), it is
F=8,p ...(15.81)
For 1-meter length of conductor,
F= M kg/ (15.82)
T p kg/m ..(15.

The effective load acting on the conductor is

we = |F? +(w+w;)* ...kg/m ..(15.83)

Fig. 15.11 shows the force triangle

> F
I
1
I
i
I
6 i
I
I
1
i
1
W= ww, Yommm oAy
Fig. 15.11: Force triangle.
Therefore sag can be calculated as
w,L?
d=——kg. ...(15.84
a7 <8 ( )

Example 15.2: A stress-crossing overhead transmission line has a span of 150 m over the
stream. Horizontal wind pressure is 20 kg/m? and the thickness of ice is 1.25 cm. Diameter of
conductor is 2.80 cm and weight is 1520 kg/km, and an ultimate strength of 12900 kg. Use a
factor of safety of 2 and 912 kg/m? for the weight of ice. Using the parabolic method, determine
the following:

(a) Weight of ice in kg per meter

(b) Total vertical load on conductor in kg/m

(¢) Horizontal windforce exerted on line in kg/m
(d) Effective load acting on conductor in kg/m
(e) Saginm

(f) Vertical sag in meter
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Solution:
(a) Using eqn. (15.73)
w; = wrt(d, + ¢) x 107 kg/m
w, = 912 kg/m?
t; = 1.25 cm, d, = 2.80 cm

“w; =912 Xt X 1.25 (2.80 +1.25) x 10~* kg/m

<o w; = 1.45 kg/m
(b) Using eqn. (15.74)
wp = w + w,
w = 1520 kg/km, w; = 1.45 kg/m
“wp = (1.520 + 1.45) = 2.97 kg/m
(¢) From eqn. (15.82)

(dC + Zti)
F= Tp kg/m
d.=2.80 cm, ¢; = 1.25 cm,
p = 20 kg/m?

(2.80 +1.25)
F=-——-%x20kg/m

S F=0.81 kg/m
(d) Using eqn.(15.83),

w, = F2+(w+wi)2
~'-we:1F2+wT2
F=0.81 kg/m, wyp = 2.97 kg/m

w, = /(081)° +(297)* =3.078 kg/m

_ Ultimate strength
) "~ Factor of safety

Ultimate strength = 12900 kg
Factor of safety = 2.0

12900
T= = 6450 kg
Using eqn. (15.84),
d= w,L?
8T
_ 3078x(150)

8 x 6450

m =1.342 m.

0.81 kg/m

2.97 kg/m

Fig. 15.12
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(f) Vertical sag = dcos 0
297

3078 (see Fig. 15.12)

cos 0 =

3078 ™"
= 1.295 m.

vertical sag = 1.342 X

15.8 LOCATION OF LINE

The routing of a transmission or distribution lines requires thorough investigatians and for
selecting the most desirable and practical route, following points should be considered:

1. cost of construction
2. cost of easements

3. cost of clearing

4. cost of maintenance.

15.9 SAG TEMPLATE

For correct design and economy, the location of structures on the profile with a template is very
essential. Sag template is a convenient device used in the design of a transmission line to
determine the location and height of stuctures. Sag template can be relied upon to provide the
following:

1. Economic layout

2. Minimum errors in design and layout
3. Proper grading of structures

4. Prevention of excessive insulator swing

Generally two types of towers are used:

1. The standard or straight run or intermidiate tower.
2. The angle or anchor or tension tower.

The straight run towers are used for straight runs and normal conditions. The angle towers
are designed to withstand heavy loading as compared to standard towers because angle towers
are used at angles, terminals and other points where a large unbalanced pull may be thrown on
the supports.

For standard towers, for normal or average spans, the sag and the nature of the curve
(Catenary or Parabola) that the line conductor will occupy under expected loading conditions is
evaluated and plotted on template. Template will also show the required minimum ground
clearance by plotting a curve parallel to the conductor shape curve. For the standard tower and
same height, the tower footing line can also be plotted on the template. Tower footing line is
used for locating the position of towers and minimum ground clearance is maintained throughout.
Figure 15.13 shows the sag template used for locating towers. In fact there are no clear-cut
guide lines for locating the tower positions and sesveral other alternatives may be examined.
Ground clearance depends on voltage level and Table-15.1 gives the span length and ground
clearance at different voltage levels.
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Line Conductor

Ground
clearance

Fig. 15.13: Sag template for locating towers.

Table- 15.1: Span length and ground clearance

Voltage span length minimum ground
level (m) clearance (m)
0.4 KV 80 4.6
11 KV 100 4.6
33 KV 150-200 5.2
66 KV 200-300 6.3
132 KV 350-360 6.3
220 KV 360-380 7.0
400 KV 400 8.8

Example 15.3: A galvanised steel tower member has original length of 22 cm and cross
sectional area 13 cm?. With working axial tensile load of 125 KN, the change in length was 0.2
mm. Calculate

(a) Stress (b) Strain (¢) Modulus of elasticity (d) Percent elongation (e) If ultimate tensile
stress is 110000 N/mm?, determine the factor of safety.

Solution:
- 125x10°
(@) Stress = Tensile load - - N/m?
Area of cross section 13x10
Stress = 9.615x10* N/m?2
Change in length 0.02
(b) Strain = g R

Original length ~ 22
Strain = 0.000909.
St . 4

ress _ 9.615x10 N/m?

Strain 0.000909
10577.55 x 10* N/m?

(¢) Modulus of elasticity

d £l tion = Change in length < 100%
(@) OngaAton = " iginal length °
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0.02
—— x 100%

22
= 0.0909%
Factor of safety = Ultimate Stress
© actor of satety = Working Stress
110000
= =114
9.615x10

Example 15.4: An overhead transmission line at a river crossing is supported from two towers
of heighs 40 m and 80 m above water level with a span of 250 m. Weight of the conductor is 1.16
kg/m and the working tension is 1800 kg. Determine the clearance between the conductor and
the water level midway between the towers.

Solution:
Using eqn. (15.65)

L AT
T T WL
L =250m, h =(80 — 40) m = 40 m, T'= 1800 kg
w =1.16 kg/m

250 40 x 1800

M= Ty Tiiex2s0 | 123ETm

x, 1s negative means, both the towers are on the same side of the point of maximum sag
cansidering parabolic configuration. Fig. 15.14 shows this condition.

B

Mid point

40m

<&
<

Water level

River

y

|
| ¢——— x, ——p|¢——L =250m

Fig. 15.14

Horizontal distance of mid point, P from O (OP")

L 250
= 5~ X :T —(-123.27)

=24827 m
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Horizontal distance of point, B from O (OB”)
=L —x, =250 — (-123.27)
=373.27 m

Therefore, height of mid point P above O,

2
w ——X
(2 1) 116 x 2.4827
d1: =

2T  ~ 2x1s00  1086m
Similarly, height of point B abve O,
2 2
L- 116 x (37327
dy = wL-x) = ( ) =449 m

2T 2 %1800
Hence mid point P is (dy, — d;) = (44.9 — 19.86)
= 25.04 m below point B.
Height of the mid point P with respect to A
=(19.86 —4.9) m = 14.96 m
Therefore, clearance between the conductor and the water level mid—way between the
towers will be
s$=(40 + 14.96) m = 54.96 m
or
$=(80—-25.04) m = 54.96 m

Example 15.5: An overhead transmission line at a river crossing is supported from two towers
at heights of 30 m and 70 m above the water level. The horizontal distance between the towers
is 250 m. If the required clearance between the conductors and the water midway between the
towers is 45 m and if both the towers are on the same side of the point of maximum sag, find the
tension in the conductor. The weight of the conductor is 0.80 kg/m.

Solution:

Mid point

=70m
0] R
- ,__.-...-...— _____________________________________________________
I
:
I
: 40m
| S, =30m
I
|
I
le— x >
i 2 v v v Water level
l—— X, —e——— L > River
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Assuming parabolic configuration as shown in Fig. 15.15.
L =250 m, w =0.80 kg/m.
Difference in level between the two supports
h=170-30=40 m.
Note that both the towers are on the same side of the point of maximum sag. Hence x; is
negative.
Using eqn. (15.61),

-t et

As x; is negative, x, = L — x;

(L-2x,) (@)
For points A and B, h =40 m

0.8 x250

op (250 -2x;) =40

=0.40 (i)

For points A and P, h =45 - 30 = 15 m,
Horizontal distance between A and P

_ 250 _ ..
= = m.
Using eqn. (i)
0.8x125
T (125 —2x,) =15
125 - 2x, 03
T =0. ...(111)

Dividing eqn. (ii) by eqn. (iii), we get
250 — 2x4 0.4 4

125-2x, ~ 03 3

x,=—125m
substituting x; = — 125 in eqn. (i1), we get
250 - 2(~125)
—— =040

T
T=1250 kg. Ans.
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Example 15.6: An overhead line is supported on two towers 300 m apart having a difference in
level of 10 m. The conductor radius is 1 cm and weighs 2.3 kg/m. Determine the sag at the lower
support when the line is subjected to wind pressure of 55 kg/m? of projected area. The maximum
tensile strength of copper is 422 x 10° kg/m®. Factor of safety is 2.3.

Solution:
Span length, L = 300 m
Weight of the conductor, w = 2.3 kg/m
Radius of conductor = 1 cm
Diameter of conductor, d. = 2 cm.

Using eqn. (15.80)

= )y
~ 100P ™

p =55 kg/m?

2
= _—X = 1. .
F 100 55 kg/m = 1.1 kg/m

Using eqn. (15.83), In this case

we=JF2 12 = (11)* +(23)*

w, = 2.55 kg/m.

F=1.1kg/m

»
L}
I
I
I
|
I
I
|
I
I
I
I
I
I
I
|

———————————————— w, = 2.55 kg/m

Fig. 15.16

2
nd,

Cross-sectional area of conductor A, =

2
A = @cm2 = 3.142 cm?®

A,=3.142 x 107" m?

. Allowable Tension

T=

422 x10° x 3142 x 1074
kg
23
T = 5764.88 kg.
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Distance of lowest point of conductor, O (see Fig. 15.5) from the support at lower level A can
be obtained using (15.65),

L hT
9 ~ w,L

xlz

Difference in level of supports A~ = 10 m,

300 10 x5764.88
*1 2 255x300 )™M

x; = 74.65 m
For unequal support, sag at lower level can be calculated
Using eqn. (15.58), i.e.

2

d, = WeXq

Y
w, = 2.55 kg/m, x; = 74.65 m,

T=5764.88 kg

255 % (74.65)"
2x5764.88

d;=1.232 m.

2.3
Vertical sag = d; cosb = 1.232 X (ﬁ) m

=1.111m Ans.

Example 15.7: An overhead transmission line conductor having weight 1.16 kg/m, diameter
1.7 cm and an ultimate strength 32 x 10° kg/m?®. When erected between supports 300 m apart
and having 12 m difference in height, determine the sag with respect to the taller of the two
supports. Conductor was loaded due to 1 kg of ice per meter and factor of safety is 2.0
Solution:
Span length L = 300 m, w = 1.16 kg/m,
w; = 1 kg/m
wr=w+w;=1.16+1=2.16 kg/m.

Difference in level of two supports A = 12 m.
Diameter of the conductor d, = 1.7 cm

. T
cross section area A, = 7 d?

C

T
A= (1.7)2 x107* m2 = 2.27 x 104 m?

Factor of safety = 2
Allowable tension
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_ 32x10% x227x107*
2
T = 3632 kg.

Distance of the lowest point of the conductor from the taller support can be obtained using
eqn. (15.66), i.e.,

T

kg

L hT
Xo = E + wTL
300 12 x 3632
%= |72 "216x300)” 21726 m

Vertical sag can be obtained using eqn. (15.59) i.e.,

wpx? 216 x(217.26)
2T 2 x 3632

dy= =14.03 m. Ans.

Example 15.8: An overhead transmission line has a span of 300 m. Ultimate strength is
6000 Kg and factor of safety is 2.0. If the sag is 2m, determine (a) weight of the conductor
(b) length of the line.

Solution:
(a) Span length L = 300 m
) Ultimate strength
Allowable tension 7' = Factor of safety
6000
T= 5 - 3000 kg.
Using eqn. (15.55), sag expression is written as:
d= wL?
- 8T
d=2m
wx (300

8 x 3000

R w = 0.533 kg/m.
. Weight of the conductor = 0.533 kg/m.

(b) Length of the line can be obtained using eqn. (15.57), i.e.,

8d2j ) 8x(2)*

—7l1+—
-1f1+2

[ =300.0355 m
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Total weight of the conductor
= wl = 0.533 x 300.0355 kg.

=159.918 kg.

Example 15.9: Calculate the sag and vertical sag of a transmission line having conductor is
diameter 0.93 cm. Weight of conductor is 0.6 kg/m and breaking strength 2000 kg. Assume
factor of safety 2 and span length 200 m and supports at the same level. The line is subjected to
wind pressure of 40 kg/m? of the projected area. The radial thickness of the ice is 1.25 cm and
weight of the ice is 912 kg/m?.
Solution:
L =200 m, w=0.60 kg/m
Weight of the ice per meter length can be obtained using eqn. (15.73),
w; = wrt(d, + t) X107 kg/m
t;=1.25 cm, d, = 0.93 cm, w, = 912 kg/m?
w; =912 X w x 1.25 (0.93 + 1.25) x10~* kg/m
w; = 0.7807 kg/m.
wr=w + w; =0.60 + 0.7807
o wp = 1.3807 kg/m
Horizontal force due to wind pressure can be obtained using eqn. (15.82), i.e.,

(d +2t-)
F: e T k /
100 P&
p =40 kg/m?
(0.93+2x1.25)
F=3"""""""") % 40 kg/m
100
F=1.372 kg/m

Effective load acting on the conductor can be obtained using eqn. (15.83)

w, = | F? +(w+wi)2

w, = JF? +wy® = (1372) + (13807)?

w, = 1.946 kg/m.
Factor of safety = 2.0

2000
T= == =1000 kg.
9 2
Sagd = Yl _ 1946 x (200)
8T 1x1000
d=9.73m

_ wr 1.3807
Vertical sag = d cos® = d X w. |- 9.73 x 1946

e

=6.9035 m.
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15.10 AEOLIAN VIBRATION (RESONANT VIBRATION)

Overhead conductors will subject to normal swinging in wind and apart from that, may subject
to vibrations known as aeolian vibrations or resonant vibrations. Aeolian vibrations have low
amplitude (maximum 0.50 cm or so) and high frequencies (50 — 100 Hz). These are caused by
the vortex phenomenon in the low wind speed (10 — 30 km/hr).

Imperical formula of frequency f is given by

£=50 (i) ..(15.85)
dC

where

u = wind velocity (km/hr)

d. = diameter of conductor (mm)

The length of a loop (half wave length) depends on tension 7" and conductor weigh w and is
given by
1 |T

3= o Vw ...(15.86)

If wind velocity u = 30 km/hr and conductor diameter 3 cm = 30 mm, then

30
f=50 30 =50 Hz.

Then conductor will vibrate at about 50 Hz.

Now if 7'=5096.84 kg = 50 K Newton and w = 1.6 kg/m, then loop length = 1.8 m. These
vibrations are very common to all conductors and are always present. Since these vibrations are
small in magnitude, these are less harmful. The ACSR conductor has high diameter to weight
ratio and is subject to fatigue by these vibrations.

A stock bridge damper as shown in Fig. 15.17 is used to minimize these vibrations. It
comprises of two masses at the end of a short length of stranded steel cable suspended from the
conductor about midway between two points (nodes) of the vibrations. Movement of the damper
is caused by the vibration and energy is absorbed by the inter-strand friction in the steel cable.
The length of a typical damper is about 60 cm and weighs about 5 kg or more.

L T LTI

Fig. 15.17: Stock bridge damper.

15.11 GALLOPING OR DANCING OF CONDUCTORS

These vibrations are of low frequency (0.25 — 2 Hz) and high amplitude (upto 6 m) and are
generally caused by asymmetrical layer of ice formation. This vibration is self-excited type.
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When the ice coated conductor is acted upon by a light drift wind particularly where the ground
slopes at right angles to the transmission line vibration is initiated because wind travels up the
slope and appears to get underneath the conductor. The stranding of conductors significantly
contributes to these vibrations. These vibrations may cause flashover between conductors. It is
difficult to prevent these vibrations but horizontal configuration of transmission line can be
used to reduce the impact of galloping or dancing of conductors.

15.1

15.2

15.3

15.4

15.5

15.6

15.7

15.8

EXERCISE

Conductor diameter of an overhead transmission line is 1.95 cm and span between towers is
244 m. If the allowable tension is 3629 kg. Find (a) sag in still air condition without ice covering
(b) vertical sag when there is an ice covering of 0.96 cm radial thickness and a horizontal wind
pressure of 38.94 kg/m? of projected area. Weight of ice is 909.27 kg/m? (c) The line is carried by
insulator strings 1.45 m long. What should be the height of lowest cross—arm to give a minimum
ground clearance of 8 m under bad weather conditions? Weight of conductor is 0.847 kg/m.
Ans: (a) 1.74 m; (b) 3.37 m; (c) 12.82 m

An overhead transmission line is supported at a river crossing from two towers whose heights are
33.6 m and 29 m above water level. The allowable tension is 3404.69 kg and weight of conductor
is 0.849 kg/m. Determine (a) clearance between the lowest point on the conductor and water level
(b) horizontal distance of this point from the lower support. Given that span L = 336 m.

Ans: (a) 27.405 m; (b) 113.11 m

Determine the erection sag and tension of a transmission line at 65°C in still air. The line has a
span of 300 m. ACSR conductor has the following data: Area = 240 mm?; overall diameter =
20 mm; weight = 1.0 kg/m; ultimate strength = 8000 kg; coefficient of linear expansion = 18.44 X
1073/°C; modulus of elasticity = 9320 kg/mm?. Also assume radial thickness of ice is 1.0 cm and a
wind pressure 40 kg/m? of projected area and a temperature of —5°C as the worst condition.
Weight of the ice is 910 kg/m® and factor of safety = 2.0. Ans: 20.76 m; 541.9 kg.

The weight of conductor of a overhead transmission line is 0.407 kg/m. The ultimate strength is
407.74 kg and factor of safety is 2.0. Span length is 160 m. Determine (a) sag, (b) total length of
the line between supports. Ans: (a) 6.38 m; (b) 160.73 m.

An overhead transmission line conductor weighs 0.35 kg/m. Ultimate strength is 800 kg and
factor of safety is 2.0. Span length is 160 m. One support is at a height 70 m from the ground.
Determine the minimum clearance from the ground and the lowest point of the catenary from the
supports if the second support is at a height (a) 40 m (b) 65 m from the ground.

Ans: (a) 40 m; (b) 64.14 m.

A overhead transmission line has a span of 275 m between level supports. The conductor has a
radius of 0.9765 cm and weighs 0.844 kg/m and has an ultimate breaking strength of 11925 kg.
Conductor has a radial covering of ice 0.953 cm thick and is subjected to a horizontal wind
pressure of 40 kg/m? of the ice covered projected area. Factor of safety is 3.0. Weight of the ice is
913.5 kg/m?®. Determine (a) sag and (b) vertical sag Ans: (@) 5.36 m (b) 3.9 m.

An overhead transmission line over a hill side is supported by two 30 m high towers with a
gradient 1 in 20. The horizontal distance between the towers is 300 m. Weight of the conductor
is 1.492 kg/m and ultimate breaking strength is 4400 kg. The lowest conductor is fixed 6 m below
the top of each tower and factor of safety is 2.0. Determine (a) the clearance of the lowest point of
the conductor from the ground, and (b) the minimum ground clearance.

Ans: (a) 18.3 m; (b) 16.46 m.

A transmission line on a mountain side is supported between two points separated by a horizontal
distance of 400 m and at the heights of 900 m and 1150 m above sea level, respectively. Conductor
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15.9

15.10

15.11

15.12

15.13

weight is 1.492 kg/m and the ultimate breaking strength is 7870 kg. Find out the vertical
clearance between the conductor and a point on the mountain side at a height of 970 m and a
horizontal distance of 175 m from the support. Factor of safety is 2.0. Ans: 32 m.

An overhead transmission line has a span of 183 m between the supports. The conductor has 37
strands each of 0.259 cm diameter. The weight of the conductor is 0.729 kg/m and the ultimate
breaking strength is 5521 kg. Factor of safety is 2.0. Determine the sag under ice and wind
condition if the radial thickness of ice is 0.96 cm and the wind pressure is 38.93 kg/m? of ice coated
projected area. The weight of the ice is 909.27 kg/m?. Ans: 3.2 m.

An overhead transmission line has an ultimate breaking strength of 5000 kg/cm? and the cross—
sectional area of 2.5 cm?. The horizontal distance between supports is 600 m and having 20 m
difference in level. Factor of safety is 2.0. The weight of the conductor is 2 kg/m, ice loading is
1 kg/m and wind loading is 1.5 kg/m. Compute the sag and vertical sag. Ans: 24 m; 20 m.

An overhead transmission line having a span of 325 m between the supports. Radius of the
conductor is 1.113 cm and weight is 1.097 kg/m and allowable tension 3568 kg. Radial thickness
of ice is 0.96 cm and weight of the ice is 907.23 kg/m®. Wind pressure 38.73 kg/m? of projected area.
Determine the vertical sag. Also determine the sag under still air conditions with no ice and wind
and a allowable tension of 2039 kg. Ans: 7.29 m; 7.10 m.

An overhead transmission line has a span of 300 m. The weight of the conductor is 0.844 kg/m and
having diameter of 1.953 cm. Determine the vertical sag when a wind pressure of 75 kg/m? of
projected area acts on conductor. The ultimate breaking strength of conductor is 11925 kg and
factor of safety is 3.0. Ans: 2.39 m.

An overhead transmission line having horizonatal span of 300 m between supports and heights
30 m and 70 m from the ground level. Allowable tension is 1720 kg and total weight of the
conductor between the supports is 218.1 kg. Find the height of the conductor from the ground
level between the supports. Ans: 45.25 m.
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16.1 INTRODUCTION

The efficient and optimum economic operation and planning of electric power generation
systems have occupied an important position in the electric power industry. The efficient use of
the available fuel is growing in importance, both monetarily and because most of the fuel used
represents irreplaceable natural resources. A savings in the operation of generating systems of
a small percent represents a significant reduction in operating cost as well as in the quantities
of fuel consumed. The optimum operation of the system involves the consideration of economy
of operation, system security, emissions at certain fossil-fuel plants. The hydrothermal
coordination problem is another optimum operating problem area that has received a great deal
of attention. Another factor that influence the power generation at minimum cost is transmission
losses. The most efficient generator in the system does not guarantee minimum cost as it may
be located in an area where fuel cost is high. Also, if the plant is located far from the load center,
transmission loss may be higher and hence the plant may be uneconomical. Therefore, the
basic objective is to determine the generation of different plants such that total operating cost
is minimum. The operating cost plays an important role in the economic scheduling.

16.2 FORMULATION OF THE ECONOMIC DISPATCH PROBLEM

The total cost of operation of generators includes fuel, labour, and maintenance cost but for
simplicity only variable costs need to consider are fuel costs. The fuel cost is important for
thermal and nuclear power plants. For the fuel costs, it is assumed that fuel-cost curves for each
generating unit is given. The fuel cost curve of a generating unit specifies the input energy rate
F, (Py), [MKCal/hr] or cost of fuel used per hour Ci(P,) [Rs/hr] as function of the generator
power output P,;. This curve can be obtained experimentally. For simplicity, it is assumed that
each generating unit consists of a generator, turbine, steam generating unit (boiler furnace),
and associated auxilliary equipment. An approximation of fuel cost curve is shown in Fig. 16.1.

A

Ci(P,) (Rs/hr)
or
Fi (Pg) (MKcal/hr)

(MW)

v

(MW), o
P, (MW) —

min

Fig. 16.1: Fuel cost curve.
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In Fig. 16.1, (MW),;;,, is the minimum loading limit of generator below which it is uneconomical
or technically infeasible and (MW), . is the output limit.

The shape of the fuel cost curve (concave upward) may be understood in terms of the heat
rate curve. The approximate shape of this curve is shown in Fig. 16.2.

A

Heat rate, H, (Py)
(MKCal/MWhr)

0.86

»
»

100 Py(MW) —>
Fig. 16.2: Heat-rate curve.

The curve gives H;(P,;), the MKCal of heat energy supplied by burning the fuel per MWhr
of electric energy. The generating unit is most efficient at the minimum point of this curve. This
curve reflects the drop in efficiency of most energy conversion machines at the low and high
ends. At peak efficiency, the heat rates of modern fossil-fuel unit is around 2.40 MKCal /MWhr,

3600 x 100

2.4 x 4.2 x1000
in the range of 34 to 39%. For 100% conversion, the heat rate is approximately 0.86 MKCal/
MWhr. Note that 1 MKCal = 1.164 MWhr is the equivalent of heat. For example, suppose that
Fig. 16.2, P,; = 100 MW. From the Fig. 16.2, we see that Hi(Pgi), the corresponding heat rate is
0.86 MKCal. In an hour, the electrical energy output would be 100 MWhr while the heat energy
required would be 100 x 0.86 = 86 MKCal. Thus, a heat input energy rate of 86 MKCal/hr is
required to sustain a power output of 100 MW. we get this figure by multiplying P, (three-phase
power) by the corresponding heat rate H;(P,). Generally, the heat input energy rate, Fi(Py), is
found by the formula

giving a peak efficiency of = 35.7%. Typical maximum overall efficiencies vary

F(Py) = Py Hi(Py) ...(16.1)
where P,; = three-phase power (MW)
Hi(Pgi) = heat-rate (MKCal/MWhr)
F(Pg) = input energy rate (MKCal/hr)
Let the cost of the fuel be K Rs/MKCal.
Then the input fuel cost, Ci(Pgi) 1s
Ci(Py) = KF(P,) = KP,H,(Py) ...(16.2)
The heat-rate curve of Fig. 16.2, may be approximated in the form,

’

H(Py) = 5= +Bi+ Py (16.3)
gi
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where o, B} and v} are positive coefficients.
From eqns. (16.2) and (16.3), we get
Ci(Py) = Ko'; + KB'iPy + Ky PPy
Ci(Py) = a; + biPy + diPy ..(16.4)
where q; = Ko}, b; = KB, and d; = KY';.

Slope of the fuel cost curve, i.e., dPl is called the incremental fuel cost (IC) and is
gi
expressed in Rs/MWhr.
From eqn. (16.4), we obtain
dC;
=1IC. = b, + 2d.P,; ...(16.5
dPgi i i it gl ( )

Equation (16.5) is linear because of quadratic approximation of fuel cost curve Ci(Py).

Example 16.1: The heat-rate of a 50 MW fuel-fired generator unit is measured as follows:

25% of rating : 10 MKCal/MWhr
40% of rating : 8.6 MKCal/MWhr
100% of rating : 8 MKCal/MWhr
Cost of fuel is Rs. 4 per MKCal. Calculate
(@) C(Py).
(b) Find the fuel cost when 100% loaded, 50% loaded and 25% loaded.
(¢) The incremental cost
(d) The cost of fuel to deliver 51 MW.
Solution
(@) From eqn. (16.3),

’

(04
HPy=
g

+ B’ + Y/Pg (L)

The three measurement data given three points on the curve and hence we can solve three
unknown coefficients o, B” and ¥
25% of P, = 12.5 MW, 40% of 50 = 20 MW 100% of 50 = 50 MW.

’

o , , ..
+pB + 12, =
195 B"+125vy =10 )
ou+B,+20 =88 (i)
20 Y =8. (i
o ) .
+p + =
50 B"+50y =8 (iv)

Solving eqn (i7), (iti) and (iv), we get

o’ =55.56, " =5.11, vy = 0.0355

Cost of fuel K = Rs. 4/MKCal

a =Ko =4x 55.56 =222.24
b=Kp =4x5.11 = 20.44
d=Ky =4x0.0355=0.142
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- Fuel cost function is given by
c(P)—22224+2044P +0.142 P2

(b) at 25% rating, Py = 12 5 MW

: C(P, = 12 5) = 222.24 + 20.44 X 12.5 + 0.142 x (12.5)?
C(Pg = 12.5) = 500 Rs/hr

at 40% rating, P, = 20 MW

: C(P = 20) = 222.24 + 20.44 X 20 + 0.142 % (20)2

’ C(Pg = 20) = 688 Rs/hr.
at 100% rating, P, = 50 MW

C(P, = 50) = 222.24 + 20.44 x 50 + 0.142 x (50)°
C(P, = 50) = 1599 Rs/hr.
(c) The incremental cost

dC
—— =1C=(20.44 + 0.284 P)) Rs/MWhr
dP, &
(d) at 100% rating, P, = 50 MW.
= (20.44 + 0.284 x 50)
IC = 34.64 Rs/MWhr.
Approximate cost of fuel to deliver 51 MW is C(P, = 50) + IC X AP,
=(1-50)=1MW
C(Pg = 50) = 1599 Rs/hr

Approximate cost = 1599 + 34.64 X 1
= 1633.64 Rs/hr.

Exact cost
C(P, = 51) = 222.24 + 20.44 X 51 + 0.142 x (51)°
= 1634 Rs/hr.

16.3 GENERAL PROBLEM FORMULATION

Consider a system with m generators committed and all the loads Pg; given, find P, and | V;],
i=1, 2, .., m, to minimize the total fuel cost

Cp = 2, Ci(Py) ... (16.6)
iz

Subject to the satisfaction of the power flow equations and the following inequality constraints
on generator power, voltage magnitude and line power flow.

1. Pg‘{‘in < Py < Pi™,i=1,2, .,m
2. |Vi|min < Vil < ™™, i=1,2, ..m

‘P i ‘ , for all lines.

Brlef explana‘uon on the problem formulation is given below.

1. The power flow or load flow equations must be satisfied. They are equality constraint in
the optimization process.



Optimal System Operation 409

2. The lower limit on P, is due to boiler and/or other thermodynamic considerations and
upper limit is set by thermal limits on the turbine generator unit.

3. The voltage constraint will keep the system voltages near their rated or nominal values.

The voltage should be neither too high nor too low and the objective is to help maintain

the consumer’s voltage.

Constraints on transmission line powers relate to stability and thermal limits.

The minimization of cost function C; subject to equality and inequality constraints is

treated by a branch of applied mathematics called Nonlinear Programming.

ot

Nonlinear programming methods do not easily give the insights into the nature of the
optimal solutions and computationally they are very expensive. Hence, some approximations
will be made to simplify the problem formulation and give physical insights into the problem of
economic dispatch.

16.4 CLASSICAL ECONOMIC DISPATCH NEGLECTING LOSSES

Let us assume that which generators are to run to meet a particular load demand are known
a priori.
Total fuel cost is given by

m
Cr= Y Ci(Py) ..(16.7)
i=1
such that
m n
D Py =Py= ) Py ..(16.8)
i=1 i=1
and
P™ < Py < PP™,i=1,2, ., m (16.9)

From eqn. (16.8), we get

[ini] —Py=0 ...(16.10)
i=1

Also for the time being, do not consider the generator power limits given by eqn. (16.9).

The problem can be solved by the classical method using Lagrange multipliers, for minimizing
(or maximizing) a function with equality constraints as side conditions.

Using the method, we replace the cost function C; by an augmented cost function

Cr (Lagrangian) as

Cp=Cp— A [ZPgi —PD] ..(16.11)
i=1

where A is the Lagrangian multiplier.
Minimization can be achieved by the condition

30y
oP,.

g1

=0 ...(16.12)
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i .
or dP, =\Ni1=1,2, .., m ...(16.13)
where d Pi = IC; is the incremental cost of the i-th generator. Equation (16.13) can be written
gi
as:
dc, dCsy dC,,
= = ceeenen = =) (1614)
Py dPyy APy,

Therefore, optimal loading of generators occurs corresponding to the equal incremental cost
point of all the generators. Equation (16.14) called the Coordination Equation and m number of
equation is solved simultaneously with the generation-load balance eqn. (16.10), to give a
solution for the Lagrange multiplier A and the optimal generation of m generators.

Further explanations are given below regarding optimal loading of generators at equal
incremental cost.

Intuitively, it is clear why it cannot possibly be optimal to operate generators at different ICs.

/7 ’
/7
- Slope = IC, - Slope =1C,
< 5 Y
4] 5
T =
P
200 Par 100 92

Fig. 16.3: Two generators at different incremental costs (/Cs).

In Fig. 16.3, say P, = 200 MW and P,, = 100 MW and the corresponding IC; (i.e., slope of
the cost curves) are not equal. As shown in Fig. 16.3, IC, is greater than IC,. Since IC; > IC,,
if we reduce P,; by (say) 20 MW, we can save quite a lot of cost per hour because the slope of the
cost curve is large. If we add the 20 MW to P,,, the cost goes up less because the slope is smaller.
Thus, we can deliver the same total power 300 MW at less cost. In general, it pays to reduce the
power output of the generator with higher incremental cost. A continuation of this process
ultimately leads to equal incremental costs.

A systematic procedure is required for obtaining the value of A-in eqn. (16.14). If the fuel
cost curves are quadratic, then the incremental cost curves are linear. However, ICs may not be
linear and A can be obtained iteratively by considering the ICs as shown in Fig. 16.4.

A
IC,

—> P, (MW)

Fig. 16.4: Incremental cost curves.
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Complete algorithm is given below:
Step-1 : Choose an initial value of A, i.e., IC = (IC),,.
Step-2 : Solve for Py; i = 1, 2, ..., m) using eqn. (16.14).

m
D Pi-Pp

i=1

Step-3: If < € (a small specified value), the optimal solution is reached. Otherwise

go to next step.

m
Step-4 : If [ngi _PD]< 0, IC = C), + Al

i=1
or

m
If [ngi _PD]> 0, IC = (IC), — Al and go to step-2.
i=1

This is possible because P,; is monotonically increasing function of (IC).
Let us now consider the generator limits given by eqn. (16.9). During the iterative process,

if a particular generator loading P, | reaches the limit Pglf‘ﬁn or glﬂf‘x , its loading is held at this

fixed value and the balanced load is shared among the remaining generators on the basis of
equal incremental cost. We have already seen that A is the common value of incremental cost,
relates increased fuel cost rate (Rs/hr) to increased demand (MW). Suppose for a given demand

Plg , optimal generations are Pgoi and corresponding cost is C,% . Now assume that load increases

to P = PJ) + APp and we have to obtain the new cost Cy. We may use two-term Taylor series:

CT = C,% + ACT
0
n o dc(pg)
Cr= 2 Ci(Pgi) t—p AP .. (16.15)
i=1 gl
Therefore relating increments, we get,
m dCi(PgOi)
ACy = — AP, ... (16.16)
TS dPy g
we know,
dC; (Pgol)
A=
dPy
m
ACp=2 2, APy .. (16.17)
i=1
m
But AP]:) = Z APgi ’
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ACyp = MAPp -(16.18)
Thus A is the constant of proportionality relating cost-rate increase (Rs/hr) to increase in
system power demand (MW). A gives the additional cost of additional energy in Rs/MWhr.

16.5 GENERATOR POWER LIMITS

In the previous section, we have discussed regarding consideration of generator limits-during
iterative process. Here we will discuss in detail regarding these limits. Consider Fig. 16.5,
where incremental cost curves of three generators are given with constraints.

A

<4—— Upper limit

Incremental cost (L)

<«— Lower limit

v

P

gi

Fig. 16.5: Incremental cost curves with constraints.

For the purpose of explanation, suppose total power demand is Pj and corresponding
system A = A,. From Fig. 16.5, it is seen that all three generators are operating in accordance
with the optimal dispatch rule and generators limits are not violated since each generator is
operating away from its limiting value. Now suppose Pp increases and hence to provide more
generation A is also increased and continuing the process in this way, incremental cost value is
reached to A,. Therefore, P,3 has reached to its upper limit and cannot be increased further, i.e.,

P,y = Py3™* . Now if Pp increases further, the increased load must be shared by P,; and Pyy. They

should operate at equal incremental cost, say A3. Further increase in P}, can be shared by P,
and P,, operating at equal incremental cost until P,, reaches it upper limit, A = A,. Beyond this
point, if load is further increased, only P, is available to take the increased load.

Now it is clear from the unconstrained problem that generators not at their limits must
operate at the same A. But consider the of Fig. 16.5, with unit 3 at its upper limit (with A = A,)
and unit 1 and unit 2 operating at equal incremental costs, A = A5. Now we will prove that we
cannot decrease the cost by backing away from the limit on unit 3 and making up for it by
increasing the output of unit 1 and unit 2. Let, output of unit 3 is decreased by a small amount,
ie.,

AP, =— €,(€>0) ...(16.19)

€
and output of unit 1 and unit 2 have each been increased by 3 ie.,



2o M

2o | M

Using Taylor servies as given in eqn.(16.15) we get,
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...(16.20)

..(16.21)

3
€ €
ACp = ZkiAPgiZXS'E +7L3.§ — Ay €

ACp = €(hg—Ay) >0

. (16.22)

But As > Ay, ACq is positive, hence cost goes up. The same thing will happen if we cons1der

the case of backing away from a lower limit.

Example 16.2: Incremental fuel costs (Rs/MWhr) for a power plant consisting two generating

units are:

dP

=0.36 P, + 32
dP &

and generator limits are:
32 MW < P, < 180 MW

22 MW < P < 130 MW.

Determine Py, P,, and values of A for the variation of load from 54 MW to 310 MW. Assume

that both generatmg units are operating at all times.
Solution

Given that
gni‘m =32 MW, P1™* =180 MW
At Py = mm =32 MW,
A= kmm =018Pmm+41—018><32+41
A= me = 46.76 Rs/MWhr
At P, = Pi™ =180 MW
A= AT =0.18 P,1™+ 41 = 0.18 x 180 + 41
A = AP =173.4 Rs/MWhr.
Similarly,

Pmln =22 MW, P =130 MW

Ay = Xg’m =0.36 Pmln +32=0.36 x 22 +32
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Ay = A" = 39.92 Rs/MWhr.

At P, = P3%=130 MW

Ay = A= 0.36 Pyy™ + 32 =0.36 x 130 +32

Ay = A32%=178.8 Rs/MWhr.
Figure 16.6 gives the incremental cost curves of two units.

4

80
60

40+

Incremental fuel cost (Rs/MWhr)

I
204 . |
| 1Py=Pg= 32 MW IPg " = 130 MW! Pg™ = 180 MW
[ 1 !
I
: :/ + + + :/ + :/ >
/ 30 60 90 120 150 180
P~ Pgr,nzm= 29 MW Output power (MW) —»

Fig. 16.6: Incremental Cost Curves.

At the bottom point Pgnfin (32 MW) > Pgrgin (22 MW), Therefore, P, is fixed at 32 MW and
Py, is fixed at 22 MW (i.e., Pp = 32 + 22 = 54 MW).

Now Nfin = 46.76 Rs/MWhr, N;in = 39.92 Rs/MWhr so N;in < Nfin , therefore as the plant

load increases beyond 54 MW, the load increment will be taken up by unit 2, till both units have
A = 46.76 Rs/MWhr.
At A =2, = 46.76 Rs/MWhr,
0.36 Py, + 32 = 46.76
- Py =41 MW
Therefore at A =A; = Ay = 46.76 Rs/MWhr,
Py=(32+41) =73 MW.

For 39.92 < A < 46.76
A =0.36 Py, + 32 ()
But
Pg2 + gnllin = PD
o . Py =Pp-32 ..(11)
From eqn. (i) and (i), we get

A =0.36Pp + 20.48 ...(iii)
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Equation (iii) is valid for 54 < Py < 73
Load sharing beyond this point (A > 46.76) is carried out on equal A basis till unit 1 reaches
its upper limit of 180 MW.

At Py = Pg™ =180 MW, A% = 73.4 Rs/MWhr.

Therefore for 46.76 < A< 73.4,
A=0.18 P, +41 ...(ii1)
Also
A=0.32 Py + 32 ...(1v)
Now 2 X eqn. (iii) plus eqn. (iv), we have
2L+ 1 =0.36 P,; + 82+ 0.36 Py, + 32

R 3h=0.36 (Py; + Pyy) + 114 ..(v)
But Py + Py =Py ...(vi)
From eqn. (v) and (vi), we get

A=0.12 P, + 38 ...(vii)

At A = 73.4, Pp = 295 MW

Therefore load range is 73 < Pp < 295.
Beyond this point only unit 2 can be loaded.

For 73.7< A < 78.8

L =0.36 Py, + 32 ...(viin)
But
Py + gnllax =Pp
. Py =P —180 o (i)
From eqn. (viii) and (ix), we get,
A=0.36 P, —32.8 ()

Therefore load range is 295 <P < 310
Results are summarized below:

1.For54 < P, <73,  A=0.36 Pp+20.48
2. For 73 < P, < 295, A =0.12 Py + 38

3. For 295 < P, < 310, A =0.36 Pp—32.80
Py, Py, and P, are tabulated in Table-16.1
Fig. 16.7 shows the plot of the plant A versus plant output (Pp).

Example 16.3: For the problem in Ex-16.2, compute the saving for the optimal scheduling of a
total load of 266.66 MW as compared to equal sharing of the same load between the two
generating units.

Solution:
For optimal operation of 266.66 MW, from Table-16.1, P,; = 161.11 MW and P,, = 105.55
MW.
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Table-16.1
Plant A P (MW) P (MW) Po(MW)
(Rs/MWhr) = Py, + Py
39.92 32 22 54
42 32 27.78 59.78
46.76 32 41 73
50 50 50 100
60 105.55 77.78 183.33
70 161.11 105.55 266.66
73.4 180 115 295
75 180 119.44 299.44
77 180 125 305
78.8 180 130 310
A
D
1
1
1
ol
—_ T
£ b
S o
= [
3 o
x ! T
= 1 [
! 1 1
E | ] 1
a i Lo
1 [
1 [
! 1 1
1 [
X ! I 310
1 [
. Y W

0 50 100 150 200 250 300
Plant output, Py (MW)

Fig. 16.7: Py V, A for example-16.2.
Portion-AB: A = 0.36P, + 20.48
Portion-BC: A = 0.12P, + 38
Portion-CD: A = 0.36Py — 32.80

If loads are shared equally, then P,y = 133.33 MW and P,y = 133.33 MW.
Now

c, = j[;lz%l)dpgl = j(o.wpgl +41) dP,,

C,=0.09P7+41 P, + K,
Similarly

Cy=| (036F,, +32)dP,,

v
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Cy=0.18P%+ 32 Py + K, ...(ii)

Where K, and K, are constants.
Total fuel cost for generating 266.66 MW optimally

= [C1(Py; = 161.11) + C,, (P, = 105.55)] Rs/hr
=0.09 x (161.11)% + 41 x 161.11 + K, + 0.18 x(105.55)% + 32 x 105.55 + K,
= (14324.53 + K, + K,) Rs/hr.

When loads are shared equally, the fuel cost is

[C1(Py; =133.33) + Cy (Pye = 133.33)]
=[0.09 x (133.33)% + 41 x 133.33 + K, + 0.18 x (133.33)* + 32 x
133.33 + K,] Rs/hr

=(14532.85 + K, + K,) Rs/hr.

Therefore, net saving for optimum scheduling operation
=[(14532.85 + K; + K,) — (14324.53 + K; + K,))] Rs/hr

=208.32 Rs/hr.
Assuming no outage throughout the year, annual saving = 8760 x 208.32
= Rs. 1824883 Ans.

16.6 ECONOMIC DISPATCH CONSIDERING LINE LOSSES

From the law of conservation of power we can write

n m n
P= 2P =2 P -2 Pu ..(16.23)
i=1 i=1 i=1
where P, = net injected power at bus i.

P;, = total line loss.

P, = power generated by i-th generator.

P, =load at bus i.

It is assumed that Py are specified and fixed but the P, are variables. If Py are fixed, from
eqn.(16.23), it can be seen that P, depends only on the P,;. Bus 1 is a slack bus and the bus power
Py (Py; = P, + Py) is a dependent variable and found by solving the load flow equations.

Therefore, only (m — 1) of the P,; are independent variables. Thus, for a given power system, and

gi

given Py, Qg at all buses and voltage magnitude |V}|, specified at buses i = 1, 2, ..., m, the
functional dependence of P;, may be written as:

P, = P (Pys, Py, .., Pyyy) ...(16.24)

Equation (16.24), depends on the load flow solutions. Expression for total fuel cost is given
as:

Cp= Zci (Pgi) ...(16.24)
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Subject to

m

Z{Pgi — Py (P, Py, ooy Py) = Py =0 ..(16.25)
£

and
PR < Py <PR™ =12, .., m ..(16.26)

We will first consider the case without the generator limits. The augmented cost function
is defined as:

m

Oy = 2Ci(P)- ini ~ PPy Py Py ) - Py ..(16.27)
i=1

i=1
where A is the Lagrangian multiplier.

Next, we find a stationary point of CNT with respect to A and the P

dC, S
T =Py P —Py=0 ..(16.28)
dr 1=1
dCr__ dG A=0 16.29
dPy, a dPy T +(16.29)
aty _ 40(P) A1) g =03 16.30
dP,, = dPgi - ani =0,i1=2,3, ... m ... (16.30)
Equation (16.30) may be written as:
dC; .
Li dPgi = 7\,, 1= 2, 3, e, m (1631)
where
L, = ; =2, 3 16.32
i = 1_8PL’L_ , 3, .., m ...(16.32)
oP

g1
L; is known as penalty factor for the i-th generator.
Also note that from eqn. (16.29),
L,=1 ...(16.33)
Necessary conditions for optimization given in eqn. (16.29) and eqn. (16.30), may be replaced

L dc, =L dcy _ =L %—x (16.34)
1 dPgl 2 dPg2 cee mdPgIn cee .
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Equation (16.34) indicates that for optimal scheduling, operate all the generators such that

i
dPy

From eqn.(16.34), it is seen that the ICs must be weighted by the penalty factors L;. A large
penalty factor makes the plant less attractive, and a smaller IC from the plant is required.

If we now consider the generator limit, same procedure as mentioned in section—16.5 must
be adopted.

the product L; x = A for every generator.

Example 16.4: A two bus power system is shown in Fig.16.8. Incremental fuel costs of the two
generators are given as:
IC, = (0.35 P, + 41) Rs/MWhr
ICy = (0.35 Py, + 41) Rs/MWhr
loss expression is
Py, = 0.001(P,, — 70)* MW.
Determine the optimal scheduling and power loss of the transmission link.

P

g1

P

g2

P,, = 300MW P,,= 7T0MW

Fig. 16.8: Sample power system of Ex-16.4.

Solution:
Py, = 0.001(Py, — 70)*
oPy,
P, - 0.002 (P, — 70) = 0.002 Py, — 0.14
L,=1.0,L,= L L
1= LU Ly = ——5— =
9P, (114-0002P,,
0Pgs
dcl _ _ "
Now L, dP,, =035 P, +41=1 (0
and
dc, 0.35P,, +41
L = =A ..(11)

2dPy, ~ (114-0002P,, )
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From eqn. (i),

A—41
Pgl = 085 .. (T11)
From eqn. (i7),
1141 - 41

22~ 0.35+0.002A (i)

solving eqns. (ii7) and (iv) iteratively, we get
A =117.6 Rs/MWhr
P, =218.857 MW, P, = 159.029 MW.
and power loss
Py, =0.001(P, — 70)> MW
- P, =0.001(159.029 — 70)> MW = 7.926 MW
Now as a check,
Py + Py — Py,
= (218.857 + 159.029 — 7.926) MW
= 369.96 MW (close enough to 370 MW).

16.7 PHYSICAL SIGNIFICANCE OF . CONSIDERING LOSSES

We will now consider the physical significance of A. In the lossless case (section-16.4), A related
increase in cost rate (Rs/hr) to increase in power demand (MW). Is this still true with losses?
From eqn. (16.16),

dc;|P°
ACy = iMAP : ...(16.35)

. 81
i=1 dPgl

The power balance equation is written as:

m
D APy _ AP, = AP, ...(16.36)
i=1

Now due to increments of load from PB to ( PB + APp), corresponding optimal Pgoi has also
changed from Pgoi to (Pgoi + AP,;). Thus, line loss expression is written as:

P, =P (P} + APy, P + APy, ... P +AP,) ..(16.37)

Expanding the above expression by Taylor series and retaining only the first two terms, we
have,

w 9P, (P?)
P = PI?+ ' ZWAPQ ...(16.38)
1=

Then



i=1

From eqn. (16.13)

dC;
ar, ~*
gi
b; + 2d;Py; = A
A—b,
P = i
& 2 d;
Also from eqn. (16.10),
m
i=1
From eqn. (16.44) and (16.43), we get
« A-b
) =Py

nir),,
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APy ...(16.39)
= 9P
From eqns (16.36) and (16.39), we get
m BPL (PO)
APy + Z Py; AP, = APy ...(16.40)
The terms in the brackets are reciprocals of the penalty factors L;, i = 2, 3, ..., m and we also
know L; = 1.0. Therefore, eqn. (16.40) may be written as:
ZL AP, = AP, ..(16.41)
i=1
Since we know L; XIC; = A, Then from eqns. (16.35) and (16.41), we get,
= xZL AP, = LAP, ..(16.42)

The above result is same as eqn. (16.18), that is A represents the increment in cost (Rs/hr) to the
increment in load demand (MW).

16.8 DETERMINATION OF A USING GRADIENT METHOD

In Ex-16.4, we have seen that an iterative process is necessary for determining the value of A.
A rapid solution can be obtained by the use of gradient method when losses are considered. In
the present case, losses are ignored.

...(16.43)

..(16.44)

...(16.45)
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m g
Pp+ g‘; ZC}i
A= B ...(16.46)
254,
Now, let us define eqn. (16.45)
fn) = Py ...(16.47)

Expanding the left-hand side of the above equation in Taylor series about an operating point
A% and neglecting the higher order terms, we obtain,

(K)
Oy + (—d’;(i”)) 2® = P,

(X)
A = % ...(16.48)
df(n)
%)
Let us define,
API = Py — f(0)® .(16.49)
S p K
API =P, - X Py ...(16.50)
i=1
Also
o & A - b
=25
=1 24
df (\) Izn: 1
= ..(16.51)
dA = 2d;
From eqns. (16.48), (16.49) and (16.51), we get,
K)
m® = —F . (16.52)
Z 1
i=12d;
Therefore,
AEHD = K 4 AQE) ...(16.53)

The process is continued until APg(K) is less than a specified accuracy. K is iteration count.
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Now we will consider the transmission losses for determining A. One common practice is to
express the total transmission loss as a quadratic function of the generator power outputs. The
simplest quadratic form is

Z ZP BIJPgJ ...(16.54)
i=1 =

Derivation of the loss formula is presented in next section.
From eqn . (16.30), we get,

dc,  ap,

dP, XaT— A l= vy M ...(16.55)

From eqn. (16.54), we have

P,
9, 2231J i ..(16.56)

From eqns. (16.55) and (16.56), we get,

b; +2dP + 27\'ZBIJPgJ =X
=1

. b+ 2d,P; + 2\B,P, +2x23u g =

i* gi
]:tl

A—b; 2XZBU i
=1
_ J#1
AP, = 2(di +wﬁ) ... (16.57)

At K-th iteration, eqn.(16.57) is expressed as:

(K) _ (K) ®)
A ;- 20 ZBUPgJ
=1
pP® - 1 (16.58)
p - ..(16.
2(d; +2B, |

At K-th iteration, eqn.(16.23) is written as

m
Y P =py+ p® ..(16.59)
i=1

Substituting eqn. (16.58) in eqn. (16.59), we get,



424 Electrical Power Systems

m

W — b - 2210y By P
=1
J#1

2(di NOEs

=P, +P®

=

._‘
1l
—

or
f® =P, +pP®
Expanding the left-hand side of eqn.(16.61), we get,

(K)
df (L) <
B + (d—k) AM® =Py +PIE )
X)
ME = —§&8
ar ™
dr
&)
P N — S—
(K)
i dPgi
S\ dh
where
AP® =Py + PP — f)®
_ - ) _
di +Biibi _2dlzBlJPg(] )
K =
i[dPgi )( b $ o
- 2
i=1 dh i=1 2(d1 + 7\,(K>BH)
Therefore,

AEHD) = B 4 A®

Equation (16.63) can also be written as

m

®)
AP® =P+ P — E;Pgi
-

...(16.60)

...(16.61)

...(16.62)

...(16.63)

...(16.64)

...(16.65)

...(16.66)
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The process is continued until APg(K> is less than a specified accuracy, i.e., | APg(K> < €.
If an approximate loss formula given by
S 2
P = 2, BiP; .(16.67)
i=1
is used, B; =0.0. Then eqn. (16.58) reduces to

pro_ A9 b,

= ...(16.68)
¢ 2idi+x<K>Bﬁi

Equation (16.64) reduces to

K

i[dpgi )( ) _ i di +Biibi (16 69)
- 2 “en .

i=1 dA i=1 2(d1 + X(K)BH)

Example 16.5: The fuel cost functions for three thermal plants in Rs/hr are given by

C, =500 + 41 P, +0.15 P}
Cy =400 + 44 Py, + 0.1 P

Cy =300 + 40 P,y + 0.18 P

Neglecting the line losses and generator limits, find the optimal dispatch and the total fuel cost
by iterative technique using the gradient method. The total load is 850 MW.
Solution:
a, =500, b, =41,d, =0.15
ay = 400, b, = 44, d, = 0.10
as = 300, by =40, d; =0.18
From eqn.(16.43)

25 _p,
2d,

1

P®
g1

Assuming the initial value AV = 50

50 — 44
PV = =30 M
g T 9x015 W
50 — 44
Py = =30 M
82 " 2x0.10 W
50 — 44
PO = =27.77 MW.

g 2x018
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From equation (16.50),
APY =850 — (30 + 30 + 27.77)

APY = 762.23 MW
From eqn.(16.52),

762.23
1 1 1
+ +
2x015 2x0.10 2x0.18

A}\'(l) =

s ALY = 68.6007
Therefore, for 2nd iteration
A® = A0 + AAD = 50 + 68.6007

A® = 118.6007.
1186007 — 41

PP= =~ - 958
i w015 258.669 MW
@ _ 1186007 -44 573.0035 MW
g~  9x010 7
@ _ 1186007 - 40
= ————————=918.335 MW.

g 2x0.18

AP = 850 — (258.669 + 373.0035 + 218.335)

AP =—0.0075,

‘AP g(Z) ‘ = 0.0075 is very very small and hence solution has converged.

Therefore optimal solution is
P,y = 258.669 MW
P,y = 373.0035 MW
P,3 =218.335 MW

A =118.6007 Rs/MWhr
Now
Cr=C,;+Cy+ Cy

Cp = [500 + 41 x 258.669 + 0.15 x (258.669)*
+ 400 + 44 x 373.0035 + 0.10 x (373.0035)2

+ 300 + 40 x 218.335 + 0.18 x (218.335)?] Rs/hr
Cyp = 69481 Rs/hr.



Optimal System Operation 427
Example 16.6: Consider Ex-16.5, with generators limits

125 < P,y < 300
175 < P, < 350

100 < P,y < 300

Determine the optimal dispatch by iterative technique using gradient method.
Solution:

We have seen in Ex-16.5 that equality constraint was satisfied in two iterations and there
was no generator limit. In this case constraint is imposed on generator output.

After 2nd iteration (Ex-16.5), we have,

P, = 258.669 MW
P,, = 373.0035 MW

P,; = 218.335 MW.

But P,, exceeds its upper limit. Thus, this unit is pegged at its upper limit. Hence P,, = 350 MW
and is kept constant at this value. Thus, the new imbalance in power is

AP =850 — (258.669 + 350.0 + 218.335)

AP =23 MW.
From eqn. (16.52), we have,
23
AND = = 3.763
& 1 1

+
2x015 2x0.18

A® =@ + AA® = 118.6007 + 3.763

s A® =122.3637.
For the 3rd iteration, we have

122363741 _ 07191 MW
g™ 9x015
P, = 350 MW
122363740 _ 998,79 MW
@8 9%x018

and

AP =850 — (271.21 + 350 + 228.79) = 0.0

APg(3) = 0.0, and the equality comstraint is met and P, and P,; are within their limits. Thus, the
optimal dispatch is

P, =271.21 MW

P,y =350.0 MW
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Pgy = 228.79 MW
A =122.3637 Rs/MWhr.

Example 16.7: Consider Ex-16.4, with power loss expression given by

Py, = 0.00005 P4 +0.00008 P

Determine the optimal dispatch by iterative technique using gradient method.

Solution:

Given that

Therefore,

Also

From eqn. (16.68)

IC, = (41 + 0.35 P,)) R/MWhr
ICy = (41 + 0.35 P,y) R/MWhr
Pp = 370 MW.

0.35
bl = 41.0, dl = T = 0.175

Py, = 0.00005 P4 + 0.00008 Pg,

B, = 0.00005, By, = 0.00008

X)

1

PV =
&t Z(dl + X(K)BH '

Assuming that initial value of AP = 60.0

Power loss

Error,

P 60 — 41
g1 = 2(0.175 + 60 x 0.00005

) =53.37 MW

PO _ 60 - 41

&2 = 20175+ 60 x0.00008) ~ *=53 MW.

PY =0.00005 x (53.37)% + 0.00008 X (52.83)*

PY =0.3657 MW.

AP{ =370 + 0.3657 — (53.37 + 52.83)
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AP{ = 264.1657 MW
From eqn. (16.69), we have,

o (dPy
s

=1

(K)y & (di +biBﬁ)
) ~i=1 2(d1 + 7\,(K>Bii)2

-

Here m =2

@
i(&) __d+buBy + dy +byByy
d\

= ) oldy 208, )" 2y + 20 By,

-

0.175+41x000005 0175+ 41x 000008
2(0.175 +60 x0.00005)°  2(0.175 + 60 x 0.0008)”

=2.794 + 2.757 = 5.551
From eqn. (16.62), we get

)
264.1657
A}\,(l) = 5 g (1) = 5551 — 4759
=\ dr
A2 =20 + A\O0
- A? =60 + 47.59 = 107.59
For the 2nd iteration,
@ 10759 — 41
Par'= 9(0175 + 10759 x 0.00005) = 184.58 MW
@ 10759 — 41
Py = 3(0175 + 10759 x 0.00008) = 181.34 MW.
Power loss
P#=0.00005 x (184.58)* + 0.00008 x (181.34)"
P® =4.334 MW.
Error

AP =370 + 4.334 — (184.58 + 181.34)

AP®) =8.414
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@
i[dpgi ) __0175+41x000005 _ _ 0.175+41x000008

dh 2(0.175 + 10759 x 0.00005)*  2(0.175 + 107,59 x 0.00008)”
= 2.72 + 2.644 = 5.364

i=1

8414
AAVD = 5961 1.5686

A® =22 + AA® =107.59 + 1.5686

s A® =109.1586
For 3rd iterations,

109.1586 — 41

@ _ )
Fer'= 5(0175+109.1586 x0.00005) ~ 188:849 MW
PO 109.1586 — 41 548 AT

2 2(0.175 +109.1586 x 0.00008) e

<. Power loss
P{® =0.00005 x (188.849)* + 0.00008 x (185.483)*
P =4.535 MW

Error

AP =370 + 4.535 — (188.849 + 185.483)

AP =0.203 MW

®
i e | _ 5.358
. |~

i=1

0203
A = =385 = 0.03788

AD =23 + AA® = 109.1586 + 0.03788
A A9 =109.196
For 4-th iteration

@ 109.196 — 41
Per’= 2(0.175 +109.196 x0.00005) = 188.95 MW

@ 109.196 — 41
Py = 5(0175 + 109.196 x 0.00008) ~ 185-58 MW
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PM'=0.00005 x (188.95)2 + 0.00008 X (185.58)"

PY=4.54 MW.

Error

AP =370 + 4.54 — (188.95 + 185.58)

AP =0.01

This value is quite small and solution has converged. Optimum dispatch for A = 109.196
Rs/MWhr

P,; = 188.95 MW

Py, =185.58 MW
Real power loss P;, = 4.54 MW.

16.9 GENERAL METHOD FOR FINDING PENALTY FACTORS

Power loss expression can be written as:

n m n
P, = NP =) P;_Y Py ..(16.70)
= = izl

where
n = total number of bus bars

m = total number of generator bus bars

P,. = real power generation at bus i,

gl
,=1,2,....m

P4 =real power load at bus i,
,=1,2,..,n
P, = net real power injected at bus i,
1, =1,2, .., n.

From eqn. (16.70), we can write
P.=P,+P,+..+P +P_, +..+P

n

aPL _ af’l + 3P2 + + aPm + aPm+1 + + aPn
WV g 9k T g | Wk T g
K=2,3..n ..(16.71)

since 6, = constant (= 0°), we don’t include K = 1,

Now for given, 8, 05, ..., 0, We can compute ﬁ explicitly from the load flow eqns. (7.15).
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oPy,
Equation (16.71), gives one expression for E . Taking account of the relation,
oP, _ 9P
- = =1, 2, .. ...(16.72
aSK aSK ki L ki b ) m ( )

Note that Py is constant.
Next we have to derive an alternative expression using eqn.(16.71) that involves quantities
in calculating the penalty factors. Thus, using the chain rule differentiation,

0P, _ P, JPy N 0P, an3+ +8i 0Py
g 0Py g  OPg g T 0P, 08k

K=23,..,n ...(16.73)
Using eqns. (16.73) and (16.72), we get,

on, _ P, 9P, 9P, 9P, OB, 0P,

= . + . e
g 9dP, ddx  dP,5 98k 0P, 98k
K=23 ..,n ...(16.74)
. . . . P, _ . .
Since the function Py, does not include P,; among its arguments, P 0 and is not included
gl

in eqn. (16.73).
Subtract eqn. (16.74) from eqn. (16.71) to get

P, P, [1_ P, j+ o [1_ oP, )+ Poor, P,

B g | 0Py B | Py )T a5 0
K=23,..n ...(16.75)
In matrix form, eqn. (16.75) can be written as
op, P, o ,_om ] [on]
8, T 2%, 7 9%, 0P, 98,
oP;,
1- = _ :
o . ...(16.76)
1
P, P, P, : Py
| 98, e, d, |l 1 | | 98, |
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The terms in matrix of eqn. (16.76) relate the bus powers P, to the angles o and the matrix is
just the transpose of J; found in Chapter-7, Section-11.0. Right hand side of eqn. (16.76) can
easily be obtained from eqn. (7.41). It is

P,

K=23,..,n ...(16.77)
Thus, it is very easy to find out the penalty factors using eqn.(16.76).

Example 16.8: Figure 16.9 shows a sample power system network. Given that

IC; = 4.0+ 0.60 P,
IC, = 4.0 +0.60 P,
1-j10 0 ~1+j10
Yeus=| O 05-j50 —05+j50
~1+j10 -05+ 50 15-j15

Find out optimal generation scheduling.

P,=2.0 pu

Fig. 16.9: Sample power system network of Ex-16.8.

Solution:
From eqn.(7.15),
n
P = Z|V1||VK||YiK| cos (B — &, + 8y)
K=1

P, = 2 ViV [Yik| cos {0 — (8, — 8p)}
K=1

n
P = Z|V1||VK”Y1K| [cosB;k cos(d; — 8y) + sinBk sin(; — dy)]
K=1
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Assuming §; — 8¢ = O, we have
n
P = Z|Vi||VK| [Gikcosdik + Bigsindik]
K=1

Where |Yv1K| COSGiK = GiK’ |Yv1K| SineiK = BiK
and Y = Gig +jBik
- For the sample power system shown in Fig. 16.9,

|V1| = |VZ| = |V3| =1.0puandn=3.

3
P = Z[GiK cosd;g + Bk sin 8k |
K=1
P, = Gy + Gy €085 + Biysind, + G13c080,5 + B3 sind; 5
P, = Gy c0sdy; + By sindy; + Gog + Gog €08055 + Bag sindyg
P, = G3,c0884; + Bg;5inds; + G45€080,, + Bgysindgy + G
But 12 = — 891 = 0.0, 835 = — 83, 813 = — J3
P, = G, + G135 cosds; — By sindg,
P, = Gy + Gy3 c088y3 + Byg Sindyg
P; = G5 + G5y cosd3; + By sinds; + Gy 080855 — By Sindyg
Now from the Ypyg matrix, we have
G, = 1.0, Gy, = 0.50, G343 = 1.50,
G5 = Gy, == 1.0, Gyg = G35 =— 0.50,
B,5 = B3; = 10.0, Bys = Bs, = 5.0,
P, =1.0 — cosds; — 10 sindy;
P, =0.50 — 0.50 cosdyg + 5 sindyg

P; =1.50 — cosdg; + 10 sinds; — 0.50 cosdyz — 5 sindyg
Power loss expression can be obtained as:

3
P=2P=p +P,+P,
=1

()
(7))
...(1v)

..(v)
..(vD)

...(viD)

...(viii)
..(ix)
(%)

P;,=1.0 — cosd3; — 10 sindg; + 0.50 — 0.50 cosdy3 + 5 sindyg + 1.50 — cosdy; +

10 sind3; — 0.50 cosdy3 — 5 sindyg

P; = 3.0 — 2 cosds; — €8Oy
Now

oP,
@ = — (75381n045 + Byqc0s8y3 = 0.5 Sindyg + 5 c0osdyq

o,

B G9381INd95 — BysC08d95 = — 0.5 Sindyg — 5 €08y

. (x0)
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P,

95, = — (45581n0,5 — B54c08055 = 0.5 sindyq — 5 €0sdyq

P,

5. =~ G3,81n05; + B3 c0803; + G398indyg + B3ycosdos
3

dP;
@ = sinds; + 10 cosd3; — 0.50 sindyg + 5 c0Sdyq

Also

P,
By -

P,

E = — G5 8Ind4; — B;5c08d3; = sindy; — 10 cosdgy;

For this problem, eqn. (16.76) reduces to the form

ap, an[,_om] [o
0%y 09, 0Py
=_ (D)
) o,
003 093 1 004
Next calculate 8,3 and 85, corresponding to a particular P,.
Let initial value of P, = P w2 = 1.0 pu
= P «2 = 1.0 pu
From eqn. (ix), we have,
0.50 — 0.5 cosdy3 + 5 sindy; = 1.0
. 5 sindy3 — 0.50 cosdyq = 0.50 - (xiiD)
Solvmg above equation, iteratively, we get,
895 = 11.5°
Now
P;=—2.0pu

- From eqn. (x), we have,
1.50 c0sdy; + 10 sind4; — 0.5 cos (11.5%) — 5 sin (11.5% =

10 sinds; — cosdq; = —2.0132

83 ~—5.85°

Now P, = Py,

From eqn.(viii), we have,
P, = 1.0 — cosds; — 10 sindy,
P, =1.0 — cos (— 5.85) — 10 sin (- 5.85")
P, =1.024 pu
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Given that
IC; = 4.0 + 0.60 P,; = 4.0 + 0.6 X 1.024 = 4.6144
ICy =4.0+0.60 Py =4.0+0.60 x 1.0 = 4.60
Solving eqn (xii), we get,

1—-—L
Py,

L, is always 1.0, so
L, xIC; =4.6144
L, x IC, = 1.0203 x 4.60 = 4.6933
But Ly, x ICy > Ly x ICy, therefore we need to decrease Py,.
After few iterations, we have 8,3 = 11°, &3, = — 6, P, = 1.05 pu, Py = 0.963 pu and
L, =1.01792.
‘ L, xIC,=4.63
L, x IC, = 4.65
Product L,IC; and L,IC, are quite close to each other and solution has converged.

16.10 TRANSMISSION LOSS FORMULA

Here, main aim is to give a simple expression for loss formula based on certain assumptions.
Figure 16.10 shows two generating stations connected through a transmission network to a
number of loads. One of the lines in the power network is designated as branch K.

I _

gl
O

I
1 Iy R

g2
:O—5—

Fig. 16.10: Schematic diagram showing two generating stations connected through a
transmission network to a number of loads.

Now if we assume that the total load current I}, is supplied by generating station 1 only, as
shown in Fig. 16.11(a)

Fig. 16.11(a): Generating Station 2 is off.
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Let the current in line K be Ix;. Let us now define,
I
Ag = 5L ..(16.78)
IL
Similarly, Fig. 16.11(b) shows that generating station 2 is supplying the total load current.

1O

IL
1
I 2 K2 N
> () ;
Fig. 16.11(b): Generating station 1 is off.
We can define,
I
Ag, = 22 ...(16.79)

where
Ak, and Ay, = current distribution factors.

When both the generators are supplying current into the power network as shown in Fig.
16.10, the current in the branch K can be obtained by applying the principle of superposition.
Thus, we can write,

Iy = Ayl + Aol ...(16.80)
At this point we will make certain assumptions which are given below:

X
Assumption-1: For all network branches ratio — is same.

R
Assumption-2: All the load currents have the same phase angle. To understand this
consider bus i of the network as shown in Fig. 16.12.

Bus i

Vil 3

.

Load PL; + jQL;
Fig. 16.12: Bus / of the power network.

From Fig. 16.12, we can write

PL; - jQL; (“PL% +QL12)

o= PLioeL T )|,
L v, VilL=3; 1
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/( 2 2 )

, PLi + QLS 5 — 6
Li = |Vi| i~ %

-+ Load current at bus i = |ILi| d; —d; since §, and ¢; vary only through a narrow range, it is

quite practical to assume that (§; — ¢;) = B, is the same for all load currents at all the times.
Above two assumptions suggest that Iy, and I have the same phase angle and so Iy, and
I;. These lead us to the conclusion that current distribution factors Ay, and Ay, are real
quantities.
Let

Igl = |Ig1| I&and Ig2 = |Ig2| Iﬁ
Substituting I,; and I, in eqn.(16.80), we get

9 2
|IK| = [AK1|Ig1|cos0L1 +AK2|Ig2|cosoc2]

2
+[AK1 |Ig1|sm oy + Ago |Ig2 | sin OLQ]

Ik = A%, [La["+ A, [Leo| + 24k Axo| T | Lo costen — o) ..(16.81)
But
1| = \/_L (16.82(a))
3|V1|cos 0
|| = m .(16.82(b))
where

P, and P, = Three phase real power injected at plants 1 and 2.
cosd, and cos¢, = power factors

V, and V, = Bus voltages of the plant.
Total loss is given by

P = >.3k|’ Rg ..(16.83)
K

where
Ry = resistance of branch K.
From eqns. (16.83) and (16.81), we get,

P2 2P, P, cos(o; —
P =|—5 | XAKRK +[ 1 By cos(oy Q)J 2 Ay Ags B

" \miPosen? ) 7 ValValcosr cosas | %
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P? 2
— | D ARy ..(16.84)
|V2| (cosds) K

Equation (16.84) can also be written as:

P, = BHP12 + 2 P,P,B,, + By, P} ...(16.85)
z k1 Bk
where |V1| (cosq)l)
COS((XI - (XQ) A, A R
B, = K14'K2 'K

- ‘VIHVQ‘cosq)l cosdy K

1
27 ‘V2‘2(008¢2)2

The terms By, By, and B,, are called loss coefficients or B-coefficients.
In general, eqn. (16.84) can be written as

Y Afo Ry
K

cos(0l, — 0 )
‘V HV ‘cosq)pcosq)q

> Ay, Ax, Bx ..(16.85)

General expression of transmission loss can be given as:

I MB

m
Z p pq q ...(16.86)

Example 16.9: A sample power system is shown in Fig. 16.13, compute B-coefficients in pu and
on 100 MVA base. Other data are also given.

1g1 ]g2
110°pu
1 0 Ref bus, r 2
D
— l I «—
I, JA 4
LOAD 3 LOAD 4

Fig. 16.13: Sample power system of Ex-16.9.
Other data:
= (4 —j1) pu, I, = (2 — j0.50) pu,
=(3.2-j0.8) pu, I3=(7.2—j1.8) pu,
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Z,=(0.02 +j0.08) pu, Z,=(0.01 +j0.04) pu
Zy,=(0.02 + j0.08) pu, Z;=(0.01+j0.04) pu

Solution:
Total load current

L =L+I,=72-j18+2-0.50

o I, = (9.2 -32.3) pu.
Now imagine plant 2 is off (Fig. 16.14)

1 ? 2
I,
1 i

r 2
— I l13 —> ], lh
3 4
LOAD 1 LOAD 2
Fig. 16.14

Note that direction of current in branch 2 has changed.

Now L=L+L=1+1,=1 =(9.2-j2.3)
I,=1,=(2-j0.50)

Using eqn. (16.78)

L L,

Ay = I, = I, = 1.0,
Lsemjos)
21~ (92 — j2.3) =—0.2174 (direction of I, has changed)
wools _12-418
BT, T (92-j23)

1 2—-7j0.50
Ay=+= @=j050) _ o174

I, (92-j23)
Similarly, if plant 1 is off, using eqn.(16.79), we have
A;5=0.0
Ay = 0.7826
Agy = 0.7826
Ay =0.2174

Now

V=V, +1,Z,=1[0°+ (4 —j1)(0.02 + j0.08)
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V,=1.198[145°, 5§, =14.5°
V,=V.+ L,Z, = 1| 0°+ (3.2 — j0.8)(0.02 + j0.08)

V2 = 1153‘1720 y S 82 = 120

Now,
Iy = (4—j1)=4.123[ -14°, oy = — 14°
I,=1,+1,=(3.2-j0.8) + (2-j0.5) = 52— j1.3

I,=5.36[-14°, “oy=-14°

S cos(oy, — 01;) = cos(0°) = 1.0
Generator station power factors are:
cos, = cos(14.5° + 14°) = 0.8788
cosdy = (12° + 14°) = 0.8988
Loss coefficients are:

441

4
> Afi Ry
By, = K:21 2
|V1| (cos ¢1)
_ R A} + Ry A5 + Ry AG) + R A
11— 2
(|V1|cosq)1)
B - 0.02(1)? +0.02(-0.2174)* + 0.01(0.7826)* + 0.01(0.2174)*
" (1.198 x 0.8788)2
b Bll = 0.02485 pu.
Similarly,
B = R1A122 +R2A§2 +R3A§2 +R4Af2
“ (|V2|cosq)2 )2
B - 0.02(0)% +0.02(0.7826) +0.01(0.7826)2 +0.01(0.2174)>
2 (1153 x 0.8988)>
Byy = 0.01755 pu.
_ 4
B €05(0 —0'y) D Ax Ago Rk

127 |V1||V2|cosq)1 cosdy
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_ [R1 (A11412) + Ry (Ag1Agg) + R3(As1Age) + Ry (A41A42)]
12 |V1 ||V2 |cos 01 cosdy

Note that cos(o; — 0,) = cos 0°=1.0

_002(-02174 x0.7826) + 0.01(0.7826) +0.01(0.2174)*

B, 2
(1198 x 1.153 x 0.8788 x 0.8988)

B,, =0.002928
Base is 100 MVA,

0.02485

-2 -1
= —— = (. X MW
By = =55 =0.02485 x10
0.01755 9 o1
= —— =0(. X M
By = 5o = 0-01755 %107 MW
0.002928 ,
By = =5 = 0002928 x1072 MW

Example 16.10: Three generating stations supply powers of P; = 100 MW, P, = 200 MW, and
P, =400 MW respectively into the power network. Calculate the transmission loss in the network
and the value of dPr/dP;. Given that B;; = 0.01, By, = 0.03, B33 = 0.04, B;, = 0.001, Bys = 0.0004
and By, =-0.001.

Solution:
From eqn.(16.86)

m m

P = Z PyByy Py
p=1q=1

Number of generating plants m = 3

3 3
P = Z PpoqPq
p=1q=1
P, = P?Bi; + P\B,yP, + P\B,3P; + P,B;, P,
+ Pj Byy + PyByyPs + P3By Py + P3ByyPy + P By,
Since By = By, B13= By, By3=Bj,y

P, =B, P2 + Byy P} + Byy P} + 2B ,P\Py + 2ByyP,Py + 2P,P By,
Now

P, =100 MW, P, =200 MW, P, = 400 MW,
On 100 MVA Base,

P, =1.0 pu, P, =2.0 pu, P;=4.0 pu
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By, = 0.011, By, = 0.03, By = 0.04, By, = 0.001, By = 0.0004, By, = —0.001

P, =0.011(1)2 + 0.03(2)? + 0.04(4)2 + 2(0.001) x 1 x 2
+2(0.0004) X 2 X 4 + 2(— 0.001) x 4 x 1

P, =0.7734 pu.
Incremental loss rates with respect to plant g,

3
_aPL = z 2quPp
p=1

JP,
opP;,
TPI =2P,B,, + 2By, P, + 2B5, P,
opP;,
9P, P, = 2PyByy + 2B,P; + 2B3,P;
opP;,
P,
P =2X1x0.011+2x0.001x2+2x(-0.001) x 4.0
1
=0.016 pu
opP;,
9P, =2x2x0.03+2x0.001 x1.0+2x0.0004 x 4.0
2
= 0.1252 pu
P,

9P =2X%X0.04%x4+2x(—0.001) x1+2x(0.0004) x 2
3

= 0.3196 pu

EXERCISE-16

16.1 Input-output characteristic of a generating unit is

F=(75+ 1.25P, + 1.625 P +0.025 P}) x 10° K Cal/hr

Determine the increase in input to raise the output from 7 MW to 9 MW.
Ans: 6.415 x 10°% K Cal/hr.
16.2 Incremental fuel costs in Rs/MWhr for a generating plant consisting two units are:
IC; =20 +0.10 P,
1C,=15+0.12 P,
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If the total demand Pp = 150 MW, Determine

(@) the division of load between the units for the most economic operation (b) savings from economic
allocation of load between the units in comparison with their sharing the output equally.

Ans: (@) Py = 59 MW, P,, = 91 MW; (b) Rs 247032

16.3 Incremental fuel costs in Rs/MWhr for two generating units of a plant are:
IC; =10 + 0.05 P,

IC, =8 +0.06 Py,
and the generating limits are as follows:

30 <P, < 150 MW
30 <P, < 150 MW

Assume both the units are operating at all times. How the load will be shared between the units

as the system load varies over the full range of the load values? What are the corresponding values
of A.

16.4 A sample power system is shown in Fig. 16.15. Determine the loss coefficients.

1 3 2

A Y S A

Rs
LOAD

Fig. 16.15: Sample power system of P16.4.

(R + R3) (Ry + R3) Ry

Ans: B;,= —>———; By, = ; Big =
o |V1|20082(])1 * |V2|20032¢2 12 |V1||V2|COS¢1COS¢2

16.5 A sample power system is shown in Fig.16.16. Data for the system are given below. Determine the
loss coefficients on a 100 MVA base.

\ 2& v g
— 1 e
Y /, \ &5
3 4 110°
g
Y I, \ R
—1— 5 6 ——
v M
LOAD 1 LOAD 2

Fig. 16.16: Sample power system of P16.5.
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Z, =(0.03 + j0.12)pu; I; = (1.3 — j0.50)pu
Zy = (0.03 + j0.12)pu; I, = (1.2 — j0.25)pu
Zs = (0.07 + j0.28)pu; I, = (1.0 — j0.30)pu
Z4 = (0.04 + jO.16)pu; I; = (1.5 — j0.45)pu
Zs = (0.025 + jO.10)pu;
Ans: B;; = (6.76 x 10°)MW™; By, = (5.48 x 107*)MW!
By = (- 0.133 x 10°HMW!

16.6 Fig. 16.17 shows the ICs of generators 1 and 2. If both generators are running continuously, how
would a load (a) more than 2P,; (b) equal to 2P,; and (c) less than 2P,; be shared between unit 1 and

unit 2.
1
I
1
I
I 2
1
I
I
I I
Ic, : ! !
I I I
! 1 1
! I 1
| I I
I 1
! 1 1
| | I
! 1 1
! 1 1
| | I
! 1 1
1 1 1
! 1 1
I ] 1
Im\n ! :T\BX MW
Py Py Py
Fig. 16.17: /Cs of generating units of P16.6.
Ans: (a) generator 2 will share more load than generator 1.
(b) generators 2 and 1 will share equal load
(c) generator 1 will share more load than generator 2.
16.7 A short transmission line has series impedance Z = r + jx. Prove that if |V, | = | V,|, x >>r, and 6,5

is small then,

r.P122

P, = e

= v,

16.8 A two bus power system is shown in fig. 16.18. The incremental production costs of the plants are:

-
>
Py Py

LOAD

Fig. 16.18: Sample two bus power system of P16.8.



446 Electrical Power Systems

IC; = 15+ 0.025 P,y
IC, =20 +0.05 Py,

Determine the optimal dispatch schedule and the load demand if the cost of received power is Rs

24 per MWhr. Given that if a load of 125 MW is transmitted from plant 1 to the load, a loss of 15.625
MW is incurred.

Ans: P,; = 123.28 MW, P,, = 80 MW; Pp, = 188.1 MW.
16.9 Incremental fuel costs (Rs/MWhr) of two units are given by

¢, 16 +0.03 P
= + 0. 1
dP,, '
aCy _ 12 + 0.05 P
P, ~ O le

Given that B;; = 0.005, By, = — 0.0012, By, = 0.002 and P, = 200 MW. Determine the optimum
operating schedule using gradient method.

Ans: 98 MW, 171 MW.
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10.

11.

. For constant transmission efficiency, voltage is increased n times, the size of the conductor

would be

1
(a) reduced to (n_g) times of the original (b) increased to (n?) times of the original

1
(¢) reduced to (;) times of the original  (d) increased to n times of the original

. It the shunt admittance of the transmission line is ignored, the torque angle at which

maximum power will occur is

(@) /4 (b) — m/2 (¢) m/2 dn
. If the torque angle & continuously increases, system will become
(a) stable (b) unstable (c) oscillatory stable (d) asymptotic stable.
CIf |VS| = |VR| = 33 KV (three phase) and X = 13 ohm per phase, what will be the maximum
power transmission per phase?
(a) 29 MW (b) 30 MW (c) 60 MW (d) 28 MW.
. If the transmission voltage is increased, the percentage resistance drop will
(a) increase (b) decrease (¢) remain unchanged (d) none of the above.
. The power transmission capacity of the transmission line is

(a) proportional to the square of the voltage (b) inversely proportional to the voltage
(¢) directly porportional to the voltage (d) proportional to the cube of the voltage.

. A transformer has a reactance of 0.04 pu. If the secondary of the transformer is short

circuited with nominal voltage applied to the primary, the symmetrical short circuit
current will be

(a) 4 times of the full load current (b) 25 times of the full load current

(¢) 16 times of the full load current (d) 29 times of the full load current.

. Three phase short circuit current of an alternator will be

(a) zero (b) maximum (¢) infinity (d) very small.

. The material used for fuse wire must have

(a) low melting point and low specific resistance

(b) low melting point and high specific resistance

(¢) high melting point and low specific resistance

(d) low melting point with any specific resistance.

The Buchholz relay is used to protect the

(a) alternators against all internal faults

(b) oil immersed transformers against all internal faults

(¢) synchronous motors against all internal faults

(d) transmission line against all types of faults.

Third harmonics current flows from the generator terminals through the system and
returns by way of comparatively low zero—sequence reactance path to the neutral terminals
will give rise to



448

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Electrical Power Systems

(@) overheating of generator

(b) overheating of generator and neutral resistors of earthing transformer

(¢) overheating of earthing transformer only

(d) none of the above.

The effect of electric shock in the human body will depend on

(@) line voltage (b) line current

(¢) current flowing in the body (d) none of the above.

To protect the power transformer (Y — Y, with neutral grounded) against fault, the CT will
have

(a) A — A connection (b) A — Y connection

(¢) Y — A connection (d) Y — Y connection.

The class C insulation can withstand

(a) 180°C (b) 150°C (c) 200°C (d) 105°C
The location of the lightning arresters is

(@) near the transformer (b) away from the transformer

(¢) near the circuit breaker (d) away from the circuit breaker.
Which of the following distribution systems gives the greater reliability

(@) radial system (b) ring system

(¢) DC three wire system (d) open loop system.

In the transformers

(a) high tension winding is used near the core

(b) high tension winding is used away from the core

(¢) low tension winding is used near the core

(d) low tension winding is used away from the core.

The effect of series capacitor on a transmission line is to improve the

(a) steady state stability (b) transient stability

(¢) (a) and (b) both (d) none of the above.

The power intended to be available even under emergency condition is called

(a) firm power (b) hot reserve (¢) cold reserve (d) spinning reserve.

Two transmission lines of the surge impedance of 600 ohms each is linked by a cable. What
should be the surge impedance of the cable if there were no reflection at the junction?

(a) 300 ohms (b) 30 ohms (¢) 600 ohms (d) 60 ohms.
For 11 KV underground system, it is possible to work upon a length of
(a) 800 miles (b) 100 miles (¢) 400 miles (d) 10 miles.

Series capacitors are used to

(a) improve the line voltage

(b) compensate for line inductive reactance

(¢) compensate for line capacitive reactance

(d) none of the above.

The short circuit in any windings of the transformer is the result of
(@) impulse voltage (b) insulation failure

(¢) mechanical vibrations (d) loose connection.
Split—phase relaying responds to faults between turns of a transformer
(a) true (b) false.

Which of the following relays are used for phase fault on long line?
(@) impedance relays (b) reactance relays

(¢) MHO relays (d) over current relays.
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For a detection of the occurrence of the severe synchronising power surges

(@) impedance relays are best suited (b) reactance relays are best suited

(¢) MHO relays are best suited (d) split—phase relays are best suited.

The protection from negative sequence currents is provided for

(a) transformers (b) generators (¢) motors (d) transmission lines.
If the height of the transmission tower is decreased, the capacitance of the line will

(a) increase (b) decrease

(¢) remain same (d) decrease exponentially.

AC system has the following disadvantages over DC system

(a) skin effect exists (b) line regulation is more

(¢) charging current exists (d) proximity effect exists.

The power loss is important for the design of

(a) generator (b) motor (c) feeder (d) transmission line.
The voltage regulation is an important factor for the design of

(a) generator (b) motor (c) feeder (d) transmission line.
Which of the following parameter can be neglected for a short line?

(a) resistance (b) inductance (c) reactance (d) capacitance.
Which of the following circuit breaker has high reliability and minimum maintenance?
(a) oil circuit breaker (b) airblast circuit breaker

(¢) vacuum circuit breaker (d) SF circuit breaker.

Which of the following insulator will be selected for high voltage application?

(a) strain type (b) disc type

(¢c) suspension type (d) pin type.

The strain type insulators used when

(a) the transmission line is dead ended (b) the direction of transmission line changes
(¢) the transmission line is short (d) (a) or (b).

If the capacitance of the transmission line is increased, the transmitted power will

(a) remain same (b) increase

(¢) decrease (d) tend to zero at the receiving end.

The sag of a transmission line with 50 m span is 1 m. What will be the sag if the height of
the transmission line is increased by 20%

() 1.2 m b)2m (¢) 1.25 m (d) 1 m.

Which of the following method may be used to inject reactive power in the transmission
line?

(a) series capacitor (b) shunt capacitor (¢) shunt reactor (d) voltage regulator.
The most common generation voltages in India are

(@) 440 volt, 6.6 KV, 11 KV (b) 440 volt, 220 volt, 110 volt

(¢) 66 KV, 33 KV, 11 KV (d) 11 KV, 13.2 KV, 18 KV.

The most common transmission voltages in India are

(a) 66 KV, 132 KV, 220 KV (b) 132 KV, 220 KV, 440 KV

() 220 KV, 440 KV, 500 KV (d) 11 KV, 132 KV, 500 KV.

The guard wire is firmly connected with

(a) neutral wire (b) phase wire (c) cross arm (d) earth wire.

The load must not be connected directly on

(a) transmission line (b) distributor (c) service mains (d) L.T. 220 volt line.
The lighting arrester is installed

(a) at the top of the building (b) at the bottom of the building

(¢) away from the building to be protected (d) in the centre of the building.
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Generally the porcelain insulators are glazed because

(a) 1t helps in gliding down of water easily

(b) it improves its appearance

(c) 1t prevents the absorbing tendency of gases and water vapours

(d) it increases its mechanical strength.

In case of pin type insulators, the petticoats are provided to

(a) improve its appearance

(b) to drip out the rain water and to increase the possible conducting length of the path
(¢) to protect the stud from sun lighting

(d) to protect the stud from wind pressure.

Which of the following cities having atomic power station

(a) Delhi (b) Trombay (¢) Jaipur (d) Agra.

Up to which voltage, the pin insulators are preferred?

(a) 25 KV (b) 11 KV (c) 500 KV (d) 66 KV.

Name the effect which is resulted because of the size of conductor, frequency and the

specific resistance of the conducting material
(a) Corona effect (b) Skin effect (¢) Proximity effect  (d) Thomson effect.

If the specific resistance of the conductor is increased, what effect does it result on the skin
effect?

(a) remains same (b) decreasing

(¢) increasing (d) none of the above.

The capacitor bank is installed

(a) to improve the power factor and voltage magnitude

(b) to decrease the power factor and voltage magnitude

(¢) to improve the power factor only

(d) to improve the voltage magnitude only.

The disadvantages of transmission line as compared to cable system are

(@) atmospheric hazards

(b) atmospheric hazards, exposures to lightening

(¢) interference of telecommunication circuits

(d) atmospheric hazards like smoke, ice fumes, exposures to lightening, interference of
telecommunication circuits etc.

The safe working life of the underground cable is taken as

(a) 2 years (b) 5 years (c) 40 years (d) 100 years.
Pole mounting substations are also known as

(a) outdoor type (b) indoor type (c) basement type (d) open type.
A circuit breaker serves the purpose of

(a) switching—on and switching—off under normal working conditions
(b) protecting the circuit under abnormal condition of load

(¢) protecting the circuit under faulty conditions

(d) all of the above.

Base load plants are designed to supply power at

(a) low capital cost and low operating cost

(b) high capital cost and low operating cost

(¢) low capital cost and high operating cost

(d) high capital cost and high operating cost.
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Peak load plants are designed to supply power at

(a) low capital cost and low operating cost

(b) high capital cost and low operating cost

(¢) low capital cost and high operating cost

(d) high capital cost and high operating cost.

The overall efficiency of thermal power plant is low due to low efficiency of
(a) steam turbine and condenser (b) boiler

(¢) alternator (d) economizer.
As compared to steam stations, hydro—power stations have
(@) more cost of installation

(b) less maintenance and fuel cost

(¢) both (a) and (b)

(d) low transmission cost and depreciation charges.

In practice, the cost of energy transmisson is minimum for

(a) natural gas power plants (b) diesel power plants

(¢) nuclear power plants (d) steam power plants.
The peak load demand of an industrial area is met by

(@) nuclear power plant (b) storage batteries

(c) diesel power plant (d) steam power plant.

The main objective of tariff is to distribute equatibly the cost of

(a) installation and fuel

(b) power transmission and distribution

(¢) both (a) and (b)

(d) supplying energy among various classifications of use.

Factors involved in fixing tariff are

(a) secured return from each consumer

(b) simplicity, cheapness and easy explainability

(¢) incentives to consumers and charge according to use

(d) all of these.

Disadvantages of low power factor are

(@) high rating of generating, transmitting and distributing equipments

(b) large voltage drop and poor voltage regulation

(¢) large copper loss and high capital cost

(d) all of these.

Diversity factor is the

(a) ratio of maximum load on the station to sum of consumer's maximum demands
(b) ratio of maximum demand to averge demand

(¢) reciprocal of (b) reciprocal of (a).

Demand factor for a domestic fan and refrigerator is approximately

(@) 0.75 and 1.0 (b) 0.6 and 0.75 (¢) 0.50 and 0.50 (d) 0.33 and 0.73
The surge impedance of a transmission line differs from its characteristic impedance, as
surge impedance considers line

(a) copacitance to be zero (b) resistance of finite value
(¢) inductance to be zero (d) both (¢) and (a).
The power factor of receiving end of transmission line is

(a) equal to power factor of sending end
(b) not related to the power factor of sending end



452

68.

69.

70.

T1.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

Electrical Power Systems
(¢) less than the power factor of sending end
(d) greater than the power factor of sending end.
Booster transformers are used to increase the voltage at .... of a transmission line
(a) sending end (b) receiving end (¢) intermediate points (d) the centre.
The voltage regulation R, of a transmission line of voltage |V| is
9 1 1
(@) RV ®) Ro|V| (© Ro— d) Ro— .
v V]
Long transmission line has a surge impedance of approximately
(a) 31.4 ohm (b) 75 ohm (c) 282 ohm (d) 400 ohm.
The characteristic impedance of a transmission line is given by
1 1 1
@ (5)2 ®) 2n(£)2 © (LC)z (@) LC
C C

The transfer of real power between interconnected stations is affected by
(a) reactance (b) capacitance (¢) inductance (d) all of these.
Shunt conductance in power transmission lines is due to leakage over the
(a) conductors (b) insulators (c) poles (d) jumpers.
Voltage gradient in a conductor is highest at its
(a) centre (b) surface
(¢) circle with half the radius (d) axial line along its average radial circle.
Voltage gradient in a cable is highest at the
(a) centre of the conductor (b) surface of the conductor
(¢) surface of the sheath (d) all of these.
The real part of propagation constant of a transmission line is
(@) phase constant (b) attenuation constant
(c) stability constant (d) reliability factor.
For a span length of 2/, horizontal tension at supports as T'weight of the conductor per unit
lenght is w, the maximum value of sag will be

2wl 2uwl? wl wi?
@ 7 ® = © 57 @
The sag of the transmission line is affected by
(a) its own weight and weight of the ice
(b) temperature and wind condition
(¢) both (a) and (b)
(d) either of (a) or (b).
Most commonly used supports for high tension lines is
(@) wooden poles (b) steel poles (c) cross bars (d) latticed steel poles.
When horizontal tension H increases by 20%, the tension 7' changes by a
(a) decrease of 20% (b) decrease of 10% (¢) no change (d) increase of 20%.
A transmission line is a circuit with

(a) distributed parameters of R, L, C and G
(b) lumps of R and L

(¢) lumps of L and C

(d) both (b) and (c).
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Inductance of a conductor due to its internal flux is

_ -1 2nx 107"
(@ 2t x10 H/m (b) (21c>< 10‘7) Hm (0 %H/m (d) 05 %107 H/m.

Inductance between two conductors of diameter D; and D, is

1 -7 | Dy 71| Dy
(@) EX 10 X[D—l) H/m b) 2x107" In D_1 H/m

() 1077 x ln[%) H/m (d) 2T % 1077 ln[%) H/m.

2 1
A conductor has seven identical strands of » = 1 cm each. The GMR of the conductor is
(a) 7 cm (b) 3.5 cm (¢) 2.177 cm (d) 0.177 cm
An ACSR conductor has (n—1) layers around its single centre strand, the total number of
strands will be
(@3n*+3n+1 ®b)3n*-3n-1 (©3n*+3n-1 (d) 3n* - 3n + 1.
An ACSR conductor has seven steel strands, it is surrounded by twenty four aluminium
conductors, it is specified as
(a) 31 ACSR (b) 31/7 ACSR (c) 7/31 ACSR (d) 24/7 ACSR.
The value of inductance per conductor in three phase line is ... times the loop inductance
for single phase lines

1 1
@ 3 ® 5 @1 (@2

When the conductors of a three—phase circuit are not spaced equilaterally, the transposition

is done to

(a) decrease the line inductance per phase

(b) minimize the effect of adjoining communication circuit

(¢) balance the three phases of the circuit

(d) both (a) and (b).

In EHV lines, the high voltage gradient at the conductors is reduced by

(a) transposing the lines

(b) increasing the height of the supporting towers

(¢) two or more conductors per phase in close proximity and increasing the spacing
between the phases

(d) all of these.

The transmission line inductance contributed by

(a) the current in the conductor

(b) the current in other conductors

(c) extra high voltage in between the conductors

(d) all of these.

Regulating transformers are used in power system to control

(a) power factor (b) load flow (c) voltage (d) none of these.

The ratio of capacitance of line to neutral and line to line capacitance of a transmission line

having two conductors is

1 1
(@) 1 (b) 9 () 1.0 (d) 2.0
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93. Charging current due to capacitance C when a single phase line is transmitting power at
a voltage v and frequency w is

(a) — v/jwce b) jwu/c (ov/c (d) jwev
94. The presence of earth alters the

(a) electric field of the line (b) capacitance of the line

(¢) both (a) and (b) (d) inductance of the line.

95. The rise of temperature in transmission line
(@) increase the stress and the length
(b) decrease the stress and increase the length
(¢) decrease the stress and the length
(d) increase the stress and decrease the length.
96. The skin effect in conductors is due to non—uniform distribution of current in it and major
portion of the current is near the ... of the conductor.

(a) surface (b) centre (c) axis (d) radial lines.
97. The effective resistance of conductor is increased by
(a) skin effect (b) proximity effect (c) corona effect (d) both (a) and (b).

98. In both skin effect and proximity effect
(a) the effective internal reactance of the conductor gets decreased
(b) their effect depends upon conductor size d, frequency f, resistivity p and permeability p,.
(c) the effect is negligible at power frequency and small conductors, but the effect is large
for higher frequency and big conductors
(d) all of these.
99. A two terminal pair of network of a transmission line can be represented by a

(@) m—network (b) T-network (c) either (a) or (b) (d) tree network.
100. For a short transmission line

() Vg =Vy—IZ b)A=D=1 (0 C=0and B=Z (d) all of these.
101. A medium transmission line has length over 80 Km and upto 250 Km has negligible

(a) resistance (b) inductance (¢) conductance (d) capacitance.
102. The characteristic impedance of a loss—less overhead line has a value of

(a) 400 to 600 ohms (b) 40 to 60 ohms (¢) 100 to 200 ohms (d) 30 to 300 ohms.
103. The characteristic impedance of a loss—less cable is

(a) 400 to 600 ohms (b) 40 to 60 ohms (c) 100 to 200 ohms (d) 30 to 300 ohms.
104. Ferranti effect states that the receiving end voltage on no load is

(@) equal to that at the sending end (b) less than that at the sending end

(¢) more than that at the sending end (d) either (b) or (c).
105. At no load, the loss in a long transmission line is

@0 ) 5 RIS © 5 RI3 @ BRI}

106. Advantages of constant voltage transmission are:
(a) improved power factor at heavy loads
(b) same voltage is maintained at all loads
(¢) increased power transmission over long distance
(d) all of the above.
107. Commonly used equivalent network of a transmission line is
@mn b T (¢) ladder network (d) either (a) or (b).
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In terms of ABCD constants, the characteristic impedance of overhead transmission is
1 L 1 1
A )2 B2 AB |2 C e
o (4] o (2] o(22] (¢
The units of B and C are respectively
(@) mho, mho (b) ohm, ohm (¢) mho, ohm (d) ohm, mho.
To increase transmitted power over line,
(@) increase its capacitance (b) increase its line voltage
(¢) decrease its line inductance (d) any of these.
A long transmission line has value of its A constant as
(a) zero (b) nearly zero
(¢) unity (d) nearly equal to unity.
When two lines having constants A, By, C;, D; and A,, B,, Cy, D, are cascaded in series,
the resultant value of A constant will be
(@) A}A, + B,C, b) A, + A, (c) AJA, (d) A\D, + A,D;.
The cause of transient stability is
(a) alternator loosing its excitation (b) switching ON and OFF in the line
(¢) short circuit fault in the lines (d) all of the above.
Corona always causes
(a) insulation failure (b) system faults
(¢) radio interference (d) all of these.
Corona loss is more in
(a) unstranded conductor (b) ACSR
(¢) stranded conductor (d) transposed conductor.
Load that depends on the supply frequency is of
(a) fan type (b) heating and welding type
(¢) synchronous condenser (d) centrifugal pumps.
The inertia constants of two machines are respectively 30 and 42 M.J per MVA. When the
change in frequency due to change in load in first machine is 12 Hz, the change in the
second machine frequency will be
(a) 10 Hz (b) 12 Hz (¢) 15 Hz (d) 42 Hz.
For cost and safety, the outdoor substations are installed for voltages above
(a) 6.6 KV (b) 11 KV (¢) 33 KV (d) 132 KV.
Lamp flicker in secondary distribution system is controlled by
(a) transformer banking (b) series capacitor
(¢) (a) and (b) both (d) induction regulator.
Transient stability can be improved by the use of
(@) high inertia machines (b) high speed governors
(c) fast acting voltage regulating system (d) all of the above.
When a line to line fault occurs, the SC current of an alternator depends upon its
(a) subtransient reactance (b) transient reactance
(¢) short circuit resistance (d) synchronous reactance.
Maximum SC current occurs due to
(a) dead short circuit (b) L — L fault

(¢) L -G fault (d) L - L — G fault.
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123. Causes of faults in power system
(a) lightning and tree falling on line (b) switching
(¢) storm, wind and jumping conductors (d) all of these.
124. In case of L-G fault, the fault current is equal to

3E, 3E, a
@7 z,+72, © 7 D 37, +Zy)
125. The various power system faults can be arranged in the order of increasing severity is
() L-G, L-L, L-L-G, L-L-L-G (b) L-L-G, L-L-L-G, L-G, L-L
(o0 L-L-L-G, L-L-G, L-L, L-G (d) L-L-L-G, L-L-G, L-G, L-L
126. A 11 KV, 10 MVA alternator has impedance of 0.10 pu when referred to its ratings as
bases. The new value for base as 110 KV, 20 MVA will be
(@) 0.002 pu (b) 0.20 pu (¢) 0.10 pu (d) 0.02 pu.
127. The negative sequence component of a voltage is equal to
(a) positive sequence component in reverse direction
(b) complex conjugate of positive sequence component
(¢) multiple of operator "B" with positive sequence component
(d) none of these.
128. In circuit breakers, the arc is initiated by the process of
(a) field emission (b) thermal emission
(¢) either (a) or (b) (d) oil in the circuit breaker.
129. Wave trap is used to trap waves of
(@) higher frequencies entering generator or transformers units
(b) power frequencies
(¢) either (a) or (b) at a time
(d) none of these.
130. Underground neutral transmission system is not recommended because of system
(a) insulation being over stressed due to over voltages
(b) being inadequately protected against ground fault
(¢) insulation overstress may lead to failure and subsequent phase to phase faults
(d) all of the above.
131. For a 400 KV system, the capacity of lightning arrester is

0

(a) 10 KA (b) 800 A (c) 1.6 KA (d) 9 KA.
132. The gap length of rod type surge diverter used for 132 KV line should be
(a) 65 cm (b) 23 cm (¢) 130 cm (d) 46 cm.
133. At the open circuited end of a transmission line, the reflection coefficient is
(@) R, )0 (¢) /R, (d) 1.0
134. When a wave propagate on a transmission line, it suffers reflection several times at
(@) sending end (b) sending and other end
(¢) load end (d) tapping.

135. Advantages of grounding are:
(@) "arcing ground" phenomena is eliminated
(b) earth fault current can be utilized to operate relays
(¢) both (a) and (b)
(d) provide symmetry of the line impedances.
136. When the fuel input to the prime mover of an alternator is increased, it increases its
(@) power factor (b) torque angle
(¢) power output (d) all of these.
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In a power system, the purpose of an inter—connector is to
(a) reduce the SC current
(b) improve the stability margin
(¢c) allow the flow of current from one generator to another
(d) all of the above.
A thermal power plant has an efficiency of about
(a) 20% (b) 30% (c) 40% (d) 60%
The generating station with minimum running cost is
(@) hydro power station (b) nuclear power station
(¢) thermal power station (d) diesel power station.
The conductor size of a feeder is determined on the basis of
(@) the amount of current it has to carry  (b) the voltage across the feeder
(¢) the length of the feeder (d) the power factor of the load.
Power plant having the maximum efficiency is
(a) thermal (b) hydro (c) diesel (d) nuclear.
Maximum speed of modern turbo—alternator is
(a) 1000 rpm (b) 3000 rpm (¢) 1500 rpm (d) 1500 rpm.
The charging current in the cables
(a) lags the voltage by 90° (b) leads the voltage by 90°
(¢) in—phase with the voltage (d) none of these.
Tappings in on—load tap changing transformer are provided on
(@) LV side (b) HV side
(¢) both LV and HV side (d) all of these.
The cost of power generation will decrease when the load factor
(a) decreases (b) increases (¢) remains constant (d) none of these.
The permissible variation in supply frequency is
(a) £1% (b) +2% (c) 3% (d) £5%
A telephone line has a surge impedance of
(a) 50 ohm (b) 60 ohm (c) 75 ohm (d) 200 ohm.
The dielectric strength of air at 76 cm of Hg and 25°C is
(a) 30 KV/em () 21.1 KVrms./em (¢) 21.1 KVrm.s/m (d)21.1 KV/em.
In a transmission line, the conductors take the form of
(a) parabola (b) hyperbola (¢) catanary (d) semi circle.
Water is used only for cooling purposes in
(@) nuclear power station (b) diesel power station
(¢) thermal power station (d) gas—turbine power station.
The type of power station at Bhakra is
(a) nuclear (b) thermal (¢) hydro (d) diesel.
Turbo—-alternators usually have
(a) 2 poles (b) 6 poles (¢) 10 poles (d) 4 poles.
Alternators installed in a hydro power station, are of
(a) low speed (b) high speed (¢) medium speed (d) very high speed.
The protection from negative sequence currents is provided for
(a) motors (b) generators (¢) transformers (d) transmission line.

An ACSR conductor of size 48/7 means that
(a) it has 48 strands of steel and 7 strands of aluminium
(b) it has 7 strands of steel and 48 strands of aluminium
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(¢) the conductor has 55 strands
(d) the conductor has 41 strands.
A double circuit transmission line will have four conductors including one earth conductor

(a) true (b) false.

Hydro power stations are used as base load stations

(a) true (b) false.

In D.C. transmission there is no skin effect

(a) true (b) false.

Water hammer is developed in turbine

(a) true (b) false.

The reflection factor for a short—circuited transmission line is unity

(a) true (b) false.

The value of diversity factor is

(a) less than one (b) greater than one  (c) equal to one (d) less than half.
The per capita consumption of electrical energy in India is

(@) more than 150 kwh (b) less than 150 kwh

(¢) less than 50 kwh (d) none of these.

The percentage of electric energy consumed on a world wide basis is

(a) 80% (b) 75% (c) 30% (d) none of these.
In India, the thermal generation is about

(a) 80% (b) 40% (c) 65% (d) 50%

The turbine used for high head in hydro plant is

(a) Francis turbine (b) Kaplan turbine (¢) Pelton wheel (d) none of these.
The Pelton wheel is

(a) axial flow impulse turbine (b) reaction turbine

(¢) pressure turbine (d) none of these.

The maximum head upto which a pelton—wheel can be easily designed is

(a) 150 m (b) 1800 m (c) 1000 m (d) 300 m

If low head and large quantity of water are available, a power engineer should setect
(a) Kaplan turbine (b) Pelton wheel (¢) Francis turbine  (d) none of these.

The electric energy is directly generated by the combustion of fuel on a stationary device

by a process, called

(@) Magnetohydro dynamic process (b) thermal process

(¢) nuclear fission process (d) all of these.

A gas turbine is

(@) more economical to a conventional steam plant

(b) unable to maintain flat voltage profile in the system even it is used as synchronous
compensator

(¢c) able to meet sudden peaks of system load

(d) all of the above.

The conductors used in practice for transmission line is stranded for

(a) providing necessary flexibility for stringing

(b) reducing the effective resistance

(¢) preventing unwinding

(d) all of the above

The per unit impedances of a transformer referred from the primary and secondary side

(a) are not equal (b) are equal



173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Objective Questions 459

(¢) are varying according to the base voltage and MVA

(d) both (b) and (c).

The tuned power lines are impracticable from the point of view of cost and efficiency
(a) because of long distance transmission line is required

(b) because of Ferranti effect

(¢) because of proximity effect

(d) because of skin effect.

For load flow analysis transmission lines are represented by

(¢) nominal T (b) nomimal &

(¢) tuned power network (d) ladder network.

The bus bar of the power system, whose voltage magnitude and angle is not known, is
called

(a) slack bus (b) generator bus (c) load bus (d) P-|V| bus
The zero sequence magnetising current of a core type transformer compared to shell type
is

(a) lower (b) higher (¢) equal (d) none of these
The zero sequence current in A winding of a Y/A transformer is found

(a) if neutral point of Y winding is not earthed

(b) if neutral point of Y winding is earthed

(¢) whether the neutral point of the star winding is earthed or not earthed

(d) none of these.

The zero sequence current will not flow in the

(a) L-G fault (b) L-L-G fault (¢) L-L fault (d) L-L-L-G fault
One conductor open in a three phase transmission line will develop

(a) a series connection of sequence networks

(b) a parallel connection of sequence networks

(c) positive and negative sequence networks only

(d) none of these.

The steady state stability limit of a two—machine system depends on

(a) per unit reactance of the power system

(b) power input

(¢) power factor of the system

(d) per unit power input of the system.

At a voltage controlled bus, following quantities are specified

(@) P and @ (b) Pand |V| (¢) @ and |V| (d) P and o

At steady—state, positive, negative and zero sequence impedances with Z; = 0, always
follow the relations:

(@) Z,> Zy > Z, ) Z,< Z,< Z, (¢) Zy< Z, < Z, (d) none of these.
The percent bias for a generator protection lies between
(a) 5 to 10 (b) 10 to 15 (c) 15 to 20 (d) 2-10

A shunt fault is characterized by

(a) increase in frequency, power factor and current

(b) increase in current reduction, frequency and p.f.

(¢) increase in current and frequency but reduction in p.f.

(d) none of the above.

Most economic load on an overhead line is

(a) greater than the natural load (b) less than the natural load
(¢) equal to the natural load (d) none of the above.
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The most economical load on an underground cable is

(@) equal to the surge loading (b) less than the surge loading

(¢c) greater than its surge loading (d) none of the above.

Capacitor switching is easily done with

(a) oil circuit breaker (b) air blast circuit breaker

(¢) vacuum circuit breaker (d) both (a) and (b).

In India, for rural electrification with complex network, it is preferable to use:

(a) oil circuit breaker (b) air break circuit breaker

(¢) vacuum circuit breaker (d) M.O.C.B.

An overhead high voltage transmission line with series compensation is protected using
(@) mho relay (b) impedance relay (c) reactance relay (d) none of these.
The size of conductor on EHV lines is obtained based on

(a) current density (b) voltage drop (¢) corona (d) both (a) and (b).
Transmission line is operated with power angle in the range

(a) 10°-20° (b) 30°—45° (c) 60°-75° (d) 65°-80°

For a lumped inductive load, with increase in supply frequency

(@) P and Q increase (b) P increases and @ decreases

(¢) P decreases and @ increases (d) P and @ decrease.

Gas turbines can pick up from cold in about

(a) 2 minutes (b) 30 minutes (¢) 45 minutes (d) 60 minutes.
In subsequent iteration, a voltage—controlled bus is treated as a load bus when its
(a) active power limit is violated (b) voltage limit is violated

(¢) reactive power limit is violted (d) either (a) or (b).

Voltage magnitude of a particular bus can be controlled by controlling the

(a) active power of the bus (b) reactive power of the bus

(¢) phase angle (d) both (b) and (c).

Convergence of the transmission load flow is always assured in case of

(@) Newton—Raphson method (b) Gauss method

(¢) Gauss—Seidel method (d) both (@) and (c).

Pick the correct loss coefficients for two bus system

(@) By; =0.02, By, =0.05, By, =0.01, By; = 0.03

(b) By; =0.02, By, =0.04, B;;, =—0.01, By; = 0.001

(¢) B;; =0.03, By, =0.005, By, =—0.001, By; =—0.001

(d) B;; =0.04, By, = 0.05, B;; = 0.03, By; = 0.04.

The inertia constant H of a machine of 200 MVA is 2 pu, its value corresponding to 400
MVA will be

(a) 4.0 (b) 2.0 (©) 1.0 (d) 0.50

The maximum demand of a consumer is 4 KW and his daily energy consumption is 40
KWhr. His load factor is

(a) 0.50 (b) 0.416 () 0.20 (d) 0.40

For the stable operation of interconnected system, the passive element that can be used as
interconnecting element is

(a) reactor (b) capacitor (c) resistor (d) none of these.

A 50 Hz, 4 pole alternator rated at 20 MVA, 13.2 KV has an inertia constant H = 4 KW—
sec/KVA. The K.E. stored in the rotor at synchronous speed is

(a) 80 KJ (b) 80 MdJ (c) 40 MJ (d) 20 MJ.

Corona loss is less when the shape of the conductor is

(a) circular (b) flat (¢) square (d) oval.
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A system is said to be effectively grounded if its

XO RO

X
(¢) neutral is grounded directly (d) 71 <30

204 1If o is the loss angle of the cable, its power factor is
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(@) sin & (b) cos 0

(¢) power factor is independent of & (d) sin (2 9)

A synchronous machine has higher capacity for

(a) leading p.f.

(b) lagging p.f.

(¢) its depends upon the p.f. of the load

(d) it does not depend upon the p.f. of the machine.

The positive sequence component of voltage at the point of fault is zero when it is a

(a) three—phase fault (b) L-L fault

(¢) L-L-G fault (d) L-G fault.

The magnetising inrush current in a transformer is rinch in

() 2nd harmonics (b) 7—th harmonics (¢) 3rd harmonics (d) 5—th harmonics

The solution of co-ordination equations takes into account

(a) all the system and operation constraints

(b) all the operational constraints

(¢) all the system constraints

(d) none of these.

For a two bus power system if the change in load at bus 2 is 5 MW and the corresponding
change in generation at bus 1 is 8 MW, the penalty factor of bus 1 is

(a) 0.6 (b) 1.67 (c) 0.67 (d) none of these.

If the penalty factor for bus 1 in a two bus power system is 1.10 and if the incremental cost
of production at bus 1 is Rs. 300 per MWhr, the cost of received power is

(@) Rs 330 /MWhr (b) Rs 165 /MWhr (¢c) Rs 300 /MWhr (d) Rs 200 /MWhr.
The incremental transmission loss of a plant is

(a) always positive (b) always negative

(¢) can be positive or negative (d) complex quantity.

Load flow study is carried out for

(a) fault calculations (b) stability studies

(¢) system planning (d) state estimation.

Diagonal elements of Y-matrix are strengthened by adding

(a) shunt reactors (b) shunt capacitors (c) loads (d) all of these.

A long transmission line has certain values of parameters A, B, C, D. If the length is made
100 km thus the parameter

(a) A increases B decreases (b) A and B both increase

(¢) A and B decreases (d) A decreases B increases.

Three phase transformers which can not be connected in paralled are
@Y-YwithA—A B Y-AwithA-Y (Y-YwithY—-A (d)(b) and (¢).

The main consideration for higher operating voltage of transmission is to

(a) increase the efficiency (b) reduce power loss

(¢) increase power transfer capability (d) (a) and (b) both.
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If the effect of earth is taken into account, then the capacitance of line to ground

(a) decreases (b) increases

(¢) remains unchanged (d) becomes infinite.

For a Y — A transformer Y—side grounded, the zero sequence current

(@) has no path to ground (b) exists in the lines on the A—side

(¢) exists in the lines on the Y—side (d) exists in the lines on both Y and A sides.
Corona loss can be reduced by the use of hollow conductor because

(a) the current density is reduced

(b) eddy current in the conductor is eliminated

(¢) for a given cross—section, the radius of the conductor is increased
(d) of better ventilation in the conductor.

Convergence characteristic of Gauss—Seider method is

(a) linear (b) super linear (¢) quadratic (d) cubic.

FDLF method is suitable for

(a) high voltage transmission system (b) medium voltage transmission system
(¢) distribution system (d) none of these.

If real power demand is suddenly increased, frequency of the system will

(a) increase (b) decrease (¢) remains same (d) none of these.



Answers of Objective Questions

1. (o) 42. (a) 83. (b) 124. (a)
2. (¢) 43. (a) 84. (¢) 125. (a)
3. (b) 44. (o) 85. (d) 126. (a)
4. (d) 45. (b) 86. (d) 127. (b)
5. (b) 46. (b) 87. (b) 128. (c)
6. (a) 47. (a) 88. (¢) 129. (a)
7. (b) 48. (b) 89. (¢ 130. (d)
8. (a) 49. (b) 90. (b) 131. (a)
9. (b) 50. (a) 91. (b) 132. (a)
10. (b) 51. (d) 92. (d) 133. (d)
11. (b) 52. (c) 93. (d) 134. (b)
12. (o) 53. (a) 94. (c¢) 135. (¢
13. (@) 54. (d) 95. (b) 136. (c)
14. (a) 55. (b) 96. (a) 137. (¢
15. (a) 56. (c) 97. (d) 138. (b)
16. (b) 57. (a) 98. (d) 139. (a)
17. (a) 58. (¢) 99. (¢) 140. (a)
18. (a) 59. (d) 100. (d) 141. (d)
19. (o) 60. (¢ 101. (¢ 142. (b)
20. (c) 61. (d) 102. (a) 143. (b)
21. (b) 62. (d) 103. (b) 144. (b)
22. (b) 63. (d) 104. (c) 145. (b)
23. (a) 64. (d) 105. (c) 146. (d)
24. (a) 65. (a) 106. (d) 147. (¢
25. (a) 66. (b) 107. (a) 148. (b)
26. (¢) 67. (¢ 108. (¢) 149. (¢
27. (b) 68. (c) 109. (d) 150. (b)
28. (a) 69. (d) 110. (d) 151. (o)
29. (c) 70. (d) 111. (d) 152. (a)
30. (d) 71. (a) 112. (a) 153. (¢
31. (¢ 72. (b) 113. (d) 154. (b)
32. (d) 73. (b) 114. (c) 155. (b)
33. (d) 74. (b) 115. (a) 156. (b)
34. (c) 75. (b) 116. (d) 157. (a)
35. (d) 76. (b) 117. (a) 158. (b)
36. (b) 77. (d) 118. (c) 159. (b)
37. (d) 78. (¢ 119. (o) 160. (a)
38. (b) 79. (d) 120. (d) 161. (b)
39. (d) 80. (d) 121. (d) 162. (a)
40. (a) 81. (a) 122. (a) 163. (¢

41. (d) 82. (d) 123. (d) 164. (¢
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accelerating (or decelerating) power 278

accumulations of snow or ice 388

ACE participation factors 342

ACSR conductor 25

actual generated powers 349

admittance 148

Aeolian vibrations 402

air gap flux 80

algorithm for the iterative process 301

aliasing 336

amortisseur or damper windings 89

Ampere’s law 20

ancillary services 340

angle towers 393

angular momentum 276

approximate formula to relate the loss factor to the
load factor 13

approximate loss formula 425

area control error (ACE) 328

armature current 92

armature voltage 81

attenuation constant 128

augmented cost function 409

Automatic Generation Control (AGC) 307

Average speed 301

balanced three phase currents 83
balanced three-phase network 96

base quantities 99

bias factor 329

booster transformers 120

boundary conditions at the fault point 251
bundle spacing 59

bundled conductors 32

capacitance 53

catenary curve 375

chain rule differentiation 432
characteristic impedance 142
characteristic odour 356
charging admittance 150
circuit breakers rated MVA 186
clearing time 291

Coincidence Factor 6
Coincident Demand 4

complex operator 226

complex power in a three-phase system 229
components of an electric power system 1
Composite Frequency Response Characteristic 320
Connected Load 4

connection of sequence nework 255
continuous-time domain 335

contract participation factor 341

contracted load 345

Contribution Factor 6

control areas 322

Control of Power Output of Generating Units 311
Cooperative assistance between areas 322
Coordination Equation 410

corona characteristic 356

corona loss 364

cost function 409

cost of operation of generators 405

clearing time 291

critical angle 290

critical clearing angle 290

critical clearing time 292

current distribution factors 437

current limiting reactors 196

cylindrical or salient construction 79

damping coefficient 279

dc component current 92

DC off-set current 190

Demand 4

Demand Factor 4

Demand Interval 4

deregulated utility structure 340
deregulation 339

direct axis reactance 86

Disadvantages of Low Power Factor 15
DISCO participation matrix (DPM) 340
DISCOs 340

DISCOs have contract with the GENCOs 349
discrete domain 335

disruptive critical voltage 361
disruptive critical voltage gradient 361
disruptive strength of air 364
distributed phase winding 81
distribution system 1
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Diversity Factor 5
double circuit line 30, 59
dynamic responses 318

economic design 373

elastic property of wire 374
electric breakdown 356
Electric charge 53

electric field 53

electric gradient 356
electro-static stresses 356
electromagnetic power 278
electromagnetic torque 278
Elongation 374

emergency loads 3
equal-area criterion 287
Equivalent inertia 280
equivalent m-model. 184
equivalent span length 388
equivalent star connection 98
Expression for total fuel cost 417
external flux 20

FACTS devices 304

fast primary and slow secondary control modes 318
Fault current 213

ferranti effect 145

flux linkages 19

for determining the value of A 421

force of wind on conductor 389

frequency response characteristic 329
Fundamentals of Automatic Generation Control 318

galloping or dancing of conductors 403
Gauss’ theorem 53

Gauss-Seidel method 154

GENCOs 340

General expression of transmission loss 439
generated voltage 81

Generation Rate Constraint (GRC) 334
generator limits 412

generator-load system 314

gradient method 421

Ground clearance 393

heat energy 406
heat-rate curve 406
horizontal force due to wind pressure 391

ice coating is uniform over the surface 388
ill-conditioned problems 171
image charges 61

inadvertent interchange 322

incident wave 141

incremental cost 410

independent power producer 339
independent variables 417

inductance 18

inequality constraints 408

inertia constant 277

inertia constant in per unit 277

initial starting voltage 154

initial steady-state operating point 288
injected current I; 152

input energy rate 405

integral gains 329

inter-strand friction in the steel cable 402
interconnected operation 3

isochronous governor 309

Isolated Power System 315

Jacobain for the functions 171

Lagrange multiplier 410

Lagrange multipliers 409

law of conservation of power 417

leakage currents 18

leakage impedance of the transformer 236

Load buses 147

load characteristic of the generating unit 310

Load Diversity 6

Load Factor 7

load flow 171

Load Frequency control (LFC) 307

Load growth 13

load impedance per phase 100

load is sensitive to the speed (frequency) variation
314

Load Sharing by Parallel Generating Units 311

logical choice of frequency bias setting 330

long transmission line 127

loss coefficients or B-coefficients 439

Loss Factor 7

luminous glow 357

magnetic flux density 21

magnetically coupled circuits 89

mathematical model of the steam turbine 312
Maximum Demand 4

maximum effective weight of the conductor 373
maximum overall efficiencies 406

maximum span 388

maximum value of the conductor tension 381
medium length lines 126



methods for voltage control 115
multi-machine system 279
Multiphase Systems 13

mutual geometric mean distance 27

national grid 3

negative sequence 227

Newton-Raphson method 169

nodal admittance 147

nominal © model 126

non-sinusoidal voltage drop by corona 357
Noncoincident Demand 4

nonsalient pole synchronous machine 83
normal swinging in wind 402

one conductor open 256

open conductor fault 250

optimal loading of generators 410
optimal scheduling 419

other base values 99

parabolic equations 375

parallel conductors 20

parallel connection of sequence networks 256

patchy glow 357

peak amplitude 141

penalty factor 418

per-unit impedance of a transformer 102

per-unit system 96

per-unit values 99

performance of transmission lines 124

permeability 20

phase constant 128

Plant Factor 5

polar form 171

positive sequence 227

Post fault generator current 213

Potential difference 62

potential difference 53

power factor 4

power injection 147

power supply network 1

prefault bus voltages 213

primary and secondary 1

primary speed control 321

prime mover time constant 308

projected area per meter length of the conductor
390

propagation constant 128

proportional controller 310

quadratic approximation 407
quadrature axis reactance 86

Index 469

R.M.S. value of voltage gradient 358

radius of a fictious conductor 23

rated capacity of area-1 and area-2 325

rated momentary current 190

rated symmetrical interrupting current 190

Reactive power loss 158

real and reactive power losses 144

real power loss 158

reduced order transfer function model 313

reflected wave 141

regional grid 3

Regulating transformers 120

regulation characteristic 329

relative merits between shunt and series capacitors
122

reserve generation capacity 3

resistance 18

restructured power system 339

resultant mmf 81

rotating frame of reference 279

Rotor kinetic energy 276

roughness or irregularity factor 363

ruling span or equivalent span 387

sag and tension 373

sag or deflection of the conductor 378

salient pole synchronous machine 86

sample system data 335

sampling time 336

scheduled power flow 342

selecting the most desirable and practical route
393

self and mutual inductances 25

self geometric mean distance 27

self-admittance or driving point admittance 149

Series capacitors 122

series connection of sequence networks 251

Shannon’s sampling theorem 336

short circuit conditions 90

short circuit study for large power system networks
211

short-line 125

shunt capacitors 122

Shunt Faults 250

simple expression for loss formula 436

single impedance loading 236

single phase line 55

single-line diagram 96

Slack bus 147

small perturbation transfer function block diagram
326

solution has converged 156
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solution of swing equation 287

spans of unequal length 387

speed governing 308

speed regulation or droop 310

speed regulation parameter R 310
speed-changer motor 312

speed-droop characteristic 309
“spinning reserve” 3

stable load division 309

straight run towers 393

State—Space Representation 316
state-variable equations 327

Steady state, dynamic and transient stability 276
steady state error of frequency deviation 320
steady-state analysis 147
steady-state feedback 309
steady-state power 283

step-by-step technique 299

stock bridge damper 402

stored kinetic energy 314
subtransient time constant 91
supplementary generation control 321
supports at different levels 385

surge impedance 142

Surge impedance loading 143

swing equation 279

symmetrical components 227
synchronizing coefficient 324
Synchronous generator 79

system with m generators 408

tandem compound single reheat steam turbine 312

tap changing transformers 115

Taylor’s series expansion 169

template 393

The excitation system time constant 308

the imaginary curve 386

the physical significance of A 420

thermal expansion and contraction of the conductor
374

thermal limits 409

Thevenin network 212

Thevenin’s equivalent circuit 94

Thévenin’s theorem and superposition of prefault
load current 93

Thivenin impedance 251

three phase short circuit MVA 190

three-phase fault or balanced fault 186

tie-line power flow 324

total charging admittance at bus 1. 151

total tension in the conductor 378

Tower footing line 393

TRANSCOs 340

transfer admittance or mutual admittance 150

Transient stability 276

transient time constant 92

transmission losses 423

transmission system 1

transposition 29

travelling waves 141

two area power system interconnected by tie-line
324

two machines on a common system base 280

two-pole three-phase synchronous generator 80

types of load 3

unbalanced faults 250
Unbalanced operation 226
uniform glow 357
unknown coefficients 407
unsymmetrical fault 226
Utilization Factor 5

Various Causes of Low Power Factor 15
velocity of propagation 141

vertical load 389

vertically integrated utilities 339
visual critical voltages 363

Voltage controlled buses 147

voltage gradient 357

Voltage Regulation 83

Voltage regulation 125

Zgyg building algorithm 217

zero sequence 227

zero-sequence currents 230

zero-sequence impedance of the transmission line
231
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