SIZE AND LOCATION OF CAPACITORS ON FEEDER
CIRCUITS TO OPTIMIZE LOSS REDUCTION

AND VOLTAGE IMPROVEMENT

By
AZTM AHMAD KHAN
Bachelor of Engineering
University of Sind
Jamshoro

1970

Submitted to the Faculty of the Graduate College
of the Oklahoma State University
in partial fulfillment of the requirements
for the Degree of
MASTER OF SCIENCE
December, 1973



OKLAHOMA
STATE UNIVERSITY
LIBRARY

APR 10 1974

SIZE AND LOCATION OF CAPACITORS .ON FEEDER
CIRCUITS TO OPTIMIZE LOSS REDUCTION

AND VOLTAGE IMPROVEMENT

Thesis Approved:

Loreioro Gorarae
Q)%lewwm

Dean of the Graduate College

877232

i



ACKNOWLEDGMENTS

The author wishes to express his deep and sincere appreciation to
Dr. D. D. Lingelbach for his invaluable advice and constant encourage-
ment throughout this study.

The author is thankful to his committee members, Dr. B. L. Basore
and Dr. R. G. Ramakumar, who carefully read the thesis and imparted many
suggestions.

The author wishes to thank all of his friends for their interest
and cooperation during the entire period of study.

The author is deeply indebted to Mrs. Yvon Hays for her careful
and accurate typing of this thesis.

Finally, but foremost, the author wishes to express his thanks and
appreciation to his parents and his family for their constant encourage-

ment, trust, and enthusiasm,

iii



Chapter

I.

II.

ITI.

IV»

TABLE OF CONTENTS

INTRODUCTION o ¢ ¢ s o s ¢ o s s & o s o a 5 5 o o s » s
a. Description Of A Distribution Primary
Feeder Circuit o « « + o o o o s o s 'c s o @
b. Why Shunt Capacitors Are Used On Feeder
Circuits - . v o o o o 5 5 s o s s o o s »
¢, Shunt Capacitors For Voltage Contrel . . . . .
d. Review Of Present Method Of Applying Shunt
Capacitors For Energy And Loss Reduction . .
e. Purpose Of The Thesis « & o« « ¢ ¢ o o s ¢ s o
GENERAL ANALYSIS OF PEAK LOSS REDUCTION WITH ONE FIXED
CAPACITOR o s o s ¢ o o e a 5 o o & s s « o » c o o s o
a. Expansion Of Basic Peak Loss Equation . . . . .
b. Voltage Drop Along Uniformly Loaded Feeder
With Uniform Resistance . o « o o o o o s o

¢, Selection Of Performance Criterion Considering
Peak Loss And Voltage Drop In Per Unit . . .

GENERAL ANALYSIS OF PEAK LOSS REDUCTION WITH TWO FIXED
CAPACITORS © © © e & » © o e © e o ‘& g o & © © © & o e .

a, Expansipn Of Basic Loss Equation . - « o o o
b. Voltage Drecp Along Feeder With Uniform

Distributed Load . « o o o o o o o 'c o o o o
c. Perfeormance Criterion Considering Peak Loss
And Voltage Drep In Per Unit . o - 5 & o o &

BASIC ENERGY LOSS EQUATION FOR ONE FIXED CAPACITOR . . .

a. Energy Loss Equation With Time Intervals,

Load And Loss Factors . o« o s o o o o s o o
b. Voltage Drop Along Feeder In Per Unit . . . . &
c. Performance Criterion Considering Energy

Loss And Voltage Drop In Per Unit . . . .

ENERGY LOSS EQUATION FOR TWO FIXED CAPACITORS . . . - &

a. Energy Loss Equatien With Time Intervals And
Loss And Load Factors .« ¢ o o o o o o o o o

b. Voltage Drep Along Feeder In Per Unit . . . . .

Page

11

19

21
21 .
23
24
26
26
30
32

34

34

37



Chapter
Ce

dl

VI.
a.
b.

Ce

VII. RESULTS

a.

VIII. EXAMPLE

ab
b.

BIBLIOGRAPHY .
APPENDIX A ., .

APPENDIX B . .

Performance Criterion Consdiering Energy
Loss And Voltage Drop In Per Unit . . . .

Size Of Capacitors.For Maximum Loss

Redu

Ction o & & o ¢ »

®

[

DR

ENERGY LOSS EQUATION FOR "N" FIXED‘CAPACITORS e e

Energy Loss Equation For 'N" Capa01tors With
Time Variations Of Load . .
Voltage Drop Along Feeder In Per Unit .
Performance.Criterion Considering Energy
Loss And Voltage Drop In Per Unit . .

° s

° [ .

@ .

) °

Energy Loss When Loss Factor And Load Factor
Are Constant And For Various Values Of

'K'
1.
2,

. . © e ° ° ® s s

One Capacitor Case
Two Capacitor Case

°

°

° .

L] )

) o

. . o

e s &

Voltage Drop In One Capacitor Case Wlth "K"

Relation Of Optimum 'K' Versus

Performance Index In Per Unit

Voltage Drop Without Capacitors

Fixed For Various Values Of

1.
2.
3.
4,

Loss

1.
2;

One Capacitor Case
Two Capacitor Case

Three Capacitor Case

Four Capacitor Case .

. ? ® o . ° a .

One Capacitor Case
Two Capacitor Case

o

¢

°

+

.

®

Voltage Drop With Capacitors .

"K"

o a

Page

38

41

42

42

bb

45

47 -

47
47
48

51 .
51
52 -
56
57

58
60
60
62
66

67
69

72

74

81



LIST OF FIGURES

Figure

1.

2,

10.

11.

12.

13.

14,

15.

16.

Distribution feeder with shunt capacitor . . . « « « & . .

Uniformly distributed load with two capacitors . . . . .

Voltage spread comparison for .one capacitor :located

at A or two half size banks located at B & C . . . .
Primary feeder with uniformly distributed load . . . . .
Loss. .reduction with .one .capacitor bank .. :v v v v v o .« .

Phasor diagram showing total wvoltage drop .occurring
-on:.the feeder ..... + & « v v« 4 b 4 e e e e e e e e

Phasor diagram showing voltage drop and approx1mat10n
T which is to be neglected. . v + « ¢ + & ¢« o s o » &

Graph showing values of 'h' and 'p' which are realiable
and acceptable . . . 4 4 4 0 4 e s e s e e e e e e

Primary feeder line showing resistance and inductance
with differential voltage drop .« « +« v « v ¢ & o o &

Per unit quadrature line current versus line resistance
for various periods of the reactive load cycle . . .

Portion of the reactive load cycle . . « + v ¢« « & & « .

Peak loss and .location .of .capacitors .for various .values

"k»' ¢ & s s o s e e 3 e 8 & e e o s s e s a8 v ¢ e

-.Volfage improvement .and .location of capacitors for

fized "K' i e i e e e e e e e e e e e e e e e

Voltage improvement and .location of capacitors for

various values of "K' . . v 4 s 4 v v e e e e e e e

Peak loss versus .'k' with loss and load factors

constant .+ . . v e v e e e 4 e s e e e s e e s e e e

Influence of dividing capacitors into different

locations versus peak 10SS + &« « 4 s o + o 0 o & &

Page

12

13

16

17

27

28

49

53

55

59

61



Figure Page

17, Peak loss, voltage improvement and the Performance
Index curves plotted against the location of one
C‘pECitor on the feeder T I R I T T T T T T T 63

18, Peak loss, voltage improvement and the Performance
Index curves plotted against the location of two
capaCitor on the feeder I T T R I T I 65

19. Line voltage with and without capacitors and the
voltage improvement . . « 4 vi 4 4 4 e ce 6 s ow b s e e e 68

vii



LIST OF SYMBOLS

P - Power.loss .in line section

|I| - Magnitude of current

R - Total line feéder resistance in ohms

IR - In-phase current

Ii — Quadrature currentf

La - Energy loss caused}by'quadrature current in feeder

Ehﬁ— Ratio between input quadrature current during time Ty and
maximum input quadrature current

1;\— Time, in per unit of period of load cycle, during which the
input quadrature current equals[)nv

LﬂFL Load factor, or average locad divided by the peak load

ES-F; Loss factor, or ratio of the average loss to the peak loss

Q - Location of the first capacitor in per unit of total feeder
length |

J:&~ Rated capacitor current in p.u.-of maximum input quadrature
cufrent to feeder

Z&L- Change in energy loss in p.u. which is the difference before
and after the Capacitor application divided by the loss be-
fore capacitor application

P(-Total capacitive current divided by the quadrature current
\@-— Sending End Voltage
Vh-Receiving End Voltage

{L - Total length of the feeder

viii



Avpu.~

PI. -
A -

b-

K-

Voltage improvement in per unit on the liné,‘which is the
difference between the voltage drops before and after capa-
citor application, divided by the voltage drop before capa-
citor application

Performance Index

Weighting constant

Location of the second capacitor in per unit or in feet

The capacitive current of first capacitor divided by the
quadrature current

Capacitive current of the second capacitor divided by the
quadrature current

In phase current divided by the quadrature current

Line resistance divided by the line inductance of the feed-
er

Total energy demand for the time period

Sum of the squared power increments times the time increment
Sum of the time increments and equals the total time period
Addition of ratios of capacitive to quadrature current of
first and second capacitor

Inductance of the line

Impedance of the line

Magnitude ofl| ZJdivided by the magnitude of ‘Vga



CHAPTER I

INTRODUCTION

a. Descriptien Of A Distrubution Primary Feeder Circuit

Primary feeder circuits, emanating from the distributive substations,
carry the power throughout the congested areas. Power is ultimately
delivered to the consumer through the uée of distribution transformers
which are located along the primary feeder circuits, and reduce the
voltage from a primary feeder voltage level to the utilization level.

Primary feeders generally are radial circuits either single or three
phase with loads distributed throughout their lengths. Common voltages
at which primary feeders are operated range from 2400 to 20,000 volts
line to ground, with a predominant value of 7200 volts.

The power factors of‘the loads distributed along a primary.feeder
range in value from 707 to 90% and nearly always are inductive. A
typical overall power factor for the total load on a primary feeder is

807 .

b. Why Shunt Capacitors Are Used On Feeder (Gircuits

The flow of real power on a distribution system is accompanied
by a flow of reactive power required for various types of loads; such
as motors and flourescent lighting. As a result the power factor of

distribution circuixs’may be relatively low, 70% to 80% or even lower.



Flow of reactive power on a distribution system loads up the cables,
transformers and overhead wires, and causes the following disadvantages:

(1) Reactive power reduces the ability of the distribution system
to carry larger amounts of active power. For a power factor of 70%, 42%
of the useful capacity of the distribution systems handle the reactive
current.

(2) For a given active power being supplied, the copper losses in
the system is increased by the flow of reactive power, e.g. for a power
factor of 70% the system copper losses is twice the loss for a power
factor of 100%.

(3) Reactive power causes a larger.voltage drop in the distribution.
system, especially on overhead lines. Therefore, in those cases where .
the capacity of the circuit is limited by voltage drop, the flow of re-
active power reduces the amount of load which can be carried on the
circuit,

Instead of supplying reactive power from the generators and trans-
mitting it to the load through.the distribution system, it is possible
to obtain the necessary reactive power by using capacitors. They connect
directly to the distribution circuits close tp the load. Since capacitors
operate at a leading power factor, neutralize the lagging reactive current
required by the inductive loads on the system. Capacitors can be con-
si&ered as generators of wattless current to supply the reactive power
required by the system load. The use of capacitors on distribution
'systems in large numbers is being used for the last fifteen years. The
cost of capacitors has been reduced materially in recent years; while
the cost of other type of power system equipment has been increasing
with the result that their use has been economical. Studies show it

is e€conomical to use capacitors in amounts of 20% to 30% of the total



load on the distribution system.

Figure (1) shows a typical case of shunt capacitor in a distribu—
tion circuit. The currents in the system before and after installing
the capacitors are shown: Addition of the capacitof greatly reduces the
amount of current carried in the circuit and in this manner makes poss-
ible the supply of a larger kilowatts by the same circuit.

In addition to releiving the effective load burden from the equip-
ment, the capacitors also reduce the energy loss in the power system

caused by inductive load currents.

C, Shunt Capacitors For Voltage antrol

Shunt capacitors are commonly applied on primary feeders for volt-
age control to provide a feeder.voltage within prescribed maximum and
minimum allowable values at light load and peak load conditions.

A primary feeder consisting of two shunt capacitors is shown in
figure (2). Generally capacitcrs riase the voltage level of the feeder
by an amount roughly equal to capacitor current multiplied by the line
reactance from the regulated voltage source to the point of capacitor
location,

Figures (3) and (4) illustrate that whether one large bank or two
small banks (equal to one large bank) are used, the reductien in voltage
spread remains the same. This is true for the condition where the capa-—
citors are located for maximum loss reduction on the feeder with evenly
distributed loads. Thus nothing is lost from the voltage standpoint
by installing one big bank on the ﬁrimary feeder rather than two small
ones.

The most important voltage benefit of capacitors on a primary feeder
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is the reduction of the voltage spread between first and last customer.
The reduction of -voltage spread allows more load on the voltage stand-

point to be added to the feeder.

d. . Review Qf Present Method Of Applying Shunt Capacitors For Energy

And Loss Reduction

The "TWO THIRDS" rule is one of the most widely used methods of
applying Shunt Capacitors. This rule states that "at two-thirds of .
the way along the feeder locate an amount of CKVA (Capacitor Kva) equal
to two-third of the Kvar. (Reactive KVA) input -to the feeder."

The use of this rule could result in a significant increase in the
energy loss in a feeder even though the reduction of peak reactive load
loss is optimum. Previous general capacitor applications were based on
peak and energy feeder loss reductions, but no attempt was made to ana~-

lytically include the voltage drop occurring on it.

e. - Purpose Of The Thesis

The main problem involved is to develop the necessary analytical
solution for the proper -application of Shunt Capacitors to primary feed-
ers for the purpose of peak power loss or energy loss reduction and vol-
tage control. Voltage Control is considered for both .the energy and
peakLIOSS»reduction whi¢h - is then eptimized with. the-loss-reduction,
ZTﬁé pf§p;r appliceation.of shunt capacitors consists of specifying the
number and ratings-of capacitors and .the location .of each, .to optimize
-a Performance Index, whieh. combines the influence-.of minimizing .the feed-

er power loss and maximizing the woltage improwvement. for voeltage control.



CHAPTER II
GENERAL ANALYSIS OF PEAK LOSS REDUCTION WITH ONE FIXED CAPACITOR

a. Expansion Of Basic Peak Loss Equation

A feeder is considered to have a uniformly'distributed load with.II
as the reactive component of the current flowing at its source.. The
total length of the feeder is l,qPoua A primary feeder for uniformly

distributed load is as shown in figures (4a), and (4b).

The loss L due to reactive current may be calculated by integrating.

L= (1*Rdx = ([Te0-0]kdx = IZR 2

3

which is one-third tgz product of the square of the reactive current at
substation and the total feeder resistance as shown by figure (4c).
This derivation is important only in that the principle involvedjare
used to illustrate how further work will be sccomplished.

Figure (5) shows the location of capacitor bank along the feeder
which causes break in the continuity of the reactive load profile.

Toti} loss before capacitor application is: v

L= ([T0-0Raz = ZR e
o .

Total loss after capacitor application:
a,

L = j[ﬂ; (1-%)-——&]2?%0\:& + f([l‘::( \- x)fR Az (2:2)
w?ler'e "43" is the locaticn of ?:he first capacitor '

Performing the operation con equation (3) above results in the

following equation for peak loss:
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L= I2R _ 2T TeAR+ AR T T O°R
3 | T e

In order to make the resulting equation useful for any given primary
circuit, a "PER UNIT" system is used such that all ‘quantities are dimen-
sionless. In order to normalize the peak loss in p.u. the losses before
and after capacitor application are subtracted ‘and divided by the loss

before capacitor application i.e.

Alpu = L begore — Lagey
Lbe‘jove.

Therefore,

ALP. w. = 30T AR -T*aR-IrI.R°R) (2. 5)
IR |
ALF\M = 5@K[Z~Q-—- K] (2%)

The optimum location for any capacitor to result in minimum loss is found

by setting the first partial derivatives of L with respect to "a" and

"k'" equal to zero.

25 3&[2-@0«,4(} =0 (2

?%N. - 5@[25 quzjf]:o (2' 8)

Solving equations (7) and (8) simultaneously

= 2 = 2 ' )

Equation (9) shows that the capacitor is situated at two-third of the

distance from the beginning of the feeder.

Equations (7) and (8) give a sclution for maximum loss reduction
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since the second derivatives of '"a" and "k" are.negative.

@_é_'-: R 2:16)
= - T 6K ¢

?Al} = —ba (2:1)
D k*

bg Voltage Drop Along Uniformly Loaded Feeder With Uniform Resistance

'Voltage'drop.in a circuit depéﬁds upbn,thevresistahce; reactance,
current flow and the time'phase angle between current ‘and voltage. The
~ voltage drop is then defined as:

VI = Vel —|Ve) (212
where \vSl = gending and voltage

\VR\= receiving'and voltage
If a circuit contains only resistance and inductive reactance and

serves an inductive load, the vector diagram of current and voltage will
be similar to figure (6). Voltage at the source is OC, voltage at the
load is OA, and voltage drop in the line is equal to the difference be-
tween OC and OA.

Figure (7) shows the voltage drop between the sending end and re-
ceiving end of the line. The voltage drop "V" of equation (12) is:

V| =|TRICes B +[IXISInG + T (213)

e =|Ve| + |TZ|CosB + T @9
where 'T' is an approximation and can be neglected, which will be consid-
ered in the following: o

2
Vel = [l + ITZICos B +T] @9

The approximation 'T' is taken to be equal to:

T = e (IT2| Cos B) (2016)
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where 'e' is the percentage error. Equation (15) can aléo be written as:
2
Vol = (VR HIZCos B )% TR 2T (V) +|T2ICos )] (245

Also from figure (7)

Vsl*= [Iva| 4T2|Cos T+ [[T2ISNR] S (29

Comparing equation (17) and (18) result in the following:

T24+27 (el +1T2|Cosp) =[IT2I SN B]™ (21

which with equation (15) can also be written as:

(112 o) + 22112 CDS/B[IW%IHIZ/COS/-%] =Y sm/s]

(:2»2()

Equation (20) rearranged 1is:
[[21Gsp) [ 28] +2€IVR 121 s B = =(1T21 50

2:21)
Simplifying equation (21) gives:

Cs = SniB _ (ei+2¢) s (222
Z fzbb 2€ ;262 "

Let the error 'e' be 2% and the impedence of the line be 5%. Hence,

CosB - 2n B _ GB (223

0 = 77277/3 S B — 004 Cosp (2:24)

Solving for it was found that B = 480, which is the maximum value of B8,

Therefore,
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/8: X~ 0 \</3W7C (225)

Ton o« — Tan B < TC
an . 226
1+ Tan«Tanb = /aqu (220

Since
F-’ _DQ? :ﬂ’/mo(
A= j:@/rt: i/ﬁn@
Hence equation (26) can be written as:
-R ‘
%’?F S Tan Brax (2:27)

or,

_ (228
%’:"“_F <14

Solving equation (28) can result in values of 'h' and 'p' which are
acceptable, which are shown in figure (8). Hence the approximation of
2% error is physically realiable and correct.

For higher power factor, resistance causes a greater proportionate
part of the voltage drop than reactance. For low power factor reactance
causes a greater proportionate part of the voltage drop than resistance.

. The power factor depends primarily on the relative proportion of resis—
tance and reactance of the load. TFigure {9a) shows the complete set
up. Now for the case of uniformly distributed load the voltage drop

per unit length is:

av _ 3 R 7(x)X Sin b 2:29)
dac"ux)'é'@59+ 7 on (

The value of (R Cos © + X8in ©) is called the effective impedence of the
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line, represents a constant for constant ©. When multiplying by the curr-

ent flowing in the line, it very closely approaches the voltage drop for

a given power factor., The error is so small as to be negligible in dis-

tribution line calculations. Hence equation (29) transforms to: ‘
AV _ e R + (WX (23)
dx "~ Z ¢

Since the load is uniform along the length of thé feeder, hence

'iQ(’l) = Ier S:@—L) 5 2z(x) = Tr(4-x) (23

For the case of one shunt capacitor connected to the feeder the differ-
ential voltage equation in that section of the feeder containing the

capacitor current becomes:
A - R+t X - kX (23
d+ { L €<

\ager = ?[&LQ;") _ Tl dx—\- f[fg(ﬂ—z%] %’ de 4
) + SYEQ(Q i)]Qd'x, (),33)

Substltutlnge, 4 and calculatlng equation (33) leads to the expression:

Nagey = IL:ZX ~ TeQX + 12K (238

In order to normalize the voltage drop in per unit the voltage drop be~
fore and after the capacitor application are subtracted and divided by

the voltage drop without the capacitor application i.e.

AV prus = Voejove — Vagrey . (2\?:5)
0 \,bcﬁofEa |

Vbegore =J E%:ijdz+fL Te ({- x%]edw LX’JQ

(2 3@)




19

Voltage before can also be obtained-by’using equation (33) and setting
Ic = (0, Now combining equation (34) and (37) will yield the normalized
per unit voltage improvement across the feeder due to a capacitor locat-~

ed at a point 'a' from the sending end:

AV l)\u.\ = 2I.0X <2“3>D
IIX-PIQR

C o Selection Of Performance Criterion Considering Peak Loss And Voltage.

Drop In Per Unit

The Performance Index Criterion combines the peak loss and voltage
as shown in the following equations:
ART. pu. = AlLpur o (BY) pru.

where o is some weighting constant.

APT pu = (I TeAQR — 3T2AR - 51::1:(-_@2&

TR
2T QX
+ A I,_X-FIQR} C 31

(22

In order to optimize the Performance Index and to obtain the optimum

location of the capacitor on the feeder to minimize losses, and maxi-

mize the voltage rise the first partial derivatives of "a" and "k" are

taken

DAPT. — 3Ie izwl"cda})ro( 2L X 24
Da Tt ITX+ TR 249

or,

2 40T = (gm-» 3K3-Lak) (2K > 2:41)
Da | \+4\P
where 9\23.5 and F-‘— ..@.
IT

Similarly,
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%K (émk -3ak —5qk>+°<(2a'<) (2142)

Setting equation (40) and (42) to zero and solving simultaneously give
the results that
2
K=&, a’-"%— ¥ ‘_____ZQQ (45)
UN\+AP)

The results in equation (43) are only true in the case when O<a\<_i
If the voltage correction is considered to be negligible then = O
and the capacitor location "a" comes out to be 2/3, which checks out

with the previous result when only the peak loss was considered.



CHAPTER III
GENERAL ANALYSIS OF PEAK LOSS REDUCTION WITH TWO FIXED CAPACITORS

a. Expansion Of Basic Loss Equation

Figure (9b, c) depicts the peak loss and locatien of two banks on
a feeder: It will be shown that the economical location for each capa-.
citor bank,; starting from the end of the feeder, is still where the.
capacitor Kva is twice the size the Kvar at the point of capacitor in-
stallation.

Hence, peak loss after application of -capacitors "a'" and "b" is

given by the following development.

a iz

L= j [11(.\-1) - (Iwra,)fédm +§:II(\—1)-Ici}?éd% jfhg]

Rdx

3D
Evaluating the integrals will result in the following: <“

| < -2T: TeaQR TS 0L + 2T Tee AR + T Tea B2 R
2
-2 TeTebR + T TR + Teu bR IER (3
As in the previous one capacitor case the peak loss in per unit in this
case is obtained in equations (3) and (4).
AL P\u.\ — Lbef&OYeJ - LQ—G‘Q-Y (5‘3:)
l—‘)ﬁfcﬂ(ﬁz

The loss is p.u. before the capacitor application is the same as in the

one capacitor case i.e.
2.
IXQ!E)

Hence, the less in the two capacitor case is:
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~( I 2 Lea T 2
Mpu= 3[2 T 0m(B2)A - Tehgeal — (Teyey

I It
Tewb _ Tenb _ / Teo)?
5 Tr Iz TE) 5_] 34
Substituting K\zlfc_e__ and k}_=IC-b yields
Iz It
AL F'LLO = SLZQJ k\—ak.i. —ZQ‘K\K}_ _az K|+ 2b\<l’gkl-bkzzj
G2

Taking the first partial derivative of equation (5) seperately with

respect to "a", '"b", "klﬂ and "k2", and setting the result to zero

will yield the following equations:

2% = 0=[2 -k -2k - 2ak ] (3

AL - -3 _ .
'b__é-c =0 —[2k2. \(2_ Zkzb] (3D

2 g -[2a -2ax -2ak,-a*] (39

‘ N

20 - = [2b — 24K, ~-2bK, -] (3:9)
Siggiﬁfying and solving equations (6), (7), (8), and (9) simultaneously

give the results that:

K\ :@: %— (S‘lDD

Now, substituting equation (10) into equation (7), results in a quadratic

, With roots kl = b and k2 = b/2. The first result kl = b
"n_in

is physically not realizable as on solving it "a" comes out to be greater

equation in kl

than one, which is of course not possible since the total length of the

feeder is one p.u. Also k2 comes out to be a negative number which is

not possible. Hence, we can neglect this value of k, and calculate only

1

with kl = b/2. The results obtained from this substitution are neither

negative nor greater than one:

. (3-1

kﬂ': Ky = j;
®= K= & (3-12)

This is reasonable enough as '"b" is less than one p.u. and is situated

at twice that of 'a'. The loss reduction can observed to be maximum if
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the second partial derivatives of equations (6), (7), (8), and (9) are

taken which yield negative results.

b. Voltage Drop Along Feeder With Uniform Distributed -Load

It is assumed that the feeder is of the same wire size throughout
its length.' Even if a smaller sized wire is used near the end of the
feeder, the effect is not too pronounced on the line losses. The voltage

drop after the application of both the capacitors is as under:

V:K[IE%:}) —(ICa"’ICb)J%dIJr [I"L(%_’_L)_Lb]%_d‘ﬂ. +
° L ¢ a

Jieppoe s flmpor g G

Simplifying by taking £= 4 p.u. and performing the necessary operations

above give the following equation:

V= IT_;C. — TeaOX - TeobX + 1_122_:@ (3+14)

Voltage drop before the application of capacitors "a'" and "b" can be

expressed as: i

a, b
Viegre = ([T Tox [ R * ([m=-T=X%] }Cdx.-\; [;I.izi

+ E[IQU'7@] R | (219

\Ibgyﬁe — j[ilfxr —+ j[klpi C3‘}€)
2 2

The improvement in voltage drop across the feeder by the application

of capacitors at "a" and '"b" is

A\/ F. We — \/bcﬂ—ow, _ Va:!,E'f (3 |v7>
ijc&DVL

which upon substitution and simplification gives equation (18).
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AN pru = T OX + TeubX

ItX , IeR
2 A

(319

Co Performance Criterion Considering Peak Loss And Voltage Drop In Per

Unit

The performance index is expressed as the addition of the loss
equation and the product of the voltage drop and weighing factor.

Mathematically this may be expressed as:

ACT. P = AL pr s + A(AV) P (319

APT pruas = 5[2cu<\ —RKT=2a K Kk, —Q*K,+2bK;~
~Bk, - bkf]-y—o([l'ggxi;shbx ]

IxX 4 IgR
A

= (329

Taking the first partial derivatives seperately with respect to "a",

"', "kiV,and "kz" yields 2Tea X

321
3&23[2%'{?‘2!\‘(1”%'(']“‘—0( [Ir)c +TeR ] ( ’
o ¢

0 DRT. - - ~a2]+ & 28 (3 22)
= -5{2& 2a K, -2a.ks J [""e‘f’]

wherez\ =-E.‘3. and F =R
X

Ir N 2 Ky (3.25)’
- S —_
'DAP;__‘-* - 5[2\<2——2sz kz] N [ | +AP

PT. - . - 2b ] (3.2
'bgkz _5[2b b -2bk, 20‘K£,*°“[|+Ap]( 9

Setting equations (21) and (22) to zero and solving gives the result

A=K, (3:25)
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Also solving equations (23) and (22) set equal to zero gives a quadratic

equation in "k1" with roots kl = b/2 or kl = b. As before the only rea-

listic solution is kl = b/2. Substituting it into the above equation and

simplifying give the following results:

- Z 2 “
Ki= 2+ i50+Hp) 229

| - 2 4+ 2
ka 5 i5(+np (327

Hence a = kl = b/2. (3‘28)

Equation (28) gives the same result as was obtained in equation (12).




CHAPTER IV

BASIC ENERGY LOSS EQUATION FOR ONE FIXED CAPACITOR

a, Energy Loss Equation With Time Intervals, Load And Loss Factors

Consider a radial circuit that has reactive load uniformly distrib-
uted along the line. A plot of per unit quadrature current versus per
unit line resistance is shown in figures (10) and (11).

In order to take into account a general load cycle, the p.u. peak
quadrature line current at any point in the line is given by (1 - x).

During time T. the p.u. quadrature line current is Dl (1 - x) and

1
during time Tn, the p.u. quadrature line current is Dn (1 - x), shown

in figure (11). By considering a large number of time T, through Tn,

1
where each time is measured in p.u. of the period of the load cycle, a
completely general load cycle of any shape and duration is taken into
account,

The energy loss in the feeder is given by equation (1). Included
in the loss equation is the effect of a capacitor with rated current
Ico The capacitor location on the line is designated by "a". The
effect of the capacitor current is to subtract from the quadrature line

current up to the capacitor location "a',

f[{‘m TeQ-x) - I@} RT, + iD;I;(t-%)-IQ} R+ ===-=—
_-_+{DnI:(\ w.)-::c} a;n)d;uf ‘LD.Tz(t—x)} &7+

+ ipz I:(\- x)} RTy +--—+ {Dn IT(-DY R d

where L = energy loss caused by quadrature current in feeder.

(4 1)
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Figure 10. Per Unit feeder with cne fixed capacitor line resistance
versus line current
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Figure 11. Portion of the reactive load cycle
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Performing the indicated operations on equation (1) results in the

following equation for energy loss:

L= @ TIzTeR(DT +D,Tat ——————~ DnTn ) =
2T T AR(DT D, T+ ~—~-—- +DnTh) +
+QTER (T 4T +—-—-=—~ +Th) +
S TIRT 4 DITERT 4 - - -4+ DR I3 RTQA‘Z)

The p.u. change in quadrature current energy loss caused by the effect
of adding a capacitor with a current I, ata location "a" is found by
subtracting the term not dependent on Ic (which is the energy loss with

no capacitor on the line). Hence:

AL et = Lb¢§on — Lafru @5>
L_bCfOVC
The energy loss before the capacitor application is found by taking
Ic = 0.
DTz (b} RT, 4 { DT (10 RTa 4 — - - — -
Lhcgme,'-‘—f[{ ' I( >} A e }

___+§vpn T:(i- 1)} an]dx +j {b,rzu g}m ¥

i-" IT(\”O} RTz+ ===+ 3D Tx(- 0 Rqu
(44,

Solving equation (4) leads to results as shown in equation (5).

L begore 2[9,’11% RT 4 BIZRTL . ____4DATE an
L= 3 z
“5)

Substituting equations (2) and (5) into (3) gives equation (6). ,
A\_F.w.z [ZQIIICR(DT\—\-D;_!;_—v~--+DnTn> - A LLR
(DT 4D Ta ¥ == +DnTa)~- aIQR(,T\"\"z-F-F\)]

IiR(DIMAD o+ - ———+D7 Tn)

@9
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or

AL prie = 5&2@\@&— @Ky —ak’ %] @

where:

\] - (D\T\‘\'D;TL """"" +DnTY\>
= (DT, +D} Tat - — — — +DaTn)
(_T| 4T === —=— ~F Tn )

The optimum location for any capacitor to result in minimum loss is found

by setting the first partial derivatives with respect to "a" and "k" equal

to zero,

DAL - o= 5[21@ 2aKY - K‘w] 2w-2aw~kw1
TBCL ~ Gﬁ.

OAL _p=3[>qy - O\ ,mka":):zu—av—zmﬂ
DK N W, “ Gﬁ'q)

Solving equations (8) and (9) simultaneously result in equations (10)

and (11)
_ =z 41
a=% @b
= Z (F) (4-1)

where L.F is the Load Factor and is equal to v/w, and is defined as
"the ratio of the average power to the maximum demand".
If the load factor is equal to ocne then the results of "a'" and "k"

are exactly identical to those obtained based on peak loss only.

b. Voltage Drop Along Feeder In Per Unit

The voltage drop caused by energy loss in feeder can be expressed

as under:
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V= ib T20-%)- Ia}xn ibz'&(\ =Tl KTy 4+---
® =t IDA Te (-0 - Ty XTndu + j@ Ty (X
+32el-)F XTo 4 - - 4 ib L(-9) YR T +

ip,rg(m)j RT, + iDZIQ (\—1)} R +-~+{DnRU-9[ K™
0 (An2)

Performing the operations indicated in equation (12) will result in the

following:
\J7:.§EK?S [?>111 4“:D=_Ti F—-————— + ]>w;rh:]_.jzlcx3:[j‘_k
2
ATakom == = +Ta |+ TR DT, 4 - —
DT

As before, the per—unit voltage drop across the feeder is found by
subtracting the voltage drop after capacitor application from the voltage

drop before application of the capacitor, divided by voltage before.

AN pu. = Vbefore = Vagrr

@

The voltage drop before the application of the capacitor is found by

taking I = 0 and is expressed as:

Voejore = jﬁb L0907+ { T:(\- x)jfx:T 4o —-
—e +§D“11(\—x)}3c'r4dt ¥ S[SLD, LO-O X T+
N iDzT (1- ’%XT: o= - DT (O KT dx

+Sﬁb m\,o} RT, -\—iD;_IQ (\-x)}QT; bom - —
+ i:)h Te (\—1)3 QTV\]d'L (4-15)
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Equation (15) results in the following:

Vb@fwc ‘_'.. I'_l:_}( iDaTt +.D;_T2_ + - - - — +)nTﬂ} +

+ ]_:‘_22_:@ iD\Tl +LT - = —=4 D, Th} A-1e)

Substituting equations (16) and (13) in equation (14) results in the
normalized voltage drop in per-unit, which is shown as under in equation

7).
AN p-u- = 2 Ic_QX[Tl'\’Tz_ t——— - "\'Tn—]
X L!)m 4D, - +DnTVJ+ 'IRAQ [Dm +D, Ty » --D,,Tq)
(41D

or

AN pos.. < 2I0. X e
P L.F (T2 R+IrR) SE

If the load factor is taken to be equal to one in equation (18) this

results in the identical equation to the peak loss voltage drop equation.

C. Performance Criterion Considering Energy Loss And Voltage Drop In P.U.

The performance index criterion combines the energy loss and the

voltage drop which is as shown below:

AP-T. l')\u.:. A\_‘JWL +°((AV>P~UL (4.\9)

where gl is some weighting constant

APTpw = 60KY - 3 KY - N +2 5/3('7::\?)}}

4420
where LF-M, SF= %_; U\. ‘-';—F& N K= %— ,%:%)%3% (- )
an

In order to optimize the performance index and to obtain the optimum

location of the capacitor on the feeder to give the minimum losses, the

first partial derivatives of "a'" and "k'" are then:
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AN 6Ky_ éak\/ 5k2w+2xi
o NC+hp)

(A4-21)

Similarly

oLPT _ 6av _501\1 6Kk W
Y +2°‘ivo+&/=>)I

@22)
Solving equations (21) and (22) simultaneously the values of 'a' and

'k' are obtained which are:

A= 2 +2x ($€)

GIU-H?\P) Bh (4 23)

K= Z(LF) + 2« (86 (4:24)
A(1+&p) (LF)
where SF = u/w and is defined as the ratio of average loss to peak loss.
It can be observed from equations (23) and (24) that these are identical
to equation (2:43) in the peak loss case when the load factor and the

loss factor are to be taken equal to one.



CHAPTER V

ENERY LOSS EQUATION FOR TWO FIXED CAPACITORS

a. Energy Loss Equation With Time Intervals And Loss And Load Factors

The energy loss in the two capacitor case is shown in equation (1)

below:

L= [ [pT-0- (LearTeo)] T, 4 [ 3z0- w@u@iﬂz
d———t \‘Dn T (-0 - (TCa‘*IOb)J RV dL-\-ﬂ_DI:(I %) Tep)
(‘D;,-LI(,\ N) -LCJD] R\z dx X - S_Dh-‘[l'.(-\ %)-Ic,b] R\r\a\in

j DTI.(\-l)] RT + [thx(\-v.) R, + -—+[Dﬂ11(\ 1.)_] RT,dx

G0
where the location of the first capacitor from the source is "a'" and
"b" is the location of the second capacitor from the source. ICa and
ch are the rated capacitor currents in capacitors "a" and "b" respec-

tively.

Equation (2) is the result of equation (1) after the operations-

have been performed in it.

L=- ch.a. I aR LD|T| D, - - “‘>f\T'}7+lI Tead RIDuT‘I’
AD k= — - +DaTn] + Tea AR [Ti4Tor-—+Tn | +

{2 Tea TR [TiA T += = +Tn] - 2T T BR[DIT 4
DTt D] 4 Tx Ten PR [DT 4D, Tt
———— +DnTnJ -+ ch bR T\ +-—- +TnJ

'*"L I7 QX_D\ T+D, Tl rm—— — —+ D2 Ty

]CS“ 12)

34
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The per- unit change in quadrature current energy loss caused by the

affect of adding capacitors "a" and '"b" with ratings Ica and ch at

locations ‘""a" and "b" is found by subtracting the term not dependent on
Ica and ch (which gives the energy loss with no capacitor on the line)

and is shown below.

Alpuw. = ‘—b*ﬂ°‘1‘ Lagriv CR))
bt»jo‘fb

The energy loss before the application of capacitors at locations "a

and "b" is:

L begre = f P Tz (I- x)J R, +[> T (I x)_') RT;-\---'[Dnlt(p»)]

RT,dxL
+ vqb Te(i- i)J RTy + LD,I: (l—x)J RTy +- -+[Dn11: (l-xﬂ
RThdx
+ é‘-D\II(\—)O:, RT) + [Dz It U"l)] R - -*{:Dnlz 19219
Equation (4) when solved leads to equation (5). (55‘4)

L bupre :%{D? Tt RTl 432 TR+ - —-—+DR2 T2 QTr\J

]

:[iéfg E:I#LT\ *‘tg?WEL + - - 4'JDV3—‘T5;]
.

- Tr RV (5-5)

Substituting equations (5) and (2) in equation (3) results in the

following equation:
2 p 1
Ao = 3l2aky A" Ki¥ —ak®w -2akk,w
F u w U w
X 2
W
+2k, bY_ Bk, Y —-K; b—] Si6)
T x o] (
The optimum location for any capacitor to result in minimum loss is

found by setting the first partials of "a", "kl", "k2" and "b" equal to

zero, as was shown in the peak loss case for two capacitors.



:%%‘:: 5[2\(\%&-— Zak‘%— Kf‘b_u\x = 2K\kz_.w—- =0

(57

—%K _.3&26\M— a - 2K\a!€£ -20lk2_.‘;&]‘:o

‘ (5+8)
'DAl_

’ A
3):2\<2.5L - 2bk’-" - K ':%LJ (5.9
‘OAL

=32y —2akw - BY —1k>,b.tg]-,
24, X‘Zbu} Q s% 7 2 =0

(5.10)

Simplifying and solving equations (7) and (8) the values of "a'" and "k"

are found to be

CZ ::'K|UJ p kﬂ = C&

"

A
v W

=y

when substituted back into equation (8) and subtracted from (10) two

values of "b" are obtained i.e.

%321 :Z&:\UJ \ &}': k\UJ
juboasil ) [ 5‘ ‘2)

\% v
These values are substituted in equation (9) and for "b" = 2klw/v the

location of the first capacitor comes out to be greater than one and
also k2 comes out to be negative, hence this value of '"b" is physically
not realiable and is discarded for capacitor operations. The other

values of "b" give good results which are:

36

K\.‘- \<2_1 _2__\_/_ - ?;(LF> (5,5>
S

5w
and a = k; = b/2. (514)

When the load factor is taken to be equal to one, then the results

are identical to the results obtained in the peak loss of two capacitors.
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b, Voltage Drop Along Feeder In Per Unit

The voltage drop in the two capacitor case involves the combination
of capacitor currents at 'a' and 'b' and then subtracted from the reactive

load currents to give the equation shown below:

V= J [D Ts( \_-@-(Im.srxchXT + LD,_ Lr(i-29 - (Teast I'ob?] KT+

_———— +-LD,\ Ir (\-©) - (Im-l-'l:c‘o)JXTnd% +fDIIIU-)L) -Iep,
XT,

+{i> I (\-1-)—-1'%]501 —\--—--[3;,,1.1_-(»—1) .ch] ¥ Thdx

+ ﬁMr(l KT+ [PaTel-0] 5 Ty == ot

j P:rw 1)} RT + [-D Ta (-] T, +- Por (1]

O ﬁi‘;\Ciib
(5 1S)

After the indicated operations have been performed in equation (15) the

result is shown in equation (16).

Ve ~Tea QX[ TiaTat - == = +Tn | -Teub X [Tt Bt -+ To]

+ I;%é?; ‘}?ﬁ"*l%;Tﬁ—4”" - fjl{T}i] :Ié‘? E?ﬂ—*4Q;G;P iJ»ﬂE]
S 16)

The voltage drop before application of the capacitors is found by taklng

I = (0 and I = 0 which is then as shown:
ca cb

Viepre = j@ T 0-*0]507 [b{fxcn-w]scT +-—-[DnIT_ (ROfXTy
g X‘D,‘Ir (-0|X T+ [D;TI (\-n]xm - -P\ Tz (-0 JXTn

X bﬁm 1] KT {35 O] KT 4] DT (o] X T
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i
+ ,( D ("’?} R+ [D;Iac\—nﬂ I [antz(l—x} RTdx
° 511
Integrating and evaluating the limits results in equation (18).

Vbe.‘-o«c, = I_:I_:i}__c [D\Tl"\“ BT 4-—=-+DnhTh -+
LR [ DTART 4= = Dah] g g

The per unit voltage drop is then:
AV ‘mu,\ - Vbe{‘ove, - V%TEL (5.(67)
Vba&ovb

Substituting equation (16 and 18) in (19) will result in per unit wvalues

of the voltage drop

ZS\JtD‘LL —_ E%:IlzL.CXJTy;‘ + ZZ:IEk>&>:x:

LF (TrX+1eR) | ¢(IrX +TaR)
(.’5'20)

If the load factor is taken to be equal to one then the voltage drop

equation is similar to the peak loss equation in the two capacitor case.

C. Performance Criterion Considering Energy Loss And Voltage Drop In

Per Unit

The performance criterion, as seen before combines the energy loss

and the voltage drop which is as below:

AP\I\P\\{ - A\_ F\u - ()L(AV) F\\L«
(521
When the energy loss equation in per unit and voltage drop equation which

is also in per unit are combines, the P.I. equation is:
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APT pou-= 3[:zas<. ¥ - Q2K - Okl w - 2aK kb +
4';2 kéz k>>%k — kle< !. — k;?'b’ :] -r

toh | 2Teal8X W, 2TeubX w :)
V(TX+kR) V(ITX +TzR) (522)

where: v/u = L,F/S.F , XK, =1 /II , K, =1 /I

1 cal 2 ca2

To optimize the performance index the first partial derivative of
4

a', 'kl', 'k2' and 'b' are found, and the optimum location of the

capacitors on the feeder can be found by setting the following equations

o zero.
23T =6k 6‘”“%‘ Bty -ty "ﬁ?wap)]ms)
'D%P‘:‘: = bay -3a2*Y - emc\ -6k, w +[3éaeﬁdp)]( 24)
?BME = bHaY - EbaY. - SKL% + 2\7( &: (528

Solving equation (23) and (24) simultan;ously, then

a,:__/g%/gg (527)

Solving equations (27) in (24) and subtracting from (26), then two roots

are obtained:

b: 2\(\}}_3__ \ b; K_\_UP
N Ty (5+28)

Also substituting values of 'b' in equation (25) yields two results.
The result obtained when 'b' was taken to be equal to klw/v found to
be greater than one. With b = 2klw/v, the following results are

obtained:
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K= 2 (L) 4 2« SF 5
s ls(H—{\P)(LF) ( 2‘7))

where L.F = v/w, S.F = u/w

a=2 +2% (5€) ~
S TSO+4p) (L) (52
and

| (sF) .
b= £+ SR (530

Hence, if S.F and L.F are equal to one, then 51 = a = b/2, which agrees

with previous results in the peak loss case.

From equation (25) k, can be solved as shown below:

2
2L —2bY —ky wo+2 X W < 532
- LTS <V<l+€vr)> o =

Ka=2 L —2bV 4 23—_o<< L ):D (533

w V(1xhp
Substituting b = 2k1w/v will give the result:
=2Y 4K +2 o 534
Ka Lo = (v(w&,:) ( )
Now k2 can be substituted from equation (29) resulting in equation (34)
_ Z Vv ot
Ky = Q_ylb_zq =5t 2 + 22U (5'35)

ISVI+AR) J - 3V(1tad)

Ki = 2(LF) =8 (LF) — 8% SE\+2 [3E
S ) |5(\+AP)(LF)3(\%1’ t:‘“)

where u/v = SF/LF .

K,= 2 (LF) +2 o€ ;"
2= % 0 Yt (i 530

The results of equation (29) and (37) are the same and hence it can be

concluded that: Kl = K2
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d. Size Of Capacitors For Maximum Loss Reduction

If a possible relationship is to be considered between the ratings
of the fixed capacitors, where multiple capacitors are used on a primary
feeder, the result in equation (38) clearly indicates that both capacitors
must be of the same rating.

Let kT = the total fixed capacitor rating,

then k, = kT/2 (55?)

and ky = kp/2 ( 5\4,,))

hence k. + k, = kT (5\4|>

1 2



CHAPTER VI

ENERGY LOSS EQUATION FOR "N'" FIXED CAPACITORS

a. Energy Loss Equation For "N'" Capacitors With Time Variations of Load

The general energy loss equation for fixed capacitors can be found
be rewriting equation (5.1) for the two capacitor case for "N'" capaci-
tors, taking into account that for maximum loss reduction all capacitors

should have the same rating I .

j{rzn:(]) Ir -De I — N.Lc_) RTL]dz, +

j{ Z(DuTI =D Tt =(N-)Te QTL v ¥ —--

X “’;

_q.:f[ Z (D: T - D Tz x) RIL]dfx, (1)

Performing the réﬁulred operations on equation (1) yield equation (2)

which is of course the result after the capacitors have been applied:
=N 5 s
L - E RT: %j’——ZDC I:Te (q' "%)—{—J.C_ a|(l+2 (M-\?—
1=1
_20Tle (®-as) + 1:2%(\+>(N-z)>+-—
2=
- = 2D IrTe (CZK-—G_S_\_C_Z +I;261.<<!+2(N«))
>
b2 2.2
e = 2D Te CQN -q§f>+ Te On()+ DI Tz
2 3
)

The per unit change in quadrature current energy loss by the effect

of adding 'N' capacitors with the same ratings is found as under:

42
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Abp = Lwﬂb;«i_ = (6

The energy loss before the application of 'N' capacitors is found to be:

1 2 2
\ T}:
L b:,fowe, = De I; R (v

t=1
Substituting equations (4) and (2) in (3) will result in equatiomn (5).

ALpuws = 5{2 a(s?)(a.-@ -k2a,(5E)(1+2 (n-D)
¥ (SP)( a, —é?_; - koza;Cél:gXHJ-(N-z»

St 2 et e Vo e e T . m pg mn— - e S

— S— -——-——'— —
TR GNED s amees  ev— oa— o | s oo —

+ 2 ke (SF) (aﬁ-—a_g. )- K¢ On (i_f) O]@- 5)

The optimum locations for these capacitors to result in minimum loss is

found by setting the first partials of a;s @, 3, 8, etc: equal to zero:

k

DAL - _ap 3 [<E 2 =
oML = 6k (sP)(1-a) —3KS _Si_p)inzm \)3 S0

- _k 2N -1 :
A=l 30H) (2D (1)

%—ﬁ-‘-; =3 2K¢($F)(\ Q) - Ktés‘:)(zN 5] (&8

a; = |- (2n-3) La
: 2LLF) (6D
Similarly, - 1L42(N—9) (G- io)
o= 4 K {14200
and" O'N - 1 -— &g.__ (_1_) (6 H)

2(LF)
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where k is actually kc or the capacitive current per capacitor i.e.
K/N = KC

where N = total number of capacitors.

b. Voltage Drop Along Feeder In Per Unit

The voltage drop in the 'N' capacitor case is the combination of
capacitor currents at various locations of the capacitors, and is shown

below in the equation:

L= _
V= ?i(bil}—bgl}l—/\'l’c XTe dx+

0 =]

J ""Z‘Z (DLII De Ty x _(N»t)E) T dx +--

To -D;
k)

(Y

Integrating and evaluating with the proper limits, the result in equation

(13) is obtained

\J =n-—10.12151013:- LU :){:[c-CZ; ——— UJ:[¢.624< 5(: -
- WO X + RIRN + X TV (6%)
< 2

The per unit voltage is as under:

AVP.u - Vbqove, - Vagrar CL‘M—)
\Jbejovea

The voltage drop before the capacitor application is found by the

capacitor current = 0.

Veefe = RIgN 4 X IV : (6:15)



45
Hence the p.u. voltage drop results in the following:

Apas 2 oy —cea]

(é I6)

Cs Performance Criterion Considering Energy Loss And Voltage Drop In

LF(\—W\F) La‘

Per Unit

The performance index criterion combines the energy loss and the

voltage drop p.u. which is as shown below:

AP!TF;W":— AL p: 4. + o (AV) P (en1)
APIF = 6K CSF><Q. A ) ~ 3k a (SF' [-{-Z(N—lj'l'
+ 6K (SF) (az-a,> 5&0;( [42(,\,,%.

——
—— S o
—-———-—-————--_——-—-———-—-——‘_—

+6kc.(sp)(43 _3) 3oy ()]t
+ 6L ($F) (@n- e;) 3@@&; (1)-+

«| 2Ke (g, -~ Qge--a (6
+ LFCH&p)(q +a, 4+ a8+ 4)}(@ 19

To optimize the performance index the first partial derivatives of aj»

-a , are taken and the optimum loca-

a a a

2% 23 34) K’

tion of the capacitors on the feeder to give minimum losses is analyzed.

9 APL = 6K ($F)(1-a) -3k {—E){yzm-l)] +

o4 o [ 2 ] =
o= 1- ke (2n-) 4 LF (1+5p) (6149)

2F) 3&})(5@)(( wp) (29
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*a%ﬁt. - gkc(sf:)(l-o;)-5@(%)[1+2(N-2j

(621
Gy = 1-K (ON-3) | o
2(LF) 3(LF) (SF) (HRp)
((,.zz)

Similarly for a s the result is:

=1 _ Ke X
On =4 2(LF) +3CLF)(SP)(H~5\{’) (623

" where kc = k/n.



CHAPTER VII
RESULTS

The loss reduction obtained by‘the installation of capacitors on
the feeder circuit are influenced in some way or the other by certain
factors. By increasing or decreasing the L.F., h,p,and k will result
in the increase or decrease of the performance of the system.

Hence the following results obtained show the parameters and their

influence on the system.

a. Energy Loss When Loss Factor And Load Factor Are Constant And For

Various Values Of 'K'

1. One Capacitor Case

The energy loss equation as developed in chapter (4) equation (7) is:
- N N
T 200KV - QA KY C3~$< W o |
ALpu= 3 L ” 2 | ()
Equation (1) can also be written as:
P
zm(g.f)ma%(g.. -k Te2
Abpu. = 5[ SF S/ (P (-2

Load Factor (L.F.) and (S.F.) were taken to be maximum or equal to
unity. Therefore, the loss eguation becomes:

Alpu.= 3|20k-a’k-ak?] (73

By taking different values of 'k' ranging from zero to one, various

equations can be formed which are given below:

47
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K=04 AL f>~U~ = 920 -1242

2
k=067 ALpuw = 2@ - 204 (4

2
K =080 /ALF‘u‘ - 2:.830 — 2.4Q

K =1.0 [&kﬁF\QA - 2000 - ?5‘()C11

Using values of 'a' ranging from zero to one the curve shown in figure
(12) is obtained which shows the energy loss in the one capacitor case.
The curve for the optimum value of 'k' which is 0.67 is seen to be
the maximum, which agrees the result that when one capacitor is installed
it should be located at two-thirds of the distance from the beginning of
the feeder. When the value of 'K' is below the optimum, then it can be
seen that the maximum loss reduction occurs when the capacitor is located
closer to the end of the line and is naturally smaller than the optimum.
If the value of 'k' is taken to be greater than the optimum 'k' value,
then it can be seen that the maximum loss reduction curve rises and
now Occurs when the capacitor is closer to the beginning of the line.

By decreasing the loss and load factors the curves tend to flatten out.
2. Two Capacitor Case.

The energy loss equation for the two capacitor case as developed

in chapter (5) equation (6) is:

2
ALF% = 3[2K\0t.& - ok - a K - 20Kk

~ <l\&

%
F 2ty - Ty - K]y

Equation (5) can be written in the following way be taking the loss and

the load factors equal to unity.
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Figure 12. Peak loss and location of capacitors for
various values of 'k'
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[&L_Fan‘:: jﬁ.[}ZClﬁil—-C]?'Pif"‘CX‘szl- :Z£K‘<\s<2L-* :lkgzkb
- by - ki (7:¢)

In this case 'k' which is the ratio of the total capacitive current to
the total reactive current is taken to be constant i.e.

kl = k2 = k/2

D)

To obtain the distance between the location of the capacitors a general

equation was derived before, which is:

Ogq =1 - K - .
g S \1+2(N 3)] (18

where ag is the location of a representative capacitor a;» a

a ——— —

2 73

an. From equation (8), al and a, can be found which are:

Q‘-’-Qt‘: 1—5}_&
e

b': sz— .1—"-5;- (_".‘0)

(7.9

Hence,
_9_‘_. - 4’_::,54% T
- e (710

- 4-5K>b (T12)
A= (4«
Substituting these values in equation (6) the energy loss in obtained as:
- 2
Lo = 430 ), (43K o (43
A pu 5&‘(( v ok 3_' =) %

4:26) b b K- Efy
Gk) =2 4
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By giving different values to 'K' various values of AL can be obtained.

which are shown below:

K=0'4 AL prts = - 731b — 0:954 b~

- . 2 sz— S
k=04 A\_F\ w = 2 r'ZB R (_{. M)
h:i: C)‘g Z&L-FDUL\ = :Zv‘4C)k) ;;- |'f52>k)2-

K=40 ALpw. = 2 pb — 1.66 B

With the value of AL obtained the curve. shown in figure (12) for N=2 is
drawn by giving different values of 'b' ranging from b = 0 to b = 1.

The curve obtained when k = 0.4 shows that the furthest out capac-
itator is near the end of the line to maximize the loss reduction.

For two capacitors the optimum loss reduction occurs at a = 0.8 for
k = 0.8, It can be observed that it is advisable to use one capacitor
when the ratio of the capacitive current to the total reactive is less
than 0.4, and if it is greater than this value, then the maximum loss
reduction will be AChieved by the installation of two capacitors

on the feeder circuit.

b. Voltage Drop In One Capacitor Case With "K" Fixed For Various Values

of "K".

1. One Capacitor Case

The equation developed for one capacitor case in chapter (4) equation

(18) is as follows:

AN X%

2T.O0X | (7,/5)
L (T X +TeR)
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which may also be written as:

A\IFM- = Z_.a..\s— (1)

LF(1+6p)

Here 'h' and 'p' which are the ratios of IR/II and R/X respectively are
taken to be equal to one, and 'k' which is fixed is taken to be 2/3.

Substituting these values in equation (16) yields the following:
AV‘;\U\ = 0664 (7“7)

Giving different values to 'a' which is the location of the capacitor
if only one capacitor was to be located on the feeder circuit. Plotting
the capacitor location versus the voltage drop on the feeder gives a
straight line. The optimum amount of voltage improvement that can be
obtained is when the capacitor is located at the furthest end of the
feeder circuit. If the assumed values of 'h' and 'p' are taken to be
less than ong,than a better voltage improvement of the feeder circuit
could be obtained.

Hence, as can be seen from the comparative study of figure (13),
that if the ratio of the capacitive current to the inductive current
was 0.67, it would be best to install one capacitor on the line. TIf
the value of 'k' was decreased then the voltage improvement will not
be as much as in the existing case plotted in figure (13). Conversely,
if the value of 'K' is increased then the voltage improvement also

rises.
2. Two Capacitor Case

The general voltage drop equation obtained is given below:
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Figure 13. Voltage improvement and location of capacitors
for fixed 'k'
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ANV pw= 2Ke & .
P LF(H"\F) A+ Ay -\-—-—--\—Qg—r-——aq ('7 18)

and the general equation for finding the location of the capacitors on

the feeder circuit was found to be:

Qg = l—za_F) X_HZ(N @)) i)

Therefore, calculating for both capacitors,

Q= 1- ‘2{,’ (7:20)
Q.= 1- ‘5_" (‘|~2.|)

4-3K
i) -

Substituting this equation in equation (18) gives the following:
2 4-—K
As 'K' was fixed to be two-third yields equation (23) as:

AVPu\ = 053Q, (’l~24)

\ 1]

)

(13). Here also the values of 'h' and 'p' were taken to be greater than

Giving different values to gives the straight line shown in figure
one, then the voltage improvement would be less.
Figure (14) shows the case when 'k' is increased to 0.8, which

clearly indicates that if 'k' is increased then the voltage improvement
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o
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 Figure 14. Voltage improvement and location of capacitors
for various values of 'k'
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also increases and holds true for Kmax g 1. It is therefore advisable
to use one capacitor which gives the best voltage improvement. If the
load factor is decreased the voltage improvement would decrease. In

fact the straight line curves of figures (2) and (3) depend on any one

of these factors namely k, p, h, and the load factor.
3. Three Capacitor Case

The voltage drop equation for the nth case is as follows:

AVF-U\\z 2K Ay + - —-QA -\———Q] Qs
RO+ m»{ e R

and the general equation for locating the capacitors is as under:

Raq = _l-— Ke
— + 2(N- 126)
& SO \1 1) (
- 2% | (7:28)

Therefore, (7‘2(?7)
= (é ) Q3 (—, ‘50)
a, = (e )Qs (7:31)

Substituting these equations in ‘equation (25) yields the following AV

AV . = \_(_I( :_SK Qs + ( %)ag + 05] (7«32_)

equation: .



Since 'K' was fixed to be two-thirds, which on substituting in equatiocn
(12) gives Ay=p053 .

(133
Giving different values to 'a3' gives the straight line graph in

figures (13) and (14) for n = 3, Also h, p, and the load factor were

taken to be equal to one. If h, p, or the load factor were to be less
than one, then the voltage improvement would be less.

Comparison of figures (13) and (1l4) proves that when the value of

'k' is increased to 0.86 then the voltage improvement also increases.

4. Four Capacitor Case

The voltage drop equation for the nth case is:

AN pru= 2k Xf(w qz*—a_:,{-———ak;\"-arq
L& (\ ‘\'&,P) (-7‘30

and the general formula for obtaining the location of the capacitors can

be found as:

vkt O

Therefore,

a, = 1- % (020
(7:37)
(138)
(1)

(‘]tA-o)
Az= <Cg_:_§_|5_)a4_ | (7~‘H)
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OR ( EL R4 (7‘42)

Substituting these equations in equation (34) yields the voltage drop
equation in terms of 'a4' and 'k'. Since 'k' is taken to be fixed at
two-thirds, on substitution yields equation (44).

\/\.:_K_.,g_f_-‘_‘f +8’5—K B-3k\a
AVpw Y 8-K>a4(8—\< Qe S5 g:;)q

AV puz 0484 Oy | QD)

Substituting different values to 'a,' from 0 to 1 yields the straight

1
line graph of figure (13) for n = 4. The load factor, 'h' and 'p' were
assumed to be equal to one, but if fhey were taken to be less than one
then the voltage improvement will increase, and if 'h' and 'p' were

taken to be greater than one then the voltage improvement will be less:

Figure (14) shows that when 'k' is increased 0.88 then the voltage

improvement also increases.

C. Relation Of Optimum 'K' Versus The Energy Loss

Figure (15) shows the energy loss in per unit (Alpu) versus 'k'
which is the ratio of the capacitive current to the reactive current on
the feeder. The values of AL are the optimum obtained from figure (12)
at different values of 'k' and are plotted in figure (15). For the one
capacitor case the curve is rather symmetrical and the optimum occurs
at 0.66. The curve obtained for n = 2 is rather smooth and decreases:
very slowly which indicates that the energy loss is less as comparéd to
the one capacitor case. When n = 3 and n = 4 the curves are relatively
nearer as compared to one and two capacitor case. Hence if there were

infinite number of capacitors to be used on the line then the curve would
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touch the maximum loss improvement and tend to go towards one.

The loss and load factors are taken to be equal to one and 'a
values are taken whenever the curve is optimum. Figure (16) shows. the
influence. of dividing the capacitors into different locations. The

number of capacitors are plotted against the energy loss which is some-

what stable in the three or four capacitor case. These curves were

drawn in the case of optimum 'K', and 'a' values.

d. Performance Index In Per Unit

1. One Capacitor Case

The performance index equation is given as:

APT, P = AL pt o (AV) pu (1145

Hence for one capacitor the values of API p.u. = AL p.u. + AV p.u. are

known for various values of 'a'. Leto{ be taken as equal to one
a AL p.u. AV p.u, L = API p.u. £/2
0<2 0-452 0-133 0+585 0-296
0+4 0744 0-266 1-010 0505
0+6 0-876 0+400 1-276 0-638
0-67 0-888 0440 1-320 0660
0-80 0. 848 0533 1-381 0690

1.0 0+660 0-660 1-320 0-660
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Figure 16. Influence of dividing capacitors into differ-
ent locations versus peak loss
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In this case the maximum value of AL and AV can be equal to one. Hence
the equation becomes = 1 +e{ . Therefore, the performance index API p;u.
maximum <~2.< Verification of API mathematically can be achieved'by the

equation derived in chapter (6) equation (20).

A= 1-Ke (2N-) + (11a6)
2(LF) 3(LP) (SP(1+&p)

Ay = 1- X (2N- A
\ A E,TL_P)( N D +5(\+6\\7) (’7»4-‘1)

A \ - C)\'g 33 ( 711}8)

Hence the location of the maximum performance index is found to be 0.8333
and AE!—E%EEEEE-is at 0.69. The performance index curve is shown in figure
(17) along with the energy'loss and voltage drop curves. In the P.I.

curve »{ is taken to be equal to one and if it is taken to be less than

one the P,I. curve tends to be lower than the present curve, and if o

is taken to be more than one then the P.I. curvé will be much more higher

and the performance index would occur at a larger value of 'a'. On the
other hand if h, p, L., F., and S., F., were taken to be less than one
then it will be less.

Hence the location of API is satisfied mathematically and

maximum

graphically.
2, Two Capacitor Case

The P.I. equation is given as under:

APT st - AL F‘\&; ot D(CAV) P‘u. (_IIM)

Let the value of  be equal to one as before and find the value of 'K'

is at optimum value of 0.8 (L.F.)
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Figure 17, Peak less, voltage improvement and the Per-
formance Index curves plotted against the
location of one capacitor on the feeder
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a AL p.u. AV p.u. I = API p.u. /2
02 0+42 0-12 0+54 0+27
0% 0:72 0+24 0+96 0+48
046 0+90 0+36 1426 0463
0+8 0+96 0+48 lebb 0+72
1:0 0+90 0+60 1450 0+75

Verification of API mathematically can be achieved by the equation derived

in chapter (6) equation (21).

0, = -k (2n-2) + X (1)
2(LF) LA (P (1+Ap)

A= O9bb | (750

Hence PL o wimum CCCUTS at sz=‘gzé and has a vlue of 0.75.

Figure (18) shows the curves for the energy loss, the voltage drop
and the P.I. curve for the case when 'K' is taken to be at its optimum
value of 0.8. The loss and the load factors are taken to be equal to
one and the curves would vary if they were different than this value.
For the P.I. curve the value of ¢X is taken to be equal to one and if it
was taken to Be below this value‘then the curve would have been lower
than that shown, and if ¢¢ is more than one, then the curve would have
been higher.

The optimum value of , at which optimum P.I. occured was calculated

both mathematically and graphically and came out to be the same.
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CHAPTER VIII
'EXAMPLE

The following example was furnished by Oklahoma Gas and Electric
Company, and will be used to compare the procedure developed this thesis
for loss reduction. Example: Determine the size and location of a three
phase capacitor bank to improve the power factor from 797 to 997 for a
certain feeder circuit 4.16 K.V. It will be assumed in the solution of
this problem that the load is uniformly distributed throughout the length
of the feeder. The size of the wire is also the same and no. 4AS8 was
chosen which has a resistance of 0.483 /1000 feet and inductive reactance
of .1605 Q/1000 feet.

The total load of 29 KVA is assumed which when multiplied with the
assumed power factor gives 232 KW load. The desired power factor of
0.99 yields a correction factor of 0.634 (obtained from 0.G.E. catalog)
and hence gives the total Kvar.

Total Kvar = 0.634 X 232 = 150 Kvar

In this thesis, for multiple capacitors, all the capacitors were
found to be of the same rating, hence for a three capacitor case each
capacitor has a rating of 50 Kvar.

The general formula for the location of the three capacitors on a
line 7000 feet long is:

Qg = 1- Ke U+2<N~3> (&
2(LF)

Hence with L.F. = 1
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O\:\: _1’ QE_ (?‘2)

A. = 1- 32—‘—2 (g%)
- i" ,K—

A G (814)

Substituting k = Ic/II gives the following results:

A = 2086-3&
Qs = 4o4al -Sb <8‘5>
Q= 60204

The voltage improvement as developed in equation (6.16) was found to be:

AV pou= 2V¥c O+ 02403 +— = Re+——An| (2:6)

LF(p)

Taking L.F. = 1l and h = I,/ I

R I= 32,.8/24.7, and p = R/X = .438/.16, gives

equation (6), which is the voltage improvement to be equal to 0.405.

a. Voltage Drop Without Capacitors

In order to plot the voltage profile with and without the capacitors,
the voltage drop needs to be calculated. Figure (19) shows the secondary
line voltage with and without the capacitors.

First the voltage drop without the capacitors placed on the line is

calculated. The basic voltage drop equation developed in chapter (1) is

as follows:
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Figure 19. Line voltage with and without capacitors and the voltage
improvement
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3

)
Viimosr = Te (-0 | Xdw + || Trlt-w)] Rdx (8
3 L L |4 |

o

where oss SQ_ s Which when integrated and 'solved gives:

Voltage drop without capacitors:

\/ WiTHoOT = x

—

L

where 's' is any point along the line.

The capacitive current can be determined as:

I: = Kvay — |78 kvar =247A (59
EYM) \ERZH ALY

Taking the distances to be 1000 feet at each point and calculating equa-
ting (8) gives the voltage profile without capacitor application as shown

in figure (19).

b. Voltage Drop With Capacitors

The voltage drop equations for each of the three capacitors are as

follows:

S

5 R 4
Viwrd = S“II(Q—*) -—-{ICA"\'I%—\-T«,}%d% + ({Tz(L- x)J %
e (&\o)

where () g S S S‘ )
| s
Vo = A\/\eru+ﬂ1'_§%;})_ 'iIm-l-Ia, %} ax "‘K\Iﬁ{_—_{)} %dﬂu
s s
| ! (8:1)



70

where Sy SS <S5z

~

5 S
(-] R dx
AVow = AVw + K‘IICQ’X)._IQJde-k (0] R
> é By S N sﬁ"t‘ L

(842)
where Sl & S S 53

and also the voltage drop from the third capacitor to the end of the

line is:

Vaz AVaw + i\yé%})] _@L_m (813)
>

where 53$ SS Q’

Solving equation (10), (11), (12), and (13) give the voltage drops

of the first, second, and third capacitors respectively which are:
\)|\N = o8V

Vow = W95V (8419
\43vq - 20V

\L¥MJ = :Z\\Q()\/

Plotting these values on the graph as shown in figure (19) gives the

voltage improvement which is also defined by the equation:

AV = Vegoe = Vager _ 368 =214 =.40S (815)
\/bag»wc 368

Hence the voltage improvement obtained graphically is found to be 0.405,

while mathematically it was found to be 0.405, which proves that the
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equations developed were correct.
The method thus evolved in this thesis is comparable to the result
obtained by 0.G.E., and simpler use. It can be applied to non uniformally

distributed loads as well as to any feeder with any wire size,
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