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ABSTRACT

This paper gives method for seiecting optimurm position for fixed and switched capacitors
on 2 radial feeder . The opimnum position of capacitors ( fixed and switched ) are selected based
on random proposal for their places on the feeder. The method also includes a selection of
optimum  switching time of switched capacitor which will be locared at the optimum positiou. As
the optimum location is defuite, the hourly optimum operating strategy for fixed and switches
capacitors located at the optimum positions is oblamed.

INTRODUCTION

Power capacitors have heen improved tremendously over the last 50 years or so. partly
due Lo improvements in the dielectric materials and their more efficient urilization and paxtly duc
10 unprovements in the processing techniques invoived. Capacitor sizes have increased from the
[5 - 25 KVAR range to the 200 - 300 KVAR range { capacitor banks are usuallv supplied i sizes
ranging from 300 - 1800 KVAR ). Now days. power capacitors are much more efficient than
those of 30 years ago and are available to the electric utilities at 2 much lower cost per kilovar
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In general, capacitors are getting more attention today than before, partly due to a new dimension
added in the analysis : change out economics [1].

Kilovars, as well as kilowatts, must be provided to thc customer as part of a utility's
electricity service, and the analvsis of the technically most desirable and economically most
attractive way to supply this reactive power requirement is oue of the system planner's objectives.
Where as the kilowarts can be supplied only from an energy source or power plant, kilovars are
automatically produced as well as consumed by ihe electric nerwork itself. This. of course,
results from the inberent sbunt - capacitive and series - imductive characteristics of the
transmission lines. For this reasons planning of the reactive power supply is subjected to a greater
range of system vanables (2).

A cechnique is developed for solving the voltampere reactive (VAR} compensation
prohlern under uncertain operating conditions. The technique employs chance - constriined
programming { CCP), and transforms the problcm into a standard linear programming problem.
providing optimal allocation of VAR supports. husbars with unacceptably which probalsiir. of
violating vollage limits are identifed and assigued appropriate clance - constramrs.  wo cises
are considered nsing the new techmique. lu the yrst cose. Lapaditve com nensatiou -~ . aiuared
for peak load conditious. Inductive compensatiou is consiizred n: the secor . case. 1 ing light
toad counditions [3].

A methodology for finding the degrees of series capacitor and shumt - reactor
compensation is used to mcrease the power transfer capability of the over - head power
transmission exisiing rights of way and to get adequate conirol of steady state voltage amd
reactive power requirements. Tlis merthodology is based on assumed system design criteria and
takes into consideration several schemes of compensation [4].

A transposition study carried out on the 654 Km Muja - Kalgoorlie 220 Kv radia
transmissiont systcin are presented. Voltage control and stabilization of this nerwork is achieved
with the installation of three saturated reactor rype static VAR compensators. By suitable line
transposition. it is shown how voltage imbalances at the staiic voitage capacitors locations can he
reduced to ensure minimal negative phase sequence current loading on the saturated - reaciors
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The paper presents a method for obtaining oprimum positions, optiroum capacitor hank
sizes { fixed and switched ), optimum switching time and optimum operating sirategy for fixed
and switched capacitor is obtnined. The method is based upon Grainger and Lee equations(6, 7],

PROBLEM FORMULATION

The problem here is the determination of optimum positions. opiimum capacitor sizes,
optimum switcbing time and optimum operating strategy for fixed and switched capacitors
connected with radiai feeder. The method for obtaining the above mentioned parameters are
obtaived hy the following steps:

In the first. a selection of random positions for fixed and switched capacitors is carried out.

Then. a selection of the optimum places, oprmum capacitor sizes { lixed and switched ), optimum
switchiug time and optimum vperating strategy are obtained. Tl previous parameters are
determined as tollows:
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[} Obtain the optimum vperaung sratesy ¢ 4w by itour ) for each selected place of fixed and
switched capacitors.

2) Detenmine 1he oprmum switching tme =t which ontimunt switclied capacitor size is mimmui.
3) Obtain tre sum of optirnwn Axed snd switched capacitar sizes at each selected places and
sclect the innimum summatton,

4) Represent section numbers at swlich ninitnum sunumation are vorained,

Tbe feeder under investization cousists of 9 sections and is supplied from a substatton.
“fhe toeder is loaded with time - varymz loads cennecred with it through it's length at each node.

Suppose there are K scciions i the physical feeder shown in fig(1). Chose [}, the

resistance in olums per unit length of'the jili secnon. as the resisiznce m ohms per unit lengih of
the equivalent uniform feeder. Modify the physical length L; of the ith as follows [6. 7).

Ly ,
Ly =—1L 1=1, 2,3 k {1
r;
J
Where L is the length of the ith secrion of the equivaient uniform reeder.
L. the total length of the equivaient uwiform feader is dlefined by:

2)
J
Divide 2ach section length L,y; of the equivalont feeuer by L, <0 vield a normalized equivaient
wniforim feeder of wuty lengrh and usifonn resistance
k

r= E Li 5 (3)

i=I
ohms per normalized unit length

‘We now deflne a nonnaiized reactive current density function. f{x), and a normpaiized

teeder reactive current function, F(x). as tollows [6. 71:

N [{x
t(x)=-(\J (4)
F(_x)zif‘(r) X1 (5)

Wherce | is the reactive current injected into the feeder at the substation. x is the distance
measured ilong the uormalized equivalent uniform fezder from the same end and I{x} is the
reactive current density at x.

‘Fo provide the nost general solunon procedures so that distribution engincers can apply
the sofution tcchnigues to desigm problems ot diflerent nawre, the followmg notation is used
thronghout tie study. As shown 1 riz( 1) 4 lixed and . or switched hanks are consecutively
numbered from the end of the feedicr towurd the substation.

The locations are measured from i substation und are represemted by hy 1= 1,
2o, 1. The per unit bank sizes ( at normal primany voltage ) are denoted by [, 1= 1.
2.....n. Therefore, i the following unaby s, {,,;, wiil = 2eneral represent the per uait reactive
current of the ith capacitor bauk. or cquivarndiv, s e it KVAR ratiug on a base equal to the
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maximum value of the reactive load in the feeder. The type of ench capacitor, which is not
specified in fig.(1) be represented by using the following sct notation.

Let M and N be the sets of idices of fixed and switched eapacitor banks, respectivelv. For
example. if the ith bank is a switched one, it will be represented as [ € N. Let LP denote the
peak power aud energy loss reductions whieb result from tbe capacitor's placement. Then LP is
gven by {6.7]:

-
h,
LP=3 ,(1 F(x)2rdx — ( | (1F(x) — ZICJ)Zrdx+

I

=]

(6)

e

i
J (IF(x)— S ch)“rdx+ [(IFGOY rdx)]
h'l-l. ]:l hl

The energy loss reduction can be written .in the form of’.

T
| (Ig (t\F(‘{)) rd*{—( (Is(t)F(‘{) q) rdx +
0 _|=1
u-i b
)3 } (I (t)F(x) - ICJ) rdx + fl S(OF(x))? rdx))dt (7
i=lh;_ J—l b;
Where I (t) is tbe rime-varving reactive load current over a load cvele of duration T at
the subsiation end of the normatized equivalent uniform feeder of resistance r ohuns per uni
length. and s variation shown in table(t), The net savings function to be maximized 15 them
given by:
S=KyLP+K.LE —K¢f Tlm Kes ‘,jl (8)
i=1 i=1
1eM 1eN

OPTIMUM BANK SIZES

if the loeations of the fixed aud switched banks are known, aud if the switching time of
the switched banks is predetermined. the bank sizes can be deternuned by solving the following
set of linear equations for I ;:

[H] [1.]=[D]

Where I, =[I.;.1.7,....1cn ]' is the n dimensional columns vecior to be determined.

and lheu n matrix H and the n dimensional column vector D sre niven as follows:
Foriz |,
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hi (K, +K T} if both 1,and j eM o
Hi: =
U |hi(Kp +KeTg)  otherwase )

and for i <

hi(Kp + K T) if both i.and j €M)
4. = Jl, (10)

P lhy(K, +K.Ty)  otherwise
p e’s

~(Kp + KT Ly) szF(x)dx—T‘;f— ,,,,,, if k eM
0

Dy = | )
I hy Ko &
LKy ¥ KeTilgy) | 1FGodx - = if k eM
0

The canstans K, K, K¢, K g and tare chosen as follows:
0.329 /kw /dav K. =L5pt /kwh Ky =53.5/three — phase KVAR

Ko =506/ three ~ phase KVAR T = 24 hours

¢
n

L¢: is the daily load factor
L g is switched load factor

The feeder under study is represented in fig.(3). It consists of june sections with differcnt
areas and lenpths. The data for each section is demonstrated in the same figure.

GIVEN DATA

The given daia are as follows:
L) Daily load curves at each node of the feeder are illustrated in rable(1).
2) Fixed capacitor cost per three phase KVAR, K ¢,
3) Switched capacitor cost per three phase KVAR, K.
4) Cost of KW per day, Kp.
5) Cost of energy / day. K.
6) Locations of fixed and switched capacitor bauks, h;.
7} Duration of switched capacitor bauks, Tj.
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FLOW CHART

The hour by hour fixed and switched capacitor sizes are determiued by using the
following steps:
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RESULTS

The problem is programmed for different values of a switching tme. T, and differcut
locations of a fixved and switched capacitors on the feeder. Results of calculations are represented
in the family of curves. These curves iij.st1 ilo the optimum fixed and switched capacitor sizes.

Fig.2 illusiratcs optimuny size of ixed amd switched capacitor against time. The fxed
capacitor is located at section 2 where swii thed capscitor locates at section 5 on the feeder. The
switching time for switched capacitor is bemg 4 bours. From ihe figure, the maximum size of
fixed capacitor bank { operates all time } and switched capacitor ( operates only switching time
which is equal 4 houres i this case } are obtained and represent in table (3). Figures 3 to ¢ zive
also the relationshipes between fixed capacitor size and time as well as swiiched capacivor size
and switching time. The positions of capacitors ( fixed and swirched ) on the feeder as well as
switching time are changed  Figures 2 to 9 (luarale also the values of fixed and switched
capacitors as well as the wmstants at which thevy happned. The figures represent the optimum
vperating strategy for fixed and switched capaciters located at the definite nodes for each houres,

Fig. 10 reprcsents the switched capacttor size , located at section 4. against switching time.
The switching time has values 3, 6, 9, 12 and 15 houres The instants at which switched capacitor
has 2 maximum value is 23. At this instant 1he load takes approximately its maximum value.
Fig. || gives the relationshipe between switched capacitor size and the switched time. The
relation is approximately linearely decreased from T: =3 to T, = 11 boures from T. = 11 to 2
houres it is linear and rapidaly increased. Then. the switched capacitor size is slowly decrcased
when T: = 12 to 17 houres, The behaviours of switching capacitor size against switching tim at
instants 23 and 24 are similiar. The recomindation obtained from this figure is that the best
selection of switching time is m the range from 3 to 11 houres. In this range, 1he switching
capacitor size takes a small values and it has a lower value at T: = 11 houre.

Tahle 3 represents that for all mstamts from 8 to 24 hr the mimimum size of switching
capacilor obtamed with switching time 11 houres. The table gives also the positions of fixed and
switched capacitors Nr and N on the feeder, switching time, maximum size of fixed and swiiched
capacitors. The table illustrates also the summation of maximum values of fixed aud switched
capacitors. The selection of the best position of fixed and swirched capacitors on Lhe feeder is the
one at which the prcvious summation has minimum value. The table shows that the location of
fixed capacitor is at section 4 where the position of switched capacitor is at section 8. The
operating time of switched capacitor posioned at section 8 on the feederis 11 houres as noticed
from fig. 11.

Now the opiimum operating strategy of fixed and swinched capacitor bauks is detennined.
Fig.7 represents this swrategy and gives the hour by hour fixed and switched capacitor banks size
connected to the feeded under ressarch. This figure gives the optimumn operating strategy for
tixed and switched capacitors located at sectious 4 and 8 respectivity. Sections 4 and B represem
the optimum places at which fixed and switched capacitors are connected.

CONCLUSIONS

This paper gives the method for obtaing optlitnum locations, optimum capacitor sizes and
the optimum operating stralegy for fixed and switched capacitor hanks connected with radial
feeder. The method is based upon Graiver aud Lee equations. In the first. a selection of random
positions for fixed and swiiched capacitor is carried out. Then, a selection of the oplimum piaces.
opumum capacitor sizes ( fixed and switched ), optimum switching rime and optimum operating
strategy are obtained. The previous parameters are determined as follows:
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1) Obtain the optimum operating strategy ( hour by hour ) for each seleeted place of fixed and
switched capacitors.

2) Determine the oprimum switching time at wlich optimuin switched capacitor size is minimum.
3) Obtaimn the swn of optimum fixed aud swirched capacitor sizes at each selected places and
select the minimum summation.

4} Represent section numbers at which 1inimuin suimnmarion are obtained.

By usmeg the above mentioned method oo the radial feeder under nvistigation. the
optunum optimun values of previous parameters wilich are; oprimum locations of fixed and
switched capacitors are being at sections 4 and 8, optimum switching time is |1 houres and the
optimum operating strategy for fixed and switcbed capacitors is obtained.
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5 2 28 | 44 .36 86 | .86 1.37 ¢t 1.37 | 1.37
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Fig.{ 1 ) Representation of feeder sections and its data

I~ Section number 2- Cable matenals

" . k) . . .

3- Cross Secrional areas mm = 4- Secuon length in mile

3- Sections resistance ochm/inde 6- Section length of equivalent wittiorm teeder in mile

7- Normalized section length for equivalent unifora feeder.
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KVAR load at the feeder sections =107

t 2 3 4 5 6 7 3 9
t oy |03 E):s cn6d | 0012|049 | 0.134 | 0.188 [ 0.03
2 10w (0206 (027 0.0 (0.2 019 |03 | 0.188 | 0.03
3 (019 |n292 |03 006 | 0.012 |0.19 | 0.066 | 0.188 |0.03
4 oo (o292 Jom 0056 (0112 1019 |o0066 {0194 |0.03
5 logo (0306 (v 005 |8.112 1019 | 0.682 0.19?] 0.03
R
6 [0nq9 |03 1n24 006 |02 (019 {0082 |0312 {003
7 047 037 lO.IS 008 |01z 047 |0098 ‘0.231 T@.os
18 |n24 636 L: 15 0068 {0.124 o.uqd 24 1048
| !
19 |oz26 |034 |05 0.058 |0.124 |0.26 | 0.168 )n.ms (.084
10 | 027 032 0.225 N.06G thi2d 0.27 0.172 |TLI98 (.84
1
i1 n2e o286 |03 006 (0424 (029 [0108 [0.19 |0.096
12 1029 (o6 |02 006|012 {029 |02 Ens 0.096
i3 J029 o316 103 006 J0l2 029 |02 0.178 1 0.096 |
b4 fu29 o |0a 006 |0.112 {029 |0.092 | 0224 (0102
P15 (o2 oz lomnm 0056 {012 033 018 | 0.229 [ 0.078
16 [0y o (o J 0064 {012 1033 10494 (0226 |0.078
D A
17 tosi (0404 lo2g To.ua J 012 (o3t {6234 (0228 L0072
I8 [ 031 {0536 | 054 Inn% h}.ma 031 |0222 (0228 §0.042
(9 035 {0544 (00585 |o12 |0168 {035 |0212 |036 {0036
20 (035 | 0544 |oe 0028 |ores |mas 0212 {036 |0036
21 35 1) 4R 1,585 012 0168 (.15 1192 niG ynd2
22 | i3 n4az |0 N0k 0152 |03 0.182 | 0224 | o.0a2
! T
:F ¥ jos 0,398 | 11585 o2 ns? (02 036 | 0252 | 036
! 24 nio l (1 1).45 iy DO 12 ne IR 0158 i} 1)345

Table(l} Load-Time characteristica at different nodes
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Tablei 2} 3witched capaclior gize, locates at aode 4, in ATAR agains

time with differesnt switcning cime.

Nr 3, L4 3 4 2 1 [2 3
Ns 5 8 7 8 5 8 5 7
Ts 1 3 i3 1] i0 I 7 $
Cfmax. 3389 5444 11900 | {Si4 | 3200 | (582 | 3300 {2143
Csmax | 444 117 100 {771 [373 300 | 400 893
Crmax + Comax ! 3833 3861 3060 12285 13575 b 2382 3700 30306

Table 3 Maximuwin Capacitance of Fixed and Switched Capacitor Banks
and Their Optimum Locations

Nf: Location of fixed capacitar.

Ms: Locativa of switched capacitor.

Ts. Switching time.

Clinax, Csmax : are the maximum capacitances of fixed and switcncd capacitor,



‘lansoura Engmeering Joumat, Vol.22. No. 1. March 1997

CAPACITOR SIZES KvAR
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Fig, (3} Optimum 3ize of [11ed and switched aapacitor hanks
ipoated at aecticna o, 4 and A for Awitening time

} hours.
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lacatad at sectlons Ho. 4 and 3 for switehlng tlme
11 houra,




\ansoura Engineenng Journal, Vol 22, No. 1, March 1997 E 42
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Fig.\7) Optimun size of fixed and switched capacitor hanks

located at sections ¥o, 4 and B8 for awibtching tlwe
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CAPECITOR SIZES KVAR
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Pig.10 Switched capacitor size-time characteristic with switching
time 3, &, 9, 12, 15, hours, [ixed cepacitor locatea at
aectlon 3 and awitched n~apacitor ac sectlon 4,
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