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ABSTRACT

Capacitors in power systems are generally usedpplg reactive power for the purpose of loss miaation and
voltage profile improvement. The main objectivettug study is to present a new strategy for capaaiiocation in radial
distribution systems. Presently, the capacitoregaf@nt problem is widely solved by using heurispitimization methods.
In this study sizes and locations of capacitorssaiected in order to achieve the maximum redudtidotal losses of the
system. This reduction is not seen in all brandteimes, but the loss in any individual branchtied system is not
allowed to increase than it was before the capaistplaced. This work is done applied to 34-bistriiution system. The
results of this proposed strategy are compared avitfinal previous work mentioned to show its validPower loss and

voltages in buses for both cases are obtainednyylsiload flow technique.
KEYWORDS: Capacitor Allocation Techniques, Distribution Feeslé.oss Reduction
INTRODUCTION

Electric distribution systems are becoming largd eamplex leading to higher system losses and poltage
regulation. Studies indicate that almost 13% ofttital power generated is consumed as | 2 R loassdse distribution
level[1]. Shunt capacitors are widely installedradial distribution systems to reduce losses, pdf@etor correction,
voltage profile management, power flow control @amgrove voltage stability. The I2R heating due déad and fault
current is usually the largest single contributotdtal temperature[2]. So the sectional ohmicdesshould be decreased to
improve the thermal capacity of feeder conductdiewever, the benefits of compensation depend greatl the
placement and size of the added capacitors. Thierparesents capacitor allocation strategy for treacpower
compensation which deals with decreasing the swatimsses in each branch hence improving the thiecapacity of

feeder conductors.

In the literature, many techniques have been regdoidr solving the optimal capacitor placement pgobin
distribution systems. These techniques may beifitbsn the following categories: analytical, nuntal programming,
heuristic and artificial intelligence based. Amdhgse techniques, the heuristic based technigqueshieen widely applied
in solving the optimal capacitor placement problétublished literature describing capacitor allamatalgorithms are
abundant. Grainger et al. pioneered the analytizathods [3]. In ref [3], fixed and switched caparstare placed for
optimizing the net monetary savings associated thighreduction of power and energy losses, botltapacitor locations
and sizes are treated as continuous variableswAvottage dependent methodology for shunt capacibonpensation of

primary distribution feeders is presented in refdnnavaikko and Rao [5]

Used a numerical method called the method of lgadahtions and further expanded the problem touitkelthe
effects of load growth, and switched capacitorsvarying load. Similarly, Baran and Wu[6] formuldt¢he capacitor

placement problem using mixed integer programmifige optimal selection and placement of capacitorkbausing
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binary particle swarm optimization(PSO) is integrhtvith the estimation of harmonic levels in ref [Methods based on
heuristic search techniques are introduced foridigton system loss reduction by reconfigurati8h[P]. Abdel-Salam et
al. [10] proposed a heuristic technique based easdrom [8],[9] to identify a section in the dibtrtion system with the
highest losses due to reactive load currents asm pinpoint the sensitive node in that section igthe greatest effect on
the system loss reduction. Sizes of capacitorseglan the sensitive nodes are then determined Bimizang the power
loss reduction from capacitor compensation. M. @tisl. [11] improved the work of [10] by deternigi the sensitive
nodes that have the greatest impact on loss redufdir the entire distribution system directly amgd optimizing for the
capacitor sizes based on maximizing the net ecan@avings from both energy and peak power lossctadu In
addition, the method in [11] also accounts for wagyloads of the distribution system considered sMaf these studies
consider the loss reduction for the capacitor allion problem[3-11], but these studies take in m®ration the reduction
of total losses not the reduction in the individsattion loss. The general capacitor placementigmolin distribution
feeders consists of determining the optimal locgtigpe (fixed or switched), and size of capaciwush that power and
energy losses are minimized while taking the cdsthe capacitor into account. For simplifying theolplem fixed
capacitors are only considered in this paper and & implement the proposed strategy, and comiparesults with so
called exact solution in ref [12] to show the vilidbf this strategy. For this case, the problsmansidered as a nonlinear

integer optimization problem and the Newton-Raphsower flow method is used to calculate the costfion.
PROBLEM FORMULATION AND IMPLEMENTATION

In this section, the implementation and the resafitthe proposed strategy are shown, also impleatient of the

exact solution in [12]. Then their performanceadsnpared.

Ref. [12] presents review and implementation ofvjines strategies and comparison between them amddh
called exact solution. The best results were offdrg the exact solution; so this was the reasorchimosing to compare
the results of the suggested strategy by the seafithe exact solution. These two methods areegppd two feeders with
9 and 34 buses.

The objectives of the capacitor placement are duge the power loss and keep voltages within tlesquibed

limits with minimum cost.

To solve the optimal capacitor placement and sizirgplem for radial distribution networks, a sul@alpower
flow method called as the backward/forward sweepgrdlow (Teng, 2000) is used for computing the povess. In this
power flow method, the relationship between thedurgent injections and the branch currents isasgmted by the matrix

[BIBC] which is given as:
B] = [BIBC] [I] (1)
where [l] is the bus current injection vector aBdl i the branch current vector.

The relationship between the branch currents, ] lbus voltagesAV] is represented by the matrix [BCBV].
The matrices [BIBC] and [BCBV] are then multipli¢al obtain the relationship between the voltage atém, [AV] and
the bus current injections [I], which is represeniy the matrix [DLF] and given as:

AV] = [BCBV] [B] = [BCBV] [BIBC] [I] = [DLF] [1] 2
[DLF] is also known as the voltage drop to bus entiinjection matrix.

The backward/forward sweep power flow method atktiieration considers the following equations
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Problem Formulation
The total power 0SB, ;.55 IS given by
Pt toss = ZiZo Pioss (1,1 + 1) (%)

where, i is the bus number and n is the total nurnbbuses.

Considering investment cost, there is a finite nermif standard capacitor sizes that are integetiples of the
smallest size Qc. The cost per kVAr varies from size to another. Generally, large sizes are clighpa smaller ones.

Let the maximum permissible capacitor size be &uhit

Qmax =Lx Qo (6)

Where, Qo is the smallest capacitor size in Talaled L is an integer which is resulted by dividthg maximum
allowed capacitor size for this feeder Qmax with §mallest value Qo. Then at each selected locatiere are L sizes to

choose from

Let K1, K2, ....KL be the corresponding capital intreent per kVAr. Assuming that only capacitor baiake

used for voltage excursions, the cost functionishmaselected as:
SZKpXPtloss+ Z?leij (7)

where, Kp is the cost per power loss ($/kW/yea @&1,2,...k represents the selected buses. The tdlgec

function (7) is to be minimized subject to
V‘min < Vi < Vmax i:1,2,....,n (8)

For the test feeder, Kp is selected to be U.S. &KIB [12], and the voltage limits are Vmin=0.9 pand
Vmax=1.1 p.u. commercially available capacitor sixegth U.S. $/kVAr are used in the analysis. Foactere power
compensation, the maximum capacitor size Qmax ghoald exceed the total reactive loads (i.e., 4188rk So applying
for (6) results in 27 possible capacitor sizes ghawtable Il with corresponding cost/kVAr [13]. &lvalues of the choices

are derived from table | by assuming a life expecyeof ten years( the operating costs are neglefied

Table 1: [13] Available Three-Phase Capacitor Sizesnd Costs

Size(kVAr) | 150 | 300 | 450 | 600 | 900] 120p
Cost ($) 750 | 975 | 1140 1320 1650 2040

The Proposed Strategy

In this strategy as it is mentioned before therpglisizes and placements of the capacitors arethaeminimize
(7), satisfy (8) and also satisfy (9) (i.e. givenmium cost and minimum sectional ohmic losses ati$fg the voltage

constraint)

Pk+1(secloss) < Pk(sec loss)



88

P. Divya & G. V. Siva Krishna Rao

where, k+1 is the case after the capacitor placear@hk is the case before the capacitor placerméet.solution

algorithm of this method can be summarized as Vallo

Perform the load flow solution for the original flss to get the branch(sectional) losses and o#negssary data.

Begin putting Qc equal the smallest value in Tdblat the far end bus(i.e. bus no. n) from the $atien, and

perform the load flow

Compare the sectional losses in each branch dietder that were resulted from step 2 with thatewesulted

from step 1.

If the sectional losses in each branch are lessdh&qual to that of the prior case then try itk next value of
Qc from 27 standard values of Qc, perform the lff@d, and compare the sectional losses as in stéqut3now

compare it with the sectional losses that wereltedwvith the prior value of Qc is placed.

Repeat steps 4 with the different values of Qc eilaat this bus until reaching the optimal valueQuf(i.e.
minimize (7), satisfy (8) and (9)).

If the sectional losses in any branch of the feéslenore than that of the prior case then remoeeviiue of Qc

and put the prior value of Qc

With optimal Qc placed at the far end perform thad flow and check the voltage profile. If 84bus<l.1 then

stop otherwise try with the next bus(i.e. bus nd))nand so on until Vmir0.9

A schematic diagram for these steps is shown iarEid

Exact Solution [12]

As it was stated at [12]; the solution algorithntlig method can be summarized as follows:
Bus (K2) where the next optimal Qc2 will be placed.
With Qcl and Qc2 placed at buses K1 and K2, restept 1 and 2 and so on until candidate busesheristed.

If the minimum voltage is still < 0.9; try to in@se Qc of the candidate node that is very far filoensubstation.

This will increase the voltage such that<O/8<1 p.u.
With Qcl and Qc2 placed at buses K1 and K2, resteps 1 and 2 and so on until candidate busexhegisted.

If minimum voltage is still <0.9; try to increase @f the candidate node that is very far from thiestation. This

will increase the voltage such that&\9<1 p.u.

The Test Feeder [12]

The method discussed before, is applied to 34-bdmlr distribution test system. This test systera &amnain

feeder and four laterals. The data of the feedéakisn from [12]. The single line diagram, the |lakeda and feeder- line

parameters for the system are shown in Appendix A.



Proposed Strategy for Capacitor Allocation in Radal Distribution Feeders

89

§ Start . _J
loads for

/

=_
/ 4

Input neces s ary

datals, x xand
Performm the load flow
solution for origmal fesder

Put Qo at the for end bus from the

sub staton

Femeove Qe zd'd’i”'_ﬁ':
and put prior sincst itk
values af Qe uadoe o2
Funthe LF
Yes
e
ND " E--\""—\-\_\_\_\_\_
o Avre the —
i constramts
'\-\._\_\_\_% _..-'-'"f
T - _d__'_,.-"
Put Qe at e - =
the next bus { Stop )

Figure 1: Flow Chart for New Strategy

The system voltage is 11kV. Before compensatios ctist

is U.S. $ 327212, based on the previoudigetecost

function. The active and reactive losses are 22¥.%nd 65.04kVAr respectively, and the voltage lsnih p.u. are

0.941°&Vi<l. The results are summarized in Table 3.

Table 2: Possible Choice of Capacitor Sizes and QA§VAr

J 1 2 3 4
Qc 150 300 450 600
$/KVAr 0.5 0.35 | 0.253| 0.22
J 5 6 7 8
Qc 750 900 | 1050 | 1200
$/KVAr | 0.276| 0.183 | 0.228 | 0.17
J 9 10 11 12
Qc 1350 | 1500 | 1650 | 1800
$/KVAr | 0.207| 0.201 | 0.193| 0.187
J 13 14 15 16
Qc 1950 | 2100 | 2250 | 2400
$/KVAr | 0.211] 0.176 | 0.197| 0.17
J 17 18 19 20
Qc 2550 | 2700 | 2850 | 3000
$/KVAr | 0.189| 0.187 | 0.183| 0.18
J 21 22 23 24
Qc 3150 | 3300 | 3450 | 3600
$/KVAr | 0.195]| 0.174 | 0.188| 0.17
J 25 26 27
Qc 3750 | 3900 | 4050
$/KVAr | 0.183] 0.182 | 0.179
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DISCUSSIONS OF RESULTS

TABLE Il shows the results of the two methods foe feeder and it is observed that the total adtige for the
feeder is 0.158 MW which is less than exact sofui®1655 MW). Also the fixed cost (the cost of thstalled capacitors
only) and the running cost (the cost of the totaker losses only) are less than that of the exaatisn. So the proposed

strategy offers more cost saving and more lossctextuthan the exact solution.

The voltage profile for the proposed strategy fé#iBis system is the best case and it is clear fhenfrigure (2).
The sectional losses for the two methods and tlgnat case for the feeder is shown in Figure (B)s clear that the
sectional loss resulting by using the proposedesisais always less than that of original casease without using Qc's),
but the sectional loss resulting from the exactitsmh offers violation in section (2-3) (i.e. thesk in this section is more
than that of the original case)

CONCLUSIONS

The prior studies for capacitor allocation probleave not considered increasing of sectional lotisas may
occur with capacitor allocation scenario. This woeats this problem by adding a new constraintchvl@nsures that the

losses in any branch of the feeder will never iaseeduring installing of capacitors at the candidatses.
It has been shown that the proposed strategystsesre the best; which ensures the superiorithisfstrategy

Table 3: Results for the Methods Applied to the 34Bus Feeder

. Method The
Wlt(ggut in Ref | Proposed
[12] Strategy
Total power loss in MW 0.2215  0.165p 0.158
Total Cost in $ 37212 28250 27909
Max voltage in p.u. 1 1 1
Min voltage in p.u 0.9417 0.951 0.951
Summation of all Qc in
MVAr 0 2.1 3
Loss reduction in kW 0 56 63.5
Cost saving in $ 0 8962 9303
Saving % 0 24.08 25
Loss reduction in % 0 25.28 28.66§
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Figure 2: Voltage Profile of 34 Bus System
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Figure 3: Losses in Each Section of 34 Bus System
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APPENDICES

Appendix A: Line diagram of 34 bus test system

The Load Data and Feeder Data of 34 Bus Test Systd?]

Table 4
Load Sectional Parameters Lenath
No. | P Q BusNo | Ri,i+1 | Xi,i+1 kmg
(KW) | (Kvar) | From | To | (Q/km) | (Q/km)
1 320 142.5 0 1 0.195 0.08 0.6
2 0 0 1 2 0.195 0.08 0.55
3 230 142.5 2 3 0.299 0.083 0.51
4 230 142.5 3 4 0.299 0.083 0.5
5 0 0 4 5 0.299 0.083 0.5
6 0 0 5 6 0.524 0.09 0.6
7 230 142.5 6 7 0.524 0.09 0.4
8 320 142.5 7 8 0.524 0.09 0.6
9 0 0 8 9 0.524 0.09 0.4
10 230 142.5 9 10 0.524 0.09 0.2%
11 137 84 10 11 0.524 0.09 0.2
21 72 45 2 2.1 0.524 0.09 0.3
22 72 45 2.1 2 2 0.524 0.09 0.4
23 72 45 2.2 2 3 0.524 0.09 0.2
2 4 13.5 7.5 2.3 2 4 0.524 0.04 0.1
51 230 142.5 5 5 1 0.294 0.08B 0.4
52 230 142.5 51 5 2 0.299 0.083 0.55
5 3 230 142.5 52 5 3 0.378 0.086 0.55
54 230 142.5 53 5 4 0.378 0.086 0.5
55 230 142.5 54 5 5 0.378 0.086 0.5
5 6 230 142.5 55 5 6 0.524 0.09 0.5
57| 230 | 1425] 56| 57 0524 0.09 0.5
5 8 230 142.5 57 5 4§ 0.524 0.09 0.6
59 230 142.5 58 5 4 0.524 0.09 0.4
5 10 230 142.5 59 5 10 0.524 0.09 0.25
5 11| 137 85 510 5 11 0.524 0.09 0.2
6 1 75 48 6 6_1 0.524 0.09 0.3
6 2 75 48 6 1 6_2 0.524 0.09 0.3
6 3 75 48 6_2 6_3 0.524 0.09 0.3
91 57 345 9 9 1 0.524 0.09 0.3
92 57 34.5 91 9 2 0.524 0.09 0.4
9 3 57 34.5 92 9 3 0.524 0.09 0.3
94 57 345 9 3 9 4 0.524 0.09 0.2




