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QPTIMAL LOCATIOQN AND SIZE OF FIXED CAPACITCRS
ON SINGLE RADIAL FEEDER
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Abstract: This paper presents an optimal method for locating and w=izing of
fixed sghunt capacitor banks in case of gstatic load on single radial dis-
trabution feeder. Mathematical models to represent cost saving due to power
and energy losa reduction are presented considering growth in load, growth
in load factor and increagse in cost of energy. The c¢ost gaving due to
release in aystem capacity, capacitor cost, wvoltage drop and voltage rime
constraints as a function of capacitive current flows in feeder B2egments
have been formulated. The cost functiong have been performed for optimizing
the choice of fixed shunt capacitors. This proposed method has a special ad-
vantage that the optimal location of capacitors is limited by the lean
period wvoltage rigse constrayznt and thus aveoiding over-volitage probiema
during the off-peak hoursa. The effect of unit—-capacitor wvalue on optimai
golution 18 introduced.

1. INTRCDUCTION

The continuous increase in conzumption of electric energy tends to in— -..
crease power and energy loggeg in prlmqry distribution feeqérs which reduce
the available capacity of fseder and jncrease voltage drop along the feeder
which results an increase in electric energy cost for the consumer. There
are several methods to reduce these losses and improving the voltage profile
at the consumer. (ne of the simplest methods 13 the use of shunt capacitors
on the primary distribution feeders to reduce the feeder currents., reduce
power and energy lossesa, improve voltage profile along the feeder and ceuse
|an appreciable release in feeder capacity that can be uged to feed extended
additional loads on the feeder. The principle problem in installing poWer
capacitors on praimary digtribution feeders is determining the optimal loca-
tion and size of these capacitors on the feeder to gain maximum co3t savings
and, at the same time. the system constraint are achieved.



E. 50 Kamal M. Shebl and M.E. Elsaid

The optimal application of shunt capacitors on distribution circuits
nas always been an important subject for distribution engineara [1]. Duran
[2] presented an optimization technique known as the dynamic programming ap-
proach. He determines the optimum numbser, location and size of capacitors to
be connected on the radial feeder with discrete lumped loads so as to maxi-
.mize overall savings. However, his method considers the fixed banks only,
put no constraints on the feeder wvoltage and disregards the relaased
capacity due to capacitor installation.

Bae (3] presented an analiytical method to determine the best location
of capacitor banks, optimum reactive compensation leval and maximum yaarly
loga reduction. Howewver. this method assumed the feeder and loads to be
uniform, did not consgsider the growth in load, put no constraint on feader
voltage and the cost of fixed capacitor banks is considered only.

Grainger and Lee [4] defined the reactive current distribution method
and maximizing the benefit from power and energy lose reduction. This method
givea generalized procedures for shunt capacitor placement without any con-
straint on load or feeder. Also, the fixed term of capacitor cost is not
considered. Later on, they defined a new voltage dependent methodology for
shunt-capacitor compensation of primary feeders (5] . They neglected the
feeder e¢nergy losg and the fixed coat of capacitor banks and no veoltage con-—
~Straint was considered.

Fawzi and Elsobki (6] introduced a simple analytical technique for the
selection of capacitor location and size depending on the location of the
additional loads that can be gerved with the existing capacitors. The mini-
mization of objective cost function is subjected to voltage drop constraint
while the voltage rige consatraint was jgnored. They assumed that the feeder
has a constant crogss section and the load in uniformally distributed along
the feeder length.

Thie paper pregsents a method for optimaily choosing fixed shunt
capacitors in cagse of static load on a aingle radial distribution feeder.
Mathematical modele to represent cost saving due to power and aenergy lossa
reduction considering the growth in load, growth in load factor and the in-
crease in energy cost. The coeBt savings due to release in system capacities,
capacitor c¢ost. wvoltage—drop and voltage-rise constraints as a funcktion of
capacitive current flows in the feader Segments have been formulated. The
effect of unit— capacitor value on the optimal solution is introduced.

2. PROBLEM FORMULATION

The objective in asclving the optimal combination of capacitor bank size
and location is considered here as maximizing the presgent worth of revenue
requirements gavings due to the application of shunt capacitor banks to the
radial feeder. The optimal process 13 reached through maximizing the objec-
tive function while achieving the system constraints.

Ien le2 ici
S5 ——— n ———— 2 P —— 1
ie3 :[ ie2 :[ icl:[

Fig.1l Single line radial feeder representation
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2.1, Coat of System Components

. The components of objective cost function to be maximized are power and
energy loss reduction in a feeder, releage in feeder capacity. release in
asystem components against congtruction cost of involved capacitor banka. A
gingle line representation of a mingle distribution feseder ims ghown in Fig.1l
where i, is the load current at point n, I,—; ia the segment current from
node n to node n-1, and ian i3 the capacitiva currant due to capacitor in-
stallation At point n.

2.1.1 Cost saving due to power loss reduction

The power loga reduction due to i1nstallation of power capacitors (L.)
i determined As the difference betwesn the power loss with and without
capacitors, i,e.;

Lo =3 > Re (2 1s . das = i%0n ) (1)
i=1
Defining Le = I+ / Iy (2)

where L,y is the inductive load factor, and 1,3 ig the maximum inductive loed-
current in segment 1. Then the net coat saving due to power loss reduction
{Cn) iz given as;

Co = Ke . Lo

L
-3 Kp ‘>_R1 { 2 a1 . Lr . I:_; - i34 ) . 1073 L.E./Year (3
i=1

where K, is the cost of power loss reduction 1n L.E./Kw/Year.
If N is the capacitor bank life period in vears. and r 15 the rate of inter-
ast, the sum of the present worth will be given as:

N
Co = 3 Ka :g: Ry (2ies - Le . Tas — 1%531 103 E (1/(1+r)*=} (4)
j=l k=1

2.1.2 Coat maving due to energy loes reduction

The present worth of the income through cost saving (Cm=) 10 the life
period of capacitors for a working B7580 hours/year 13 obtained as;

Ce = 26.2B Ke i R: (2 31554 . Lg . T34 ~ 1354 —£ (1 /7 {1+r)=m) {9)

j=] k=1
where Ky i3 the cost of energy in L.E./Kwh.

The growth in feeder load may be due to the incremental additions to
the exigting loads or due to the addition of new loads to the feeder. The
effect of load growth on cost saving can be introduced by multiplying both
equ. (4) & (5) by a factor (1+g)2?., j=i,2,...H
where M is the plan period up to which the feeder can take load grewth, aub-
ject to a minimum period limited by the capacitor life period (71].

The system experiences a contiuous growth in load factor with time due
[to warious reasons Such as Increase in load diveraity, increase 1n the
'energy consumption per Kw connected lcad. The new load factor Lew at any
ivear k is given in 7] as:

i Lrh - Ltu - Y'I-l { Leuw — Lrp ] (6,
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®r3 o

where Y = (0.35)
Leuw = ultimate load factor
Les = Present load factor

The coat of unit energy undergoes a contious increase with time. Thie
means that Km is a time—dependent wvarible asg:

Ke = Kee k=1,2,...... N

Then, the present worth of cost savings due Lo power and energy logs,lae and
Cme are given, congidering the effect of growth factors, respectively as;

Coa = 0.003 Ks g é ﬁ Ry (2.ies . Len . T2a2{149)23-i2,)(1/[1+4r)™) (7)

i=l k=1 =i

c,.,-zs.zai ﬁ § Ry Kme{2ios .Len. Lag (14g)a33=ia ) {1/(14r ™) (B)
iml k=1 3=1

and;

2.1.3 9yetem capacity release In feeder Bections

By ingtalling capacitors, the net current flow in feeder sections 1ig
reduced as the capacitor current, [(lowing towards supply. compensates the
inductive~load currents. Thi3g reduction 1n current flow in feeder sgsegments,
transformer, transmission lines anhd generators results in an appreciable
quantim of release in their capacities.

Kw

B

5

Fig.2 Power phase diagram

Fig.2 showa the phasor repregentation of active and reactive power
flows in a feeder segments, where 5, & S; are the segment Kva before and
after adding a capacitor bank respectively. 9, & B,y are segment—load power
factor angles before and after adding a capacitor bank regpectively. The
releassad Kva depends on the power factor of the extended load. Assuming
that the extended load has a power factor angle ag Bz, then the relsasad
Kva, Se is given as described in [8];

S = 5, -~ S = 0E -~ CH {9)
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By the use of thecorrelations from Fig.2

< .
Cr =2 Cra 5y [1-(W(V.103)/81)3—(2V | igy . 3in 8y, / §, )2-3 ] (10}
1~1
where Cvs is the marginal cost required to supply every additional EKva
demand for the icn feeder segment, and V is the system line voltage.

2.1.4 Capacity release in system components

The <cost saving due to capacity release in substations, transformers,

transmission lines and generators C,o can be written by the use of equation
(10), as;

Cro = Co . Sem [1- (L4(V.ice/Sm)® -2V.ige.5in 8y / S 1173 ] (11

where Co is the marginal cost reaguired to invest in the system components

capacitors to meet every additional Kva demand on the system. and S5, 18 the
maximum Kva demand 1n feeder.

2.1.%5 Cost of capacitors

The _capital co3t of capacitor bank C, bears a linear relationships to
the cgpac1tor current. This involves fixed and wvariable cost for the
capacitor as; [g]ihat can be written

Co = g 2 . 1lgg +a . d

i=1

where;

lox = capacitor current at node 1,

e = variable cost component of capacitor bank,

d = fixed cost component of capacitor bank,

a = decigion factor for capacaitor.
1f r is the annual discount rate within the life period of the capacitor.
the general cost model for capacitor bhank i1s written ag;

C==§ ﬁ {8 . igy +a.d)/ (1 +1r )= (12)
i=1 k=1

2.2 Objective Function

The objective function to be maximized here is a combination of coat
components of power and energy loss reduction in the feeder. reiease in
feeder capacity. release in system components against capacitor cost. Then.
the objective function is to maximize the following cost function;

n
F = E [Cpo (ici) + Cmo (iga) + Cp (ie1) + Corc — Co {iaall (13
i=1

2.3 8ystem Conatraints

The distribution system must regulate the voltage at which power is
delivered to users within certain preacribed limits as load demand wvaries.
The wvoltage at any capacitor along the feeder depends not only on the
capacitor location, but also on the status of the other capacitors on the
same feeder and on the substation voltage. The voltage-rise and voltage-drop
constraints are the two impeortant voltage-dependent constraints toe be con-
gidered.

2,3.1 Voltage—rige conetraint

As the power factor during off-peak heours 15 normally high, heavy
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caracitor compensgtjgn may lead +to over-voltage problems during off-peak
hours. Thgrefqre. it is essential to consider the voltage rige constraint in
the optimization model during lean hours. The voltage rise is given as:

4 L
G = I, . X . gina - [, . R . cos «

s’
where [. is the new segmentfurrent after adding capacitor, and cos o is the
new power factor of feeder 'segment.

‘e : -
G = glllul ~lo1.8in Ba)X1-Taa -Rlll_{(iqi_rcl-sin eg)/fo!.)z jyra (14)
i=

wheret I.: and G?is the ien, gegment current and power ractor before adding
capacitor, respectively,

The voltage is to be kept at zero levei or less Then -
straint can be stated as: e on.  the above con

6 (ias ) & O (15)

2.3.2 Voltage-drop constraint

The wvoltage drop {(V.) along the distribution feeder i3 the main con-—
straint in system planning. It should not exceed a specified value (E) which
is suitably save for equipment operation. 1.e.:

vo & E ' (16)
where;

Vo = g I+ . R+ cos 8: + ( Is . 8in 84 - dlay ) Xa {17)
i=1

3. SOLUTION TECHNIQUE

The present soluticn of the problem to choose fixed capacitors along a
feeder depends on determininyg capacitive current flows i1n the different
feeder-segments to maximize the net cost saving by varying the flow of the
capacitive current 1in descrete steps. decided by the minimum size of the
capacitor bank available subject to voltage constraint. Thusa, it is a
descraete wvariational problem with a separable objective function and con-
gtraint equation. The proposed technique to solve this problem has certain
well established edvantages over the dynamic programming approach in terms
of computational requirements, in addition to the special feature that at
any stage in the solution process, there 13 always a feasible solution that
can be considered as a suboptimal.

Fig.3 showa the flow chart of the propoged soiution technique. This is
started by setting a minimum capacitor-size at all feeder nodes. This
results a current flow igoy in all segments that would satify the constraints
{15} & (16). As a first step. add one capacitor unit to the jen node, keep-—
ing all other states walues unchanged. This would resuit change in segment
current by igi:. Checks are then perrormed to sSee whether thig change
gsatifiea the voltage congtraints and if the cobjective function value becomes
higher than 1its old value at the ien stage. If the answer is affirmative,
the state value at the i.», stage i3 set at the new wvalue. if the answer is
negative, one capacitor unit must be removed from the ieyn, node. In this way
the prorosed technigue is applied successively up to the(n+l)en 3stage to
complete one iteration. The resulting trajectory at the end of one iteration
forms the nominal trajactory for the next iteration. This process is to be
continued as long as it ensures an increase in the wvalue of the objective
function in each iteration. The iterative proposed process is to be ter—
minated when a satisfactory convergence to an optimum wvaiue has baen
achiewved.
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Remove unit cap.

from node 1
}

[io.‘l - ic; - Qici

Fig.3

4.1 Test System

constraints

‘Input feeder datn]
I

Put a min. capacitor size at all nodé;1

and voltage drop constraints.

Compute the capacitive current in each
segment,then check for voltage rige

|Evaluate the objective function ]

Start at node 1 to increase the
number of units by one.

|1c.1 - las + Alez, |
]

rﬁvaluate new objective function]

and system
congatraintsg

Repeat untill convergence

Flow chart of the proposed technique

4. APPLICATIONS

The proposed technigue has been tested on an 11-Kv, ten—-section feeder

with five wire—sizes. Table 1 illustratee the main data of the test gystem
where the source substation 18 located at node 11,
Table 1. Main data of the test system
Feeder segments 1-2 (2-3 | 3-4 | 4-5 |5-6 |6-7 [7-8 B-9 [¥-10 |10-11
Wire size (mm3®) 10 10 10 30 a0 S0 50 75 75 75
Segment length (km) 2.5|1.612.5(1.0 (2.3 (1.9 [0.8 3.0 |L.8 2.0
Resigtance {Ohm/km) 2.96|2.96(2.96/ 1.09|1.09|0.66 0.66 0.42 [0.42 [0.34
lnductance {Qhm/xm) 0.11/0.11{0.11] 0.09|0.09| 0.0880.08320.0830.083|0.081
Load (Kw} 20 80 95 80 70 75 65 ao 50 100
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Other data of the test system are listed below:

Variable cost of capacitor banks 30 L.E, /Kvar
‘Fixed cost per location of capacitor installation 150 L.E.
Annual charge on capacitor 0.05

Cost of subatation capacity 20 L.E./Kva
Cost of power 180 L.E./Kw/Year
Cost of energy 0.07 L.E./Kwh
Size of unit capacitor (otherwibe etated) 50 Kvar

Rate of growth of snergy cost 1 %

Discount rate 5%

Power factor 0.74

Present load factor 0.35

Ultimate load factor 0.45

Rate of load growth 10 %

Load growth period 7 Yeers

Life period of thea feeder 15 Years

4.2 Remults and Digcuseiong

The proposed technique wap applied to the test system with a unit—
capacitor banks of 50-Kvar each as a base case. Table 2 illustrates the
results such as the released Kva capacity., the capacitor Kva and the saving
percentage. The released capacity obtainad was agsumed to be available at
the substation node.

Table 2. Optimal results obtained by the proposed technique.
Node No. Bank size (Kvar) Released capacity (%} Cost saving (%)
2 1 x 50
q 1 x 100 0,04 9.5
) 1 x 50
B 1 x 50

To highlight the effect of unit capacitor =ize on the optimal solu-—
tion, different unit-capacitor Bizes are used whera the results are tabu-
lated in Table 3.

Table 3. Capacitor Kvar at each node for differant values of unit-capacitor

value
Unit capaEitor Node capacit Kvar Total | No.of | Saving
size (Kvar) 1 2 3 4 S 6 7 8 !9 110 |Ckvar | cap. (%)

10 0 |20 |20 30| 40|20 |20 |20 (20| O 190 19 3.9
20 0 | 40 0 20| 60|20 (40 (20 |20 O 220 11 6.2
30 0 |30 0 90 0|30 |60 0|30]| 0 240 2] a.4
50 0 |50 0 | 100 Q|50 0 |50 g| o0 250 9 9.5
75 0|75 0 g150] O 0|75 0|0 300 4 11.6

Fig.4 mhowa the variation of beth the capacitor compensation level and
the percantage of annual cost saving for differant values of unit-capacitor
size. In casa of using Imall unit-capacitor velue, the psrcantage annual
paving is low due to the nigher cost of large number of units and higher in-
stallation comt ., end vice verse. Fig.5 shows the discrete nature of compean-
sation ievel of capacitors according to instelling different values of unit
capacitors, It can be concluded that the choice of unit-capacitor size iz a
trade—ofI batween cost saving, aystem opereting reliability and the smooth-
ing of voltage profila along the fmeder.
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Fig.4 Yariation of Ckvar and cost saving with unit-bank size
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Fig.5 Discrete variation of Ckvar with unit-bank size
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Tablea 4, 5 and 6 illustrate the effect of change in annual rate of
load growth, effect of change in -annual rate of energy coat and the effect
of coat of system released capacity respectively on the optimal solution.

Table 4, Effect of lgad growth on optimal solution

Rate of load . .No Ckvar Total] No.of| Saving

.growth (%) i 2131 4, S 6 718 g |10 |Ckvar cap. (%)
0 0 30| 0 4] 0] 0 g Sa¢ ol € 100 2 4.4
] 0 50| 0 0 0 30 al 30 g| o 150 3 6.5
10 o S0 0100 0 50 o[ 50 ayr a 2350 3 9.5
15 o! so{0} o0|iS0]) 100| Of S0t af Of 330 7 12.4
20 0 50 ) 0150 0| 200 0 o|100( O 500 10 15.2
235 [ 0 ] 31004 ¢]200 o 0[250]100G ol o 650 [ 13 18.1

Table 5. Effect of rate of increase in energy cost on optimal solution

Rate of Energy Nodes Ckvar Total TNo. of [Saving
cost (%) 1 J2 3] a] s] s l 7 [8 ] 9 |10 |Ckvar | cap. (%)
0 0 50 OT* 0150 )] S0 O 250 S
1 3} 50 0,100 0 50 0} 0 250 5
2 a 50( 01100 0 50 ol o 250 2
3 ] 50 ( 0100 0 50 010 250 5
4 0 50 0100 4] o}l 501 D 350 7
5 0 50| 0100 a L,O 501( 0 350 7

Table 6. Effect of change in cosgst of system released capacity on the
optimal solution.

Change in cost Nodes Chkvar "~ ITotal
o f released Cap.} 1 2] 3 4 9] & 7] 8 91 10 |Ckvar

0% 0} 50 0 ]3i00) 0 ]SO 0 0 0 ol 200 .4

20 % 0l 50 0]100) 0 |50 0] 50 0 0] 250 ) 9.5

40 % 0150 0 J100] D )50 0 )50 0 0] 250 5 17.7

60 % 0! S0 0D1l100)] D | 50 0 ) 50180 0] 400 <] 36.6

80 % 0| 50 0 (1001 D 5D 0 ) 50250 0] 500 10 56.0

100 % 0| 50 0 100[ 0 {50 Lﬁo S50 /250|100 600 12 73.9

It can Dbe noticed (rom Table 4 that an increase in compensation level
of 150 Ckvar is required to meet the increase in load along the feeder from
0 to 10%. Also. it can be noticed from Table 6 that the effect of increase
in the cost of aystem released capacity i3 more pronounced than the other
factors.

S. CONCLUSIONS

A new method of optimal choosing fixed capacitors for single feeder is
introduced. The effsct of load growth. growth in load factor and increase in
energy cost on the optimal solution is discussed. The problem of chooBing
the fixed capacitors is formulated as an optimally one where the cost of
power logs reduction, cost of energy loss reduction. 9aystem released
capacity cost and capacator cost are taken as the main objective function.
This objective cost 13 maximized while the system is subjected to two <con-
straints {voltage-risge at off-peak hours and voltage drop).

The mathod is applied on a single radial feeder with static load to op-
Limally locate and 9ize fixed capacitors. The effect of change in growth
tactors on the optimal choice of number, location and size ia well estab-
lished. The effect of load growth shows to be more pronounced than the other
factors. As per the results, the cost of energy must be taken as a variable
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fin the formulation of mathematical model of the preoblem.This mavy be helpful
for the wutility authorities toc decide their planning on rate of change in
energy cost in future. This method has the advantage that., it permits to
‘choose any avajlable bank size which has a standard value, in whach thia is
a very important contribution in the proposed method over all the other
methods, as the 391ze of capacitor bank obtained from the other methods is
not’ standard gize which is t¢ be approximated to the nearest standard value,
and that will affect the optimall solution.The proposed method is simple,
easy to programm and more efficient.
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