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A novel approach for investigating the problem of both choosing the optimal location and size of 
shunt capacitors in   three-phase unbalanced radial distribution network (URDN) for loss 
minimization has been presented in this paper. There are two parts in the main objective function 
formulated: One, the cost related to capacitor purchase, capacitor installation and the other, cost 
of energy loss. This paper addresses the problem of choosing optimal locations and sizes for shunt 
capacitors in unbalanced radial distribution network with two algorithms:One,the  capacitor 
placement node identification algorithm for selecting the best locations of capacitor placement, 
and another the variational technique algorithm for the sizing of capacitors, as per the  standard 
size availability of capacitors. The objective function used in this paper aims at maximizing the 
net savings in the unbalanced radial distribution network by optimal capacitor placement and 
sizing. The results obtained with the proposed methodology for 25-bus and IEEE 37- bus 
Unbalanced Radial Distribution networks demonstrate its applicability.   

Keywords: Capacitor location, unbalanced radial distribution networks, power loss index (PLI), 
capacitor size. 

1. Nomenclature 

URDN                    Unbalanced Radial Distribution Network 
Vp

abc , Vq
abc             Voltage at pth bus and  qth bus of phases a,b and c 

abc
pqY                        Admittance matrix 

0a
qQ , 0b

qQ , 0c
qQ        Rated value of shunt capacitors at phase a, b and c at bus q 

a
qIL , b

qIL  and c
qIL    Load models represented by the equivalent injected currents at       

                                Phase a,b and c at bus q 
LSpq

a,LSpq
b,LSpq

c    Power loss in the pq branch of phases a,b and c 
LPpq

a,LPpq
b,LPpq

c      Active Power loss in the pq branch of phases a,b and c 
LQpq

a,LQpq
b,LQpq

c   Reactive Power loss in the pq branch of phases a,b and c 
KE                           Energy Cost (Rs/kWh) 
T                             Time Period ( hrs) 
TLP                        Total active power loss before capacitor placement  
TLPi                        Total active power loss after capacitor placement 
α                             Depreciation factor   
KI                           Installation cost (Rs. / location) 
KC                          Cost of the  capacitor (Rs./kVAr) 

)j(u                        Capacitor bank rating 
Vq

max                      Maximum voltage magnitude at bus q 
Ipq

max                      Maximum current magnitude of branch pq 
Ppq

  , Qpq                Total active and reactive load of branch pq  
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Ppq
max, Qpq

max        Source Maximum active and reactive powers of branch pq 
QC                         Reactive power injection 
PLI                        Power Loss Index 
Rs.                         Indian currency Rupees 
 

2. Introduction 

 In an electrical utility distribution system, reactive currents produce power losses and 
result in increased ratings of distribution system components. Shunt capacitors are 
commonly used in distribution systems for reactive power compensation to improve voltage 
profile along the feeders, reduce power losses, and to increase the maximum power flow 
through lines, cables and transformers. 

These benefits depend greatly on how capacitors are placed in the distribution system. 
The general capacitor placement problem is how to determine the optimal locations and 
sizes to install capacitors at the buses of radial distribution systems [1-3]. Salama and 
Chikhani [4] developed a method for the control of reactive power in distribution systems 
at an end load for fixed load and varying load conditions, giving generalized equations for 
calculating the peak power and energy loss reductions, the optimum locations and rating of 
the capacitors.  

Genetic Algorithm has been used by Sundhararajan and Pahwa [5]  for obtaining the 
optimum values of shunt capacitors. They have treated the capacitors as constant reactive 
power load. T.S.Abdul et al. [6] have proposed a heuristic technique, which brings about 
the identification of the sensitive nodes that have a very large impact on reducing the losses 
in the distribution systems.  

A systematic method of optimally locating and determining size of  shunt capacitors for 
reactive power compensation on distribution feeders by taking into account the mutual 
coupling effect among phase conductors was developed by C.S.Chen et al.[7]. Lu and Hsu 
[8] have investigated the problem of reactive power and voltage control in a distribution 
substation. S.K. Goswami et al. [9] have developed heuristic rules for determination of the 
most sensitive capacitor location in a feeder segment. Using these rules, a technique was 
developed to identify a number of probable capacitor locations in a distribution network.  

A practical and easy way to implement solution technique for the capacitor placement 
problem based on a graph search method was proposed by J.C. Carlise and El-Keib[10]. 
G.Levitin et al. [11] formulated the capacitor allocation problem as complicated 
combinational problem and solved using Genetic Algorithm. Chiang et. al [12] has used the 
method of simulated annealing to obtain the optimum values of shunt capacitors for radial 
distribution networks.  

Genetic algorithm based solution is capable of determining a near global solution with 
lesser computational burden than the simulated annealing method hence H. Kim and S.K 
You [13] have used genetic algorithm for obtaining the optimum values of shunt capacitor 
bank. They have treated the capacitors as constant reactive power loads. These solutions 
mainly utilize the positive sequence network model and the associated power flows in 
formulating the problem. Hence, the results do not directly apply for systems containing 
feeders with missing phases, unevenly loaded feeders or shunt capacitors on single or 
double phase feeders in unbalanced distribution systems. 

This paper presents a novel approach to determine the best locations for capacitor 
placement and the optimal sizing of the capacitor bank in unbalanced radial distribution 
networks. The objective function formulated includes the energy cost, capacitor installation 
cost and purchase cost, so that the objective function is to be maximized for the net saving. 
In the proposed method, two algorithms are proposed for the optimal placement and sizing 
of shunt capacitors in the unbalanced radial distribution networks. The efficacy of the 
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proposed method is tested with the 25-bus and IEEE 37-bus unbalanced test distribution 
networks.  

3. Modeling of components 

In a three phase unbalanced load flow of distribution system each individual component 
is mathematically represented by a model that approximates its behaviors. The network 
components include the distribution lines, shunt capacitors, cogeneration and transformers. 
In the power flow calculation, components are modeled by their equivalent circuits in terms 
of inductance, capacitance, resistance and injected current. 
3.1 Distribution Line 

In general, the voltage at pth bus Vp, and at  qth bus, Vq, are related by 
abc abc abc abc
q p pq pqV V I Y= −  

Where abc
pqY is the admittance matrix represented by  

aa ab ac
pq pq pq

abc ba bb bc
pq pq pq pq

ca cb cc
pq pq pq

Y Y Y

Y Y Y Y

Y Y Y

⎡ ⎤
⎢ ⎥
⎢ ⎥= ⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

Shunt capacitance is also taken into consideration and the current injections at bus 
number k are expressed in terms of variables in the above. 
 3.2 Shunt Capacitors 

Shunt capacitors, which act as sources of reactive power, are often placed at strategic 
locations throughout distribution networks. Shunt capacitors are represented by their 
equivalent injected currents. Let 0a

qQ , 0b
qQ and 0c

qQ  be the rated value of shunt capacitors 
at phase a, b and c at bus q. The injected currents are  

0

*

0

*

0

*

a
q

a a
q b

qb
q
c b
q c

q

c

jQ

V
IC

jQ
IC

V
IC

jQ

V

⎡ ⎤
⎢ ⎥−⎢ ⎥
⎢ ⎥⎡ ⎤ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥= −⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎢ ⎥−⎢ ⎥
⎢ ⎥⎣ ⎦

 

3.3 Transformers 

Copper loss and core loss (which is a function of the voltage on the secondary side of 
the transformer), winding connections, the phase shifting between primary and secondary 
windings and the off-nominal tapping are incorporated into transformer models. 
Transformer coreloss functions are represented in per unit of the system. Several different 
types of transformer connections are considered. 
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3.4 Load models 

Load models are represented by the equivalent injected currents, a
qIL , b

qIL  and 
c
qIL .The voltage dependency of loads is considered, which is a combination of constant 

power, constant current and constant impedance models. In addition, both grounded and 
ungrounded loads are considered. 

3.5 Loss calculations 

For distribution line, the power loss in the pq branch of the feeder can be written as: 

( ) ( )
( ) ( )
( ) ( )

a a a aa a a p pq q qppq pq pq
b b b b b b b
pq pq pq p pq q qp
c c c c c c cpq pq pq p pq q qp

V I V ILS LP jLQ

LS LP jLQ V I V I

LS LP jLQ V I V I

∗ ∗

∗ ∗

∗ ∗

⎡ ⎤
⋅ − ⋅⎢ ⎥⎡ ⎤ ⎡ ⎤+ ⎢ ⎥⎢ ⎥ ⎢ ⎥

⎢ ⎥⎢ ⎥ ⎢ ⎥= + = ⋅ − ⋅⎢ ⎥⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎢ ⎥+ ⋅ − ⋅⎣ ⎦ ⎣ ⎦ ⎢ ⎥
⎣ ⎦

 

3.6 Unbalanced Three phase load flow 

Since the determination of capacitor placement and size utilizes the unbalanced load 
flow solution, the later plays important role in the overall study. Voltage magnitude and 
angle at each bus for each phase can be exactly calculated as detailed network component 
modeling has been considered in the unbalanced load flow  

The following features are taken in to account in the load flow studies of unbalanced 
radial distribution networks. Sparse matrix techniques and data storage techniques are 
incorporated. Accurate modeling of network components (including shunt capacitance, 
series admittance, shunt capacitors, transformers, and voltage dependent load models) has 
been considered. No divergent cases have been encountered. Only a few iterations are 
required for each power flow study. 

4. Problem Formulation 

The objective function of the present work is to determine the optimal size of the 
capacitors. The problem may be stated as, 

1

[ ] [ u(j)]
n

i
E I C

j

Max K T TLP TLP K number of capacitor nodes Kα
=

⎧ ⎫⎪ ⎪⎪ ⎪⎪ ⎪× × − − × × + ×⎨ ⎬⎪ ⎪⎪ ⎪⎪ ⎪⎩ ⎭
∑  (1)  

Subjected to  
Voltage constraint  

Voltage magnitude at each node must lie with their permissible ranges to maintain 
power quality.  

min max
q q qV V V≤ ≤        (2) 

Current constraint  

Current magnitude of each branch (feeder, laterals, and switches) must lie with their 
permissible ranges. 

max
pq pqI I≤        (3) 

Power source limit constraint  
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The total loads of a certain partial network should not exceed the capacity limit of the 
corresponding power source.  

max
pq pqP P≤            (4) 

max
pq pqQ Q≤           (5) 

Where  
KE=Energy Cost (3.0 Rs/kWh) 
T = Time Period (8760 hrs) 
TLP = Total active power loss before capacitor placement  
TLPi = Total active power loss after capacitor placement 
α = Depreciation factor  (0.2) 
KI =Installation cost (Rs.50,000 / location) 
KC =cost of the  capacitor (Rs.200/kVAr) 
U( j )= Capacitor bank rating 

5. Algorithm for capacitor placement node identification 

The algorithm for identifying the capacitor placement nodes best suitable for capacitor 
location is: 

1. Read the given data  of unbalanced radial distribution network. 
2. Perform the unbalanced load flows and calculate the base case total active 

power loss. 
3. By compensating the reactive power injections (QC) at each node (except 

source node) in all the phases, run the unbalanced load flows and 
calculate the active power losses in each case. 

4. Calculate the power loss reduction and power loss indices using the PLI 
eqn. (6) 

5. Select the capacitor placement nodes whose PLI > Tolerance obtained by 
experimentation  

6. Stop. 

6. Variational Technique Algorithm for obtaining the optimal Capacitor size 

Step 1: Read the system data and the capacitor placement nodes for capacitor 
location. 
Step 2: Set capacitor placement node place as k  
Step 3: Install a capacitor at bus k with size varying  in integer steps of the 
standard size of capacitors. Perform the Unbalanced power flow and Select Qc at k 
bus that has the highest cost saving using the Eqn. (1) without violating the 
constraints. 
Step 4: Repeat step 3 for m buses chosen for placing new capacitors.  
Step 5: Adjust the first capacitor (i=1) in integer steps while keeping others fixed. 
Select Qc for the first one that has the maximum cost saving with out violating the 
constraints. Repeat for i=2,…m. 
Step 6: Repeat step 5 if the maximum saving still increases without violating the 
constraints. 
Step 7: Stop  
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7. Capacitor placement node identification algorithm applied for 25-bus unbalanced 
radial distribution system 

The proposed capacitor placement node identification method for capacitor location is 
explained with the 25- bus system whose line and load data are given in Appendix 
(A).After performing the load flows, the base case total active power loss obtained is 
150.1225 KW.After compensating the reactive power injection at each node in all the 
phases equal to the local reactive load at that particular node, perform the load flows and 
record the total active power loss and loss reduction in each case. Table-1 shows the results 
for 25- bus system. 

Table-1 power loss reductions for 25-bus URDN 

compensating Qc 
at Node no. 

Total Active Power loss after 
compensating Qc at each node (in all the 

phases)(KW) 

Loss 
reduction(KW) 

2 150.1225 0 
3 147.8025 2.3200 
4 146.6871 3.4354 
5 147.4755 2.6470 
6 146.8649 3.2576 
7 150.1225 0 
8 146.6567 3.4658 
9 143.3385 6.7839 
10 144.7280 5.3945 
11 144.5633 5.5592 
12 142.4946 7.6279 
13 144.5035 5.6189 
14 143.3311 6.7914 
15 134.1132 16.0093 
16 145.4619 4.6606 
17 145.0712 5.0512 
18 147.2179 2.9046 
19 145.9406 4.1818 
20 147.1387 2.9837 
21 147.0366 3.0859 
22 145.8084 4.3141 
23 146.3854 3.7370 
24 147.2501 2.8724 
25 146.4120 3.7104 
  
  The power loss indices (PLI) are calculated as  

( )
( )

. [ ] .
[ ]

. .

Loss reduction i Min reduction
PLI i

Max reduction Min reduction

−
=

−
            (6) 

The PLI was used to select the capacitor placement locations for placing the capacitor in 
the distribution feeders. The determination of these capacitor placement locations basically 
helps reduce the search space for the optimization procedure. The PLI is a systematic 
procedure to select those locations which have maximum impact on the system real power 
losses, with respect to the nodal reactive power.  

The power loss indices (PLI) obtained for 25-bus system are given in table-2 
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Table-2 power loss indices for 25-bus URDN 
Node  no. Power loss Index(PLI) 

2 0 
3 0.1449 
4 0.2146 
5 0.1653 
6 0.2035 
7 0 
8 0.2165 
9 0.4238 
10 0.3370 
11 0.3472 
12 0.4765 
13 0.3510 
14 0.4242 
15 1.0000 
16 0.2911 
17 0.3155 
18 0.1814 
19 0.2612 
20 0.1864 
21 0.1928 
22 0.2695 
23 0.2334 
24 0.1794 
25 0.2318 

 
 

The most suitable nodes for the capacitor placement are chosen based on the condition 
that PLI to be greater than a PLI tolerance value that lies between ‘0’ and ‘1’. The tolerance 
value for a chosen system is selected by experimenting with different values of PLI in 
descending order of the PLI limits. The best out of the tolerance values gives the highest net 
profit, satisfying the system constraints.  

 
Fig.1 plot between nodes and PLI for 25 bus URDN 
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Fig.1 shows power loss index plot for the 25 bus URDN. From experimentation, the 
best value of PLI tolerance obtained is 0.4 and hence nodes 9,12,14 and 15 are identified as 
the most sensitive and best capacitor placement nodes for the capacitor placement for 
maximum net saving(Table-3) .  

 
Table-3 Selection of capacitor placement nodes in 25-bus URDN  

Tolerance Node numbers Total capacitor 
size(kVar) 

Net Saving 
(Rs) 

0.9 15 550   6,34,786 
0.4 9,12,14,15 1400 11,54,738 
0.3 9,10,11,12,13,14,15,17 2000   8,30,751 

 

8.0  Results 

Example 1: 25-bus system   
 

The proposed algorithm is tested on the 25-bus unbalanced radial distribution network  
shown in Fig.2.The line and load data are given in Appendix A. The voltages before and 
after compensation are shown in table.4. The total active power losses, minimum voltages 
and summary of test results for the 25 bus URDN before and after compensation are given 
in table.5. From the results, the size of the capacitor banks obtained  at buses 9, 12, 14 and 
15 are 450, 300, 300 and 450 kVAr respectively. It has been observed that the total active 
power losses are reduced from 150.12 kW to 108.96 kW and the minimum voltages in 
phases a, b and c are improved from 0.9284, 0.9284 and 0.9366 p.u to0.9355, 0.9348 and 
0.9432 p.u respectively after installing the capacitor banks. 

 
 
Table 4 Voltage profile for the 25bus URDN 
 

before Compensation After  Compensation Bus No. 
|Va| (p.u) |Vb| (p.u) |Vc| (p.u) |Va|  (p.u) |Vb| (p.u) |Vc|  (p.u) 

  1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
  2 0.9702 0.9711 0.9755 0.9732 0.9737 0.9782 

  3 0.9632 0.9644 0.9698 0.9662 0.9671 0.9726 

  4 0.9598 0.9613 0.9674 0.9628 0.9640 0.9702 

  5 0.9587 0.9603 0.9664 0.9618 0.9629 0.9692 

  6 0.9550 0.9559 0.9615 0.9600 0.9603 0.9661 

  7 0.9419 0.9428 0.9492 0.9489 0.9491 0.9557 

  8 0.9529 0.9538 0.9596 0.9579 0.9583 0.9642 

  9 0.9359 0.9367 0.9438 0.9429 0.9430 0.9503 

 10 0.9315 0.9319 0.9395 0.9386 0.9382 0.9461 

 11 0.9294 0.9296 0.9376 0.9365 0.9360 0.9442 

 12 0.9284 0.9284 0.9366 0.9355 0.9348 0.9432 
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 13 0.9287 0.9287 0.9368 0.9358 0.9351 0.9434 

 14 0.9359 0.9370 0.9434 0.9449 0.9451 0.9517 

 15 0.9338 0.9349 0.9414 0.9438 0.9440 0.9509 

 16 0.9408 0.9418 0.9483 0.9478 0.9481 0.9548 

 17 0.9347 0.9360 0.9420 0.9436 0.9440 0.9504 

 18 0.9573 0.9586 0.9643 0.9604 0.9613 0.9671 

 19 0.9524 0.9544 0.9600 0.9554 0.9571 0.9628 

 20 0.9548 0.9563 0.9620 0.9579 0.9590 0.9648 

 21 0.9537 0.9549 0.9605 0.9568 0.9576 0.9633 

 22 0.9518 0.9525 0.9585 0.9548 0.9552 0.9613 

 23 0.9565 0.9584 0.9648 0.9595 0.9611 0.9676 

 24 0.9544 0.9565 0.9631 0.9575 0.9592 0.9659 

 25 0.9520 0.9547 0.9612 0.9550 0.9574 0.9640 
 
 
 

 
Fig. 2 Single line diagram of 25-bus URDN 
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Table -5 Summary of phase wise test  results for the 25 bus URDN 
 

Before Compensation After Compensation Description a b c a b c 

Capacitor placed at 
node 

9 
12 
14 
15 

- - - 

3 x 50 
2 x 50 
2 x 50 
3 x 50 

3 x 50 
2 x 50 
2 x 50 
3 x 50 

3 x 50 
2 x 50 
2 x 50 
3 x 50 

Minimum Voltage 0.9284 0.9284 0.9366 0.9545 0.9520 0.9615 
Voltage regulation (%) 7.16 7.16 6.34 4.55 4.80 3.85 
Improvement of Voltage 
regulation (%) - - - 63.55 67.03 60.72 

Active Power Loss (kW) 52.82 55.44 41.86 37.42 39.12 29.26 
Total Active Power Loss 
reduction (%) - - - 29.16 29.44 30.10 

Reactive Power Loss 
(kVAr) 

58.32 53.29 55.69 41.58 37.99 39.55 

Total Reactive Power Loss 
reduction (%) - - - 28.70 28.71 28.98 

Total Demand (kW) 1126.12 1138.74 1125.16 1110.72 1122.42 1112.56 
Total Released Demand 
(kW) 

- - - 15.4 16.32 12.6 

Total Reactive Power 
Demand (kVAr)  850.32 854.29 855.69 833.58 838.99 839.55 

Total Released Reactive 
Power Demand (kVAr)     16.74 15.3 16.14 

Total Feeder demand 
(kVA) 1411.09 1423.57 1413.57 1388.72 1401.33 1393.78 

Total Released Feeder 
demand (kVA)    22.37 22.24 19.79 

Net Saving (Rs./annum) - 11, 54, 738 
                                                                                                                            

Example:2  IEEE 37-bus system 

The proposed algorithm is tested on IEEE 37 bus unbalanced radial distribution 
network  shown in Fig. 3. The line and load data are taken from Radial Distribution test 
feeders [14]. The capacitor bank considered here is delta connected. After compensating the 
reactive power injection at each node in all the phases  load flows are performed and  the 
total active power loss, loss reduction and power loss indices obtained in each case are 
shows in table 6. 
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Fig. 3 Single line diagram of IEEE 37-bus URDN  

 
         Table-6 Power loss reductions and power loss indices for 37-bus URDN 
 

compensating Qc 
at Node no. 

Total Active 
Power loss after 
compensating Qc at each 
node (in all the 
phases)(KW) 

Loss 
Reduction (KW) 

 
PLI 

701 80.1108     5.5638 1.0000     
702 85.6746          0      0          
703 85.6746          0      0     
730 83.6361     2.0385 0.3664     
709 85.6746          0      0          
708 85.6746          0      0     
733 82.7652     2.9094 0.5229     
734 84.5301     1.1445 0.2057     
737 80.3769     5.2977 0.9522     
738 80.6849     4.9896 0.8968     
711 85.6746          0      0     
741 84.5531     1.1215 0.2016     
713 83.8054     1.8692 0.3360     
704 83.1241     2.5505 0.4584   
720 83.1251     2.5494 0.4582     
706 85.6746          0      0     
725 84.8850     0.7896 0.1419     
705 85.6746          0      0     
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742 84.6465     1.0281 0.1848     
727 84.7147     0.9599 0.1725     
744 84.5671     1.1075 0.1991     
729 84.5672     1.1074 0.1990     
775 85.6746          0      0     
731 84.7100     0.9646 0.1734     
732 85.6746          0      0          
710 85.6746          0      0     
735 83.5239     2.1507 0.3865     
740 83.7076     1.9670 0.3535     
714 84.9775     0.6971 0.1253   
718 84.0278     1.6468 0.2960     
707 85.6746          0      0     
722 80.7635     4.9111 0.8827     
724 83.9917     1.6828 0.3025     
728 83.2244     2.4502 0.4404     
736 85.0683     0.6063 0.1090     
712 81.7348     3.9398 0.7081 

 
Fig. 4 Plot between nodes and PLI for 37 bus URDN 
  
Fig. 4 shows power loss index plot for 37 bus URDN. From experimentation the 

best value of PLI tolerance obtained is 0.6 and hence nodes 2, 10, 11, 33 and 37 are 
identified as the most sensitive and best capacitor placement nodes for the capacitor 
placement for maximum net saving.(Table-7)   
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Table-7 Selection of capacitor placement in IEEE 37-bus URDN for capacitor 
placement 

 
Tolerance Node 

numbers 
Total capacitor 
size(kVar) 

Net Saving (Rs) 

0.8 2    10    11    33 700 3,65,963 
0.6 2    10    11    33    37 900 3,72,739 
0.5 2    8   10    11    33    37 850 3,41,610 
 
The voltages before and after compensation are given in Table.8. The total active 

power losses, minimum voltages and summary of test results for the 37 bus URDN before 
and after compensation are given in Table.9. From the results, the size of the capacitor 
banks obtained  at buses 2, 10, 11, 33 and 37 are 300, 150, 150, 300, 150 kVAr 
respectively. It has been observed that the total active power losses  are reduced from 85.67 
kW to 81.25 kW and the minimum voltages in phases a, b and c are improved from 0.9497, 
0.9588 and 0.9445 p.u to 0.9505, 0.9599 and 0.9456 p.u respectively after installing the 
capacitor banks. 

Table 8 Voltage profile for IEEE 37bus URDN 
before Compensation After  Compensation Bus No. 

|Va| 
(p.u) 

|Vb| 
(p.u) 

Vc(p.u) |Va| (p.u) |Vb| (p.u) |Vc| (p.u) 

799 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
701 0.9863 0.9855 0.9817 0.9868 0.9861 0.9823 
702 0.9781 0.9772 0.9719 0.9789 0.9783 0.9729 
703 0.9709 0.9715 0.9645 0.9717 0.9726 0.9656 
730 0.9652 0.9667 0.9588 0.9661 0.9677 0.9598 
709 0.9634 0.9651 0.9571 0.9643 0.9662 0.9582 
708 0.9607 0.9631 0.9547 0.9615 0.9641 0.9557 
733 0.9582 0.9621 0.9527 0.9591 0.9632 0.9537 
734 0.9547 0.9606 0.9494 0.9555 0.9616 0.9504 
737    0.9512 0.9596 0.9472 0.9521 0.9606 0.9482 
738    0.9501 0.9592 0.9461 0.9509 0.9602 0.9471 
711    0.9498 0.9590 0.9451 0.9506 0.9601 0.9461 
741    0.9497 0.9589 0.9448 0.9506 0.9600 0.9458 
713    0.9763 0.9749 0.9697 0.9771 0.9760 0.9707 
704    0.9740 0.9718 0.9672 0.9748 0.9728 0.9682 
720    0.9727 0.9683 0.9647 0.9736 0.9694 0.9657 
706    0.9726 0.9679 0.9646 0.9735 0.9689 0.9656 
725    0.9725 0.9675 0.9645 0.9733 0.9686 0.9655 
705    0.9761 0.9746 0.9701 0.9771 0.9759 0.9714 
742    0.9757 0.9738 0.9699 0.9768 0.9751 0.9712 
727    0.9697 0.9709 0.9635 0.9706 0.9719 0.9646 
744    0.9690 0.9705 0.9631 0.9698 0.9715 0.9641 
729    0.9686 0.9704 0.9630 0.9695 0.9715 0.9640 
775    0.9634 0.9651 0.9571 0.9643 0.9662 0.9582 
731    0.9632 0.9642 0.9569 0.9641 0.9653 0.9579 
732    1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
710    0.9542 0.9595 0.9478 0.9550 0.9605 0.9488 
735    0.9541 0.9593 0.9473 0.9549 0.9604 0.9483 
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740    0.9497 0.9588 0.9445 0.9505 0.9599 0.9456 
714    0.9737 0.9717 0.9671 0.9745 0.9727 0.9681 
718    0.9723 0.9714 0.9667 0.9732 0.9725 0.9677 
707    0.9709 0.9629 0.9631 0.9717 0.9640 0.9641 
722    0.9707 0.9624 0.9629 0.9715 0.9634 0.9639 
724    0.9705 0.9619 0.9629 0.9714 0.9630 0.9639 
728    0.9686 0.9701 0.9627 0.9695 0.9711 0.9637 
736    0.9536 0.9578 0.9475 0.9545 0.9589 0.9485 
712    0.9751 0.9737 0.9691 0.9763 0.9752 0.9706 

 
Table -9 Summary of phase wise test results for 37 bus URDN 

Before Compensation After Compensation Description a b c a b c 

Capacitor placed at node 

2 
10 
11 
33 
37 

- - - 

2 x 50 
- 
1 x 50 
2 x 50 
1 x 50 

2 x 50 
- 
1 x 50 
2 x 50 
1 x 50 

2 x 50 
- 
1 x 50 
2 x 50 
1 x 50 

Minimum Voltage 0.9497 0.9588 0.9445 0.9602 0.9712 0.9573 
Voltage regulation (%) 5.03 4.12 5.55 3.98 2.88 4.27 

Improvement of Voltage 
regulation (%) - - - 20.87 30.10 23.06 

Active Power Loss (kW) 31.56 23.67 30.44 25.46 20.70 24.37 

Total Active Power Loss 
reduction (%) - - - 19.32 29.44 30.10 

Reactive Power Loss (kVAr) 24.01 22.32 29.19 20.38 19.29 24.43 

Total Reactive Power Loss 
reduction (%) - - - 15.12 13.58 16.31 

Total Demand (kW) 885.56 789.67 1163.44 879.46 786.70 1157.37 

Total Released Demand (kW) - - - 6.10 2.97 6.07 
Total Reactive Power Demand 
(kVAr)  442.01 397.32 521.81 438.38 394.29 517.05 

Total Released Reactive Power 
Demand (kVAr)     3.63 3.03 4.76 

Total Feeder demand (kVA) 989.74 883.99 1275.10 982.66 879.98 1267.61 
Total Released Feeder demand 
(kVA)    7.08 7.01 7.49 

Net Saving (Rs./annum) - 3,72,739 
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9.0 Conclusion 

In this paper a novel approach has been presented for optimal capacitor placement 
and sizing to improve the voltage profile and minimize the power losses in unbalanced 
radial distribution networks. The proposed method to determine suitable capacitor 
placement nodes for capacitor location is based on power loss indices in unbalanced radial 
distribution networks. Capacitor-sizing problem for loss minimization using variational 
technique algorithm has also been presented. Results obtained demonstrate the applicability 
and efficacy of the proposed method for capacitor placement and sizing in the 25-bus and  
IEEE 37 bus unbalanced radial distribution networks. 
 

Appendix A 
 
Base kV: 4.16,  Base MVA: 30 
 
Table A1 Load data and line connectivity of 25-bus unbalanced system 

Receiving end load in kVA 
branch Sending 

End 
Receiving 

End 
Conductor 

type 
Length, 

ft A phase B phase C phase 
1 1 2 1 1000 0 0 0 
2 2 3 1 500 35 + j25 40 + j30 45 + j32 
3 2 6 2 500 40 + j30 45 + j32 35 + j25 
4 3 4 1 500 50 + j40 60 + j45 50 + j35 
5 3 18 2 500 40 + j30 40 + j30 40 + j30 
6 4 5 2 500 40 + j30 40 + j30 40 + j30 
7 4 23 2 400 60 + j45 50 + j40 50 + j35 
8 6 7 2 500 0 0 0 
9 6 8 2 1000 40 + j30 40 + j30 40 + j30 

10 7 9 2 500 60 + j45 50 + j40 50 + j35 
11 7 14 2 500 50 + j35 50 + j40 60 + j45 
12 7 16 2 500 40 + j30 40 + j30 40 + j30 
13 9 10 2 500 35 + j25 40 + j30 45 + j32 
14 10 11 2 300 45 + j32 35 + j25 40 + j30 
15 11 12 3 200 50 + j35 60 + j45 50 + j40 
16 11 13 3 200 35 + j25 45 + j32 40 + j30 
17 14 15 2 300 133.3 + 

j100 
133.3 + 

j100 
133.3 + 

j100 
18 14 17 3 300 40 + j30 35 + j25 45 + j32 
19 18 20 2 500 35 + j25 40 + j30 45 + j32 
20 18 21 3` 400 40 + j30 35 + j25 45 + j32 
21 20 19 3 400 60 + j45 50 + j35 50 + j40 
22 21 22 3 400 50 + j35 60 + j45 50 + j40 
23 23 24 2 400 35 + j25 45 + j32 40 + j30 
24 24 25 3 400 60 + j45 50 + j30 50 + j35 

 
 

Type Impedance in ohms/mile 
              a                               b                              c 
0.3686 + j0.6852 0.0169 + j0.1515 0.0155 + j0.1098 
0.0169 + j0.1515 0.3757 + j0.6715 0.0188 + j0.2072 

                 a 
        1       b 
                 c 0.0155 + j0.1098 0.0188 + j0.2072 0.3723 + j0.6782 
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0.9775 + j0.8717 0.0167 + j0.1697 0.0152 + j0.1264 
0.0167 + j0.1697 0.9844 + j0.8654 0.0186 + j0.2275 

                 a 
        2       b 
                 c  0.0152 + j0.1264 0.0186 + j0.2275 0.9810 + j0.8648 

1.9280 + j1.4194 0.0161 + j0.1183 0.0161 + j0.1183 
0.0161 + j0.1183 1.9308 + j1.4215 0.0161 + j0.1183 

                 a 
        3       b 
                 c  0.0161 + j0.1183 0.0161 + j0.1183 1.9337 + j1.4236 
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