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ABSTRACT 

 

This study mentions the problem of determining 

optimal placements and sizes for capacitor 

banks by comparing different schemes that 

allow implemented buses at both high and low 

voltage side, only high voltage side or low 

voltage side of transformers in distribution 

systems. Criterions evaluated for each scheme 

are active and reactive power losses in whole 

system, voltage value at all buses, installation 

and operation cost and accumulative profit 

saving. Standard with and without transformer 

branches in distribution systems and Newton-

Raphson method are introduced to make clear 

about the way to analyze power flows in whole 

system. Optimal placements and sizes for 

capacitor banks are determined by using a 

proposed algorithm and optimal capacitor 

placement tool in ETAP software. Simulation 

results can help to show the comparisons, 

evaluations and make decision about optimal 

capacitor placements and sizes. The contribution 

shows the best scheme that install capacitors at 

low voltage side of transformers because it has 

the lowest implemented capacity, highest 

economic factors while voltage quality is always 

in allowable range. Achieved results can be 

applied in any distribution system, help 

managers have overall review and decide 

optimal placements and sizes for capacitor 

banks. 

 

Keywords: Capacitor bank, OCP Tool, ETAP 

software, Optimal placement, Optimal size, 

Voltage quality, Optimal cost. 

 

 

I. INTRODUCTION 

Distribution systems are increasingly under 

pressure regarding requirements of high 

transmitted power and long transmission 

lines. At times with high consumed electric 

loads, voltage quality at buses often 

decreases due to power losses in 

transmission lines. Capacitor compensation 

is considered by many managers and 

engineering staffs to be one of the best 

solutions to improve voltage quality. 

Capacitors can affect directly to voltage 

quality and power losses in whole system 

[1-2]. When distribution system becomes 

more complexly with many branches and 

nodes, many researches have been dealt 

with the problem of determining optimal 

capacitor placements and many methods 

have been proposed such as voltage drop 

increase [1], generic algorithm [2-3], 

metaheuristic algorithms [4], hybrid 

mathematical formulation [5], voltage 

profile improvement and loss reduction [6], 

voltage support and minimum total cost [7], 

etc. General purpose for these methods is to 

reduce the active power required from the 

power system; reduce load for transformers 

and medium voltage transmission lines; 

reduce power loss and electric energy; 

improve voltage quality; optimize the cost 

function according to conventional 

constraints [1-10]. These methods provide 

new approaches to determine optimal 

capacitor placements but they can't be 

applied in large grids with many buses 

http://www.ijrrjournal.com/
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because they have large calculation and it 

must be reprogrammed for each detailed 

grid. At the other side, managers need a 

suitable method to determine optimal 

capacitor placements with a reliable 

simulation tool that can help them overall 

evaluate whole real systems. 

In steady operating mode, capacitors can 

affect directly to power flows in whole 

system and power losses if they are installed 

at different nodes. In distribution system, 

consumption voltage is often 400 V for 

three-phase loads or 220 V for single-phase 

loads. These loads are supplied by 

connecting to the low voltage (LV) side of 

transformers and voltage quality for them 

are often adjusted by the onload tap charger 

in each transformer [11-14]. Moreover, the 

number of motors consuming medium 

voltage at high voltage (HV) side of 

transformers directly is very small. 

Therefore, it needs to show analysis about 

the effectiveness of capacitor compensation 

when considering economic factors 

(installation and operation costs) 

corresponding to their locations in the grid 

at high voltage side or low voltage side of 

transformers. In particular, it is necessary to 

mention the differences of price and 

operation cost of capacitor banks according 

to voltage and power losses in whole grid. 

Recently, controlled capacitor banks applied 

in distribution system such as D-SVC, D-

STATCOM can help to compensation 

capacity continuously as required of loads to 

meet voltage constraints in allowable limits 

[15-22]. However, installed capacity of the 

capacitors at each bus needs to be 

determined according to the maximum load 

consumption and minimum economic 

function. Moreover, managers need to have 

calculation tools that are reliable and have 

been commercialized when applied to large 

real distribution systems. Currently, optimal 

capacitor placement (OCP) tool in ETAP 

software is considered as the best tool to 

analyze power flows and execute the 

economic capacitor problem. In this tool, 

many parameters can be set such as rated 

and cost for each capacitor bank, constraints 

for voltage or/and power factor [23-25]. 

Moreover, compensation buses can be 

assigned to have detailed evaluations about 

expected compensation schemes. 

This paper will focus on the problem of 

optimal placements and sizes of capacitor 

banks by using voltage restraint and 

comparing effectiveness of placing them at 

HV and/or LV side of transformers. The 

next section will present Newton-Raphson 

method to analyze power flows in case of 

considering transmission lines and standard 

transformer branches. Section III will 

present contents of OCP tool. Section IV 

will present simulation results and 

evaluations about the effectiveness of 

placing capacitor banks at HV and/or LV 

side of transformers. The last section will 

show some conclusions about the 

contributions of this paper that have some 

suggestions for managers to choose 

placements and sizes of capacitor banks for 

any distribution systems. 

 

II. Newton-Raphson method to analyze 

distribution system with the participation 

of line and transformer branches 

A. Mathematical model of transmission 

line and power transformer in 

distribution systems 

Mathematical model of medium voltage 

transmission lines is described in Fig. 1 [7]. 

 

Bus i Bus j

zij= Rij+jXij

 
Fig. 1 Mathematical model of transmission line in medium 

voltage systems 

 

Where: Rij () is resistance and Xij () is 

reactance of the transmission line 

connecting bus i and bus j. 

Mathematical model of two-winding 

transformer is described in Fig. 2. 

 

Bus i Bus j  
a. Power transformer 
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Bus i Bus j

zT = RT+jXTKij

 
b. Equivalent circuit 

Fig. 2 Mathematical model of two-winding transformer 

 

Where: RT () is resistance and XT () is 

reactance of the transformer; Kij is voltage 

ratio between bus i and bus j of ideal 

transformer (without power loss). In Fig. 2b, 

voltage value of bus i is higher than voltage 

value of bus j, so bus i is called HV bus and 

bus j is called LV bus. 

 

B. Establish the admittance matrix for a 

distribution system 

A general distribution system includes 

(N+1) buses, where N buses are normal 

buses and a bus is ground. Any branch in 

the system can be classified to the standard 

line or transformer branch. These branches 

can be defined by a general standard branch 

as depicted in Fig. 3 [7]. 

 

Bus i Bus j

zij

Kij
J
.

Ui

.
Uj

.

Ui'

.

i'

Iij

.
.

 

a. Bus i connecting to the ideal transformer 

directly 

Bus i Bus j
Kij

J
.

Ui

.
Uj

.

Uj'

.

j'

Iij

.

zij

.

 

b. Bus i connecting to the ideal transformer 

indirectly through an impedance 
Fig. 3 Diagram of general standard branch 

 

In Fig. 3a and Fig. 3b, the current source iJ  

(from generations) is injects to bus i. If the 

branch describes a transformer, voltage ratio 

can be calculated forward to bus i that is 

'

'

i
ij

i

U
K

U
= . If the branch describes a 

transmission line, voltage ratio is 1ijK = . 

Applying Kirchhoff 1, current balancing 

equation at bus i can be determined by (1) 

[7]: 

                    

0

N

ij i

j
j i

I J
=


=                        (1) 

Using I’ij, equation (1) can be converted to 

equation (2): 

                 
'

0

N

ij ij i

j
j i

K I J
=


=                         (2) 

Using Ohm's law for i'j branch, equation (2) 

can be converted to equation (3) [7]: 

        
0

N

ii k ij j i

j
j i

Y U Y U J
=


+ =              (3) 

where: iiY  is individual admittance of bus i 

and ijY  is interactive admittance of branch ij. 

iiY , ijY  can be determined by equation (4) 

and (5) [7].: 

            

2

0

N
ij

ii

j ij
j i

K
Y

Z=


 
=   

 
                      (4) 

               
ij

ij

ij

K
Y

Z
= −                            (5) 

Working the same with Fig. 3b, iiY  can be 

defined by equation (6): 

    
0

1N

ii

j ij
j i

Y
Z=



=                  (6) 

In general case study, bus i can be 

connected to m buses directly through ideal 

transformers and k buses indirectly through 

ideal transformers. iiY  can be determined by 

equation (7) [7]: 
2

0 0

1k m
ij

ii

j jij ij
j i j i

K
Y

Z Z= =
 

= +    (7) 

Current balancing equations for whole 

system can be described in system of 

equations (8). 

11 1 12 2 1 1

21 1 22 2 2 2

1 1 2 2

...

...

.............................................

...

N N

N N

N N NN N N

Y U Y U Y U J

Y U Y U Y U J

Y U Y U Y U J

 + + + =


+ + + =


 + + + =

 (8) 
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From equation (8), matrix admittance can be 

derived as (9): 

11 12 1

21 22 2

1 2

...

...

... ... ... ...

...

N

N

N N NN

Y Y Y

Y Y Y
Y

Y Y Y

 
 
 =
 
 
  

  (9) 

 

C. Newton-Raphson method to analyze 

power flows and voltage buses in 

distribution systems 

Almost buses in distribution systems are PQ 

buses (load buses). Capacitors can be 

implemented at these buses and considered 

as reactive generators. In these systems, 

Newton-Raphson method is often used to 

determine power flows and voltage buses.  

To determine operating parameters for N-

bus grid by using Newton-Raphson method, 

system of power balancing equations at bus 

i can be defined by (10) and (11) [7]: 

 

2

1

cos cos( )
N

i ii ii i j ij i j ij Li i

j
j i

U y U U y P P   
=


+ − − − = 

 (10) 

2

1

sin sin( ) ( )
N

i ii ii i i ij i j ij Li Ci i

j
j i

U y U U y Q Q Q   
=


− + − − − − = 

 (11) 

where:  1, ; ;i i i ij ij iji N U U Y y= =  =  . 

PLi and QLi are active and reactive load 

power at the bus i; QCi are active and 

reactive power of the capacitor bank at the 

bus i. 

From solutions at the kth step including 
( )k

i  

and 
( )k

iU , values of 
( )k

iP  and 
( )k

iQ  can be 

calculated. Moreover, values of 
( )k

i  and 
( )k

iU  at the kth step can be calculated by 

using reversed Jacobian matrix as described 

in equation (12) [7], [26-27]: 

 
( ) ( )

1

( ) ( )

k k

i i

k k

i i

P
J

U Q


−

    
=   

       

 (12) 

where: J is Jacobian matrix. 

Jacobian matrix at the ith step: 
1 2

3 4

J J
J

J J

 
=  

 
 

Solutions at the next step can be determined 

by equation (13) [7], [26-27]:  
( 1) ( ) ( )

( 1) ( ) ( )

k k k

i i i

k k k

i i iU U U

  +

+

     
= +     

          

  (13) 

This process will be stopped if both values 

of Pi and Qi are smaller than allowable 

value  [7], [26-27]. Fig. 4 describes the 

Newton-Raphson method to analyze a 

distribution system [7], [26-27]. 

 
Start

Enter initial parameters: rated voltage; transmission lines; 

transformers; electric loads at buses; bus types; acceptable 

deviation of caculation; active and reactive power of generations

Calculate impedance matric (Y)

 
Pi

(k) <  and 

Qi
(k)< 

Y

N

Calculate Jacobian and 

reservered Jacobian matrices

Assign intial values of Ui(0) and i(0), i=(1÷N)

Calculate Pi
(k) and Qi

(k)

Calculate Ui
(k) and i

(k)

Power-flow 

analysis results

Stop

k:=k+1

Fig. 4. Newton-Raphson algorithm to analyze whole grid 

 

The Newton-Raphson method possesses a 

unique quadratic convergence characteristic. 

It usually has a very fast convergence speed 

compared to other load flow calculation 

methods. It also has the advantage that the 

convergence criteria are specified to ensure 

convergence for bus real power and reactive 

power mismatches. This criterion gives you 

direct control of the accuracy you want to 

specify for the load flow solution. The 

convergence criteria for the Newton-

Raphson method are typically set to 0.001 

MW and MVAr. 

 It must be noted that there are some 

methods to analyze power systems such as 

Newton-Raphson, Gauss-Seidel, Fast 

Decoupled Load Flow, Laurent Power 

Flow, Backward Forward Sweep, etc. 

Newton-Raphson method is highly 

dependent on the bus voltage initial values. 

A careful selection of bus voltage initial 
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values is strongly recommended. In power 

system, values of voltage buses are always 

approximately rated voltage value. So, 

Newton-Raphson method provides a reliable 

tool to analyze power system with fast 

convergence and small amount of 

calculation. 

 

III, Method to determine optimal 

placement and size of capacitor banks 

 

A. Problem of capacitor compensation at 

high and low voltage sides of 

transformers 

The objective of optimal capacitor 

placement is to minimize the cost of the 

system. This cost is measured in four ways: 

fixed capacitor installation cost, capacitor 

purchase cost, capacitor bank operating cost 

(maintenance and depreciation), cost of real 

power losses. 

Cost can be represented mathematically as 

[23], [25], [28]: 

 

( )0 1 2 2

1 1

N N

i i ci i i i L

i i

x C Q C B C T C T P
= =

+ + + 

 (14) 

where: 

N is the number of bus candidates, 

xi=0 or xi=1 (xi=0 means no capacitor 

installed at bus i) 

C0i is installation cost, 

C1i is per kVAr cost of capacitor banks, 

Qci (kVAr) is capacitor bank size, 

Bi is the number of capacitor banks, 

C2i is operating cost of per bank, per year, 

T is planning period (years),  

C2 (USD/kWh) is cost of each kWh loss, 

ℓ is load levels (maximum, average and 

minimum), 

Tℓ (hour) is time duration of load level ℓ, 

LP  is total system loss at load level ℓ. 

 

B. Constraints 

The main constraints for capacitor 

placement are to meet the load flow 

constraints. In addition, all voltage 

magnitudes of load (PQ) buses should be 

within the lower and upper bars. Load 

Power Factor should be greater than the 

minimum. It may be a maximum power 

factor bar. 

For the voltage constraint, voltage values at 

all buses are in allowable range, that is Umin 

 U  Umax. 

 

C. Proposed algorithm 

The proposed algorithm is represented in 

Fig. 5. 

 
Start

Analyze the initial power grid

Evaluate the voltage profile

 

Out of limitations? 

 
Assigned both HV and LV 

compensated buses?

Y

N

N

Y

Run OCP tool in ETAP software

Optimal placement and size of capacitor bank

Evaluate the simulation results in four case studies: no 

capacitor; Both HV and LV capacitors; Only HV 

capacitors; Only LV capacitors. 

No compensation

Stop

Enter paramerters of capacitors: rated 

power for each bank, economic factors

 
Assigned only HV  

compensated buses?

N

Y

Assigned only LV  compensated buses?

Create restrains for the 

compensating problem

Export simulation results: Power flows; voltage buses; 

number of capacitor banks; economic functions

Fig. 5. Proposed process to determine optimal placements and 

size of capacitors 

 

IV. Simulation results 

The diagram of the simulation system is 

depicted in Fig. 6. 
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Power 
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H2
H1
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Load P3

Load P5Load P4

Load P2 Load H2

T_P2

P1

Load P1

T_P1

T_P3

LV_P2
Load H1

LV_P1

T_H1

LV_H1
LV_H2

T_H2

LV_P5LV_P4

T_P4 T_P5

 
Fig. 6 Diagram of simulation system 

 

Parameters of transmission lines in Table I, 

power source in Table II, transformers in 

Table III, electric load at bused in Table IV. 

 
Table- I Parameters of transmission lines 

Name Sectional area 

(mm2) 

Type Length 

(km) 

P1-P2 183 Pirelli-twisted 

19 strands 

12 

P2-P3 111  
 

Pirelli-twisted 

7 strands 

20 

P4-H1 49.5 11 

P4-P5 34.4 10 

P3-P4 77.3 8 

P2-H1 111 30 

H1-H2 49.5 6 

 
Table- II Parameters of source 

Type Parameters 

Power 

system 

Rated voltage: 110 kV; Short-circuit power: 5000 

MVA; Reactance/Resistance: ∞ 

 
Table- III Transformers 

Location Parameters 

T1 Voltage ratio: 110/35 kV; Rated power: 25 

MVA; Impedance: Z=10%; 

Reactance/Resistance=20 

T_P1 Voltage ratio: 35/0,4 kV; Rated power: 2,5 
MVA; Impedance: Z=6,25%; 

Reactance/Resistance=6 

T_P2, 
T_P3, 

T_H2 

Voltage ratio: 35/0,4 kV; Rated power: 2,0 
MVA; Impedance: Z=6,25%; 

Reactance/Resistance=6 

T_P4, 

T_P5 

Voltage ratio: 35/0,4 kV; Rated power: 3,0 

MVA; Impedance: Z=6,25%; 
Reactance/Resistance=6 

T_H1 Voltage ratio: 35/0,4 kV; Rated power: 5,0 

MVA; Impedance: Z=7,15%; 
Reactance/Resistance=8,5 

 
Table- IV Parameters of electric load at buses 

Name Apparent power (MVA) cos Type 

LoadP1 2 0.85  
 

80% constant 

kVA, 
20% constant 

Z 

LoadP2 1.5 0.8 

LoadP3 1.2 0.8 

LoadP4 2.5 0.8 

LoadP5 2 0.85 

LoadH1 3.6 0.8 

LoadH1 1.5 0.8 

 

Parameters of OCP tool [29-30]:  

Umax = 1.05 p.u (105%); Umin = 0.95 p.u 

(95%);  

Cost for electricity =0,09 USD/kWh; 

Planning period = 5 year; 

Objective: voltage support; 

Capacitor at 35 kV side: bank size 400 

kVAr; 7000 USD/bank. Capacitor at 0,4 kV 

side: bank size 400 kVAr; 4500 USD/bank 

[12-13]. 

Simulation results in case of without 

compensating are described in Fig. 7. From 

Fig. 7a, voltage values of P3, P4, P5, H1, 

H2, LV_P2, LV_P3, LV_P4, LV_H1, 

LV_H2 buses are lower than allowable 

value (0.95 p.u). It means that voltage 

quality must be improved and capacitors are 

proposed to use and adapt to economic 

factors.  

There are three considering compensation 

case studies: 

For the first case study, both HV and LV 

buses are considered as good candidates to 

implement capacitors. These buses are P1, 

P2, P3, P4, P5, H1, H2, LV_P1, LV_P2, 

LV_P3, LV_P4, LV_52, LV_H1, LV_H2. 

Simulation results for this case study is 

represented in Fig. 8. 

For the second case study, only HV buses 

are considered as good candidates to 

implement capacitors. These buses are P1, 

P2, P3, P4, P5, H1, H2. Simulation results 

for this case study is represented in Fig. 9. 

For the third case study, only LV buses are 

considered as good candidates to implement 

capacitors. These buses are LV_P1, LV_P2, 

LV_P3, LV_P4, LV_52, LV_H1, LV_H2. 

Simulation results for this case study is 

represented in Fig. 10. 

Simulation results in Fig. 8, Fig. 9, Fig. 10 

are used to evaluate economic and technical 

factors when comparing compensation 

schemes. 

Compensation capacity in three case studies 

in described in TABLE V. 

 
Table- V Compensation capacity in three case studies 

 Case 1 Case 2 Case 3 

Number of HV 

capacitor banks 

26 35 0 

Number of LV 

capacitor banks 

14 0 31 

Total installation 

capacity 

16 MVAr 14 MVAr 12,4 MVAr 

Voltage values in case of without capacitors 

and three case studies are represented in Fig. 

11.  

The comparison about active and reactive 

power losses in case of without capacitors 
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and three case studies are represented in Fig. 

12. 

The comparison about operation and 

installation cost in three case studies are 

represented in Fig. 13. 

The comparison about accumulative profit 

saving in three case studies are represented 

in Fig. 14. 

 

 
a. Power flows in whole system 

 

 
b. Branch losses summary report 

Fig. 7 Simulation results with no capacitor bank 

 

 
a. Power flows in whole system 
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b. Optimal capacitor placement cost summary 

 

 
c. Branch losses summary report 

Fig. 8 Simulation results in the first compensation case study 

 

 
a. Power flows in whole system 

 

 
b. Optimal capacitor placement cost summary 
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c. Branch losses summary report 

Fig. 9 Simulation results in the second compensation case study 

 

 
a. Power flows in whole system 

 

 
b. Optimal capacitor placement cost summary 

 

 
c. Branch losses summary report 

Fig. 10 Simulation results in the third compensation case study 
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Fig. 11. Voltage values in case of without capacitor and three 

compensation case studies 

 

 
Fig. 12. Active and reactive power losses 

 

 
Fig. 13. Installation and operation cost 

 

 
Fig. 14. Accumulative profit saving 

Fig. 11 showed almost voltage values were 

smaller than allowable value (0.95 p.u) in 

case of without capacitors. After using OCP 

tool in both case studies, voltage values 

were higher than 0.95 p.u.  

Capacitor placements in each compensation 

scheme affect much to voltage buses. In the 

first compensation case study, voltage 

values of almost buses are approximately 

rated voltage. In the third compensation case 

study, voltage values of almost buses are 

only higher than allowable value a bit. In the 

second compensation case study, voltage 

values of almost buses are better than the 

third case study but worse than the first case 

study.  

When evaluating compensation capacity, 

TABLE V showed that the capacity in the 

first case study is highest and the capacity in 

the third case study is lowest. The reason for 

this is that the voltage buses is directly 

related to reactive power distribution. In 

case of allowing at both HV and LV buses, 

power losses in transmission lines is 

significantly reduced because reactive 

power in transmission lines were reduced 

and power load also met directly by large 

capacity of capacitors at LV buses that 

reduced power flow through transformers as 

depicted in Fig. 12. In case of allowing at 

only LV buses, power losses are lowest 

because almost reactive power requirements 

met by capacitors with smallest capacity. 

Above analysis showed the meaning of 

compensation problem with voltage restraint 

using OCP tool. 

Fig. 13 showed that the third case study had 

smallest installation and operation cost very 

much. Reason is that cost for capacitors and 

controllers of LV capacitor banks is always 

lower than those in HV. At the same time, 

smaller power losses also lead to smaller 

operation cost and highest accumulative 

profit saving when compared with 

remaining compensation schemes as 

depicted in Fig. 14. The above analysis 

shows that the third case study has the 

lowest total installed capacity and brings the 

highest efficiency. It means that this case 
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study can be considered the most optimal 

one in terms of economic and technical 

aspects. 

 

V. CONCLUSION 

The contribution of this article is to compare 

the economic and technical factors of the 

capacitor compensation problem in three 

case studies. Candidate placements for 

capacitors are both HV and LV buses, only 

HV buses and only LV buses. OCP tool in 

ETAP software is used to set voltage 

restraint, limitation for number of capacitor 

banks, capacity of each capacitor bank, cost 

for electricity, costs for capacitor 

installation and operation. Through setting 

the constraint and economic-technical 

parameters of the optimization problem, the 

article has shown that LV buses are 

considered the most suitable candidates for 

capacitor installation. 

The results of the article are achieved 

through the use of Newton-Raphson method 

to analyze power flows in whole system and 

OCP tool in ETAP software to determine 

the optimal compensation capacity. These 

capacitor banks help voltage buses be 

improved with the lowest installation and 

operation costs and the highest overall 

benefits. The results obtained from the 

simulation process in ETAP software have 

been compiled into graphs, thereby 

providing an overall view of economic and 

technical factors when comparing 

compensation schemes. This is considered 

one of the scientific contributions of the 

article. 

The idea of determining the optimal 

compensation placements and sizes shown 

in this article can help manager make 

schemes to calculate compensation for any 

distribution system. Moreover, they can use 

OCP tool in ETAP software to get a fast 

calculation that ensures enough reliability. 

The results of this research can be further 

developed to apply controlled capacitor 

banks, thereby improving the operating 

efficiency of the power system, reducing 

power losses while still improving power 

quality, reducing operating costs for the 

whole power system. 
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