
Abstract— Power system stability is classified into 
frequency, rotor angle and voltage stability. This paper 
focuses on voltage stability, which refers to the ability of a 
power system to regain the voltage losses after being 
subjected to disturbances. The paper developed a Voltage 
Stability Index (VSI) method for placement of Capacitor 
Banks (CBs) in a radial network. The power system network 
is modelled and simulated in the Real Time Digital 
Simulator (RTDS) and DigSilent environment respectively. 
The effect of CBs is to reduce the series impedance, thereby 
reducing the voltage drop and line losses and to improve the 
power factor and power system stability limits. The shunt 
compensation technique is studied on the twelve bus radial 
distribution network and is implemented in Digsilent and 
RTDS environment respectively. The simulations are 
carried-out for full-load, overload and reactive power 
compensation conditions. The result provides that a 
capacitor bank on the radial network improves the voltage 
stability limits, maximizes line power flows, reduces 
network losses, and improves power factor. 

Index Terms— Capacitor banks, Power System Stability, 
Radial network, Real-Time Digital Simulator and Voltage 
Stability Index. 

1 INTRODUCTION 
Power system stability is classified into frequency, rotor 

angle and voltage stability. Power system stability is an 
ability of an electric power system to regain a state of 
operating equilibrium after being subjected to a physical 
disturbance for a given initial operating condition [1]. This 
paper focuses on the voltage stability, which refers to the 
ability of a power system to maintain steady voltages at all 
buses in the power system after being subjected to a 
disturbance from a given initial operating condition [1]. The 
inability of the power system to supply the required power 
demand leads to voltage collapse and network losses which 
refers to the amounts of electricity injected into the network 
which are not paid by the end users [2]. Therefore the 
integrity of the system is preserved, when the entire power 
system remains intact with no tripping of generators or 
loads, except for those disconnected by isolation of the 
faulted elements or intentionally tripped to preserve the 
continuity of operation of the rest of the power system. 
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The initial study of the capacitor banks [3] in the radial 
distribution network is started in 1989 by Baran and Wu. 
The literature review stated that optimal capacitor placement 
in radial distribution system is studied in [3] to [5]. The 
location, type, and size of capacitors, voltage constraints, 
and load variations are considered in [3] to [5], which 
reduces the energy loss and cost of the capacitors used in the 
distribution system. The problem formulated as a non-linear 
mixed integer programming problem and solved using 
optimization methods. The papers [6] and [7] provide 
detailed survey of optimal capacitor placement techniques to 
reduce distribution system losses.  

The aim of the power generation, transmission and 
distribution utilities is to maintain the power system stability 
during normal and abnormal conditions. The impact of 
voltage fluctuations in the distribution system will affect the 
end user customers and is studied through the voltage 
stability indices, which provide information about the 
proximity of voltage instability of a power system. The 
literature [8] stated that different types of indices were used 
to maintain power system stability. They are: a) Line 
Stability Index b) Voltage Collapse Prediction Index c) 
Power Transfer Stability Index d) Voltage Stability Index 
(VSI) e) Equivalent Node Voltage Collapse Index f) L-
Index. g) Fast Voltage Stability Index. Among the different 
indices, this paper only focuses on Voltage Stability Index 
(VSI) methods [8] to [13] for optimal placement of capacitor 
banks in the distribution system. Optimal locations and 
sizing of capacitors for voltage stability enhancement in 
distribution systems using VSI method is considered in [9] 
and [10]. The feeder reconfiguration scheme for radial 
distribution system is considered in [11] using VSI method. 
Optimal placement of Distributed Generations (DGs), 
capacitor placement and sizing in the distribution system is 
studied in [12] and [13], using VSI method. 

Optimization methods are used to find the optimal 
capacitor placement and minimizing losses in a distribution 
system and are studied in the literatures [14] to [25]. The 
optimal placement of capacitor banks using classical 
optimization methods such as branch and bound [14], two 
stage method [15], and gravitational search algorithm [16] 
are used to reduce the distribution system losses. The 
optimal placement and sizing of capacitor banks using 
heuristic optimization methods such as artificial neural 
network [17], genetic algorithm [18], particle swarm 
optimization [19], cat swarm optimization [20], big bang-big 
crunch optimization [21], bio-inspired optimization [22], 
teaching learning based optimization [23], ABC algorithm 
[24] and heuristic-based approach in [25].  The classical and 
heuristic optimization methods play a vital role in solving 
the complex power system problems such as capacitor 
placement problem in this case. It reduces the overall 
computation time which helps the utility system to build the 
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fully automated power distribution system. The voltage 
stability of the power system is studied using the optimal 
placement of capacitor problem in distribution system using 
MATLAB and ETAP softwares in [28] and [29] 
respectively.  

The aim of this paper is to develop VSI-based method 
for optimal placement of Capacitor Banks (CBs) in the 
radial network. Capacitor Banks (CBs) reduce the power 
losses by compensating the inductive load reactive power or 
either loads with low power factor. The effect of CBs is to 
reduce the series impedance, thereby reducing the voltage 
drop and line losses and improves the power factor and 
power system stability limits. The shunt compensation 
technique is studied on the twelve bus radial distribution 
network and is implemented in Digsilent [30] and RTDS 
[31] and [32] environment respectively. The simulations are 
carried-out for full-load, overload and reactive power 
compensation conditions. The result provides that a 
capacitor bank on the radial network improves the voltage 
stability limits, maximizes line power flows, reduces 
network losses, and improves power factor. 

This paper has four sections and is organized as follows: 
section 1 introduces the background of the optimal 
placement of the capacitor bank problem in the distribution 
system. Section 2 formulates the voltage stability index for 
optimal placement of the capacitor banks in a distribution 
system. The developed Voltage Stability Index algorithm for 
optimal placement of the capacitor banks in the distribution 
system is described in Section 3. Section 4 describes the 
power system modelling, simulation and results for optimal 
placement of capacitor bank in a distribution system using 
VSI method. Section 5 provides the conclusion and future 
work. 

2 FORMULATION OF THE VOLTAGE STABILITY INDEX 
FOR OPTIMAL PLACEMENT OF THE CAPACITOR 
BANKS IN A DISTRIBUTION SYSTEM 

VSI is defined as the ability of a power system to 
maintain the power system voltage stability during full-load 
and over-load conditions [10]. This section describes VSI 
formulation for a distribution system. The considered radial 
network is modelled and simulated in RTDS & DigSilent 
environment, respectively and the load flow is conducted 
successfully using Newton Raphson method. The Voltage 
Stability Index (VSI) is determined using the load flow 
results. An illustration on how to find the VSI for a 
distribution system using a two bus radial network is shown 
in Figure 1. The sending and receiving end buses are 
connected to the source and load respectively as shown in 
Figure 1. 

Source

Sending end bus Receiving end bus

Line

Load
R+jX

VrVs

P+jQ

 

Figure 1: Two bus radial network 

From Figure 1, the real and reactive power at the 
receiving end bus is written as follows: 
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Where 
rP is the real power at the receiving end 

rQ is the reactive power at the receiving end 

sV is the voltage magnitude at the sending end 

sδ is the voltage phase angle at the sending end 

rV  is the voltage magnitude at the receiving end 

rδ is the voltage phase angle at the receiving end 

LZ  is the line impedance 

Lδ is the line impedance phase angle 
Equation (1) can be rewritten as follows: 

( ) ( )r L r
L s r L
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P Z Vcos cos
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δ − δ − δ = + δ         (2a) 

( ) ( )r L r
L s r L

s r s

Q Z Vsin sin
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δ − δ − δ = + δ        (2b)                                                                              

The trigonometric identity for cosine and the sine 
function is simplified as follows: 

( ) ( )2 2
L s r L s rcos sin 1δ − δ − δ + δ − δ − δ =         (3) 

Then, substituting (2a) and (2b) into Equation (3), Then 
simplifying Equation (3) after substitution of (2), As a result 
we get the bi-quadratic Equation (4) as given below: 

( ) ( )4 2 2 2 2
r r r r s r r LV V 2 P R Q X V P Q Z 0 + + − + + =       (4) 

Where 
R is the line resistance 
X is the line reactance 

Active and reactive power at the receiving end bus can 
be rewritten using equation (4) as follows: 
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                       (5b) 
The real and reactive power at the receiving end bus is 

determined using Equation (5a) and (5b) respectively, with 
subject to the constraints (6a) and (6b). 

( ) 22 4 4 2 2 2 2
L r r L r r r r scos V V Z Q V Q X V V 0δ − − − + ≥     (6a) 

( ) 22 4 4 2 2 2 2
L r r L r r r r ssin V V Z P V P R V V 0δ − − − + ≥     (6b) 

Further simplifying equations (6a) and (6b), the voltage 
stability index is determined and is given in Equation (7). 

( ) ( )22 2 4 2 2 2
s r r r r r L r r2V V V 2V P R Q X Z P Q 0− − + − − ≥     (7a) 

( ) ( )22 2 4 2 2 2
s r r r r r L r rVSI 2V V V 2V P R Q X Z P Q= − − + − −  (7b) 

From the above expression, it can be clearly understood 
the Voltage Stability Index (VSI) in the distribution system 
is determined using the sending and receiving bus voltages, 
active and reactive powers, and the line impedance 
components. 



The net reactive power delivered by node- m [10] can be 

written as r
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Therefore, VSI used in this paper to find the exact 

location in the distribution system where the capacitor banks 
need to be installed and also the size of the capacitor in 
order to provide the reactive power compensation and 
reduce the line losses. The next section describes the power 
system modelling, simulation and results for optimal 
placement of capacitor banks in a distribution system.  

3 VOLTAGE STABILITY INDEX-BASED METHOD FOR 
OPTIMAL PLACEMENT OF THE CAPACITOR BANKS IN 
THE DISTRIBUTION SYSTEM 

The considered twelve bus power system network is 
modeled and simulated in the Digsilent and RTDS 
environments respectively and the load flow is conducted. 
The VSI algorithm for optimal placement of capacitor bank 
problem is described below as follows: 
1. Read the following power system data, such as rP and 

rQ are the real and reactive powers, L LZ ∠δ , s sV ∠δ , 

and r rV ∠δ   the line impedance, the voltages at the 
sending and receiving end respectively. 

2. A fixed threshold value for Voltage Stability Index 
( )thresholdVSI  is chosen. 

3. Initially set the net reactive power compensation,
cmQ 0= and flag=0 for all the nodes in the distribution 

system. 
4. Set o

cm cmQ Q= for all the nodes. 
5. Carry out distribution power flow. 
6. Compute the Voltage Stability Index (VSI) for all the 

load buses (3, 6, 8 and 9) using Equation (7b) and 
arrange the VSI in ascending order. 

7. Choose the particular load bus, which has the lowest 
value of VSI, the lowest VSI is the sensitive node for 
capacitor placement. 

8. If computed thresholdVSI VSI≥ or flag =1, for all the load 

buses, then go to step 12.  
9. Solve Equation (8) for cmQ∆ and then compute the net 

compensation at node m, o
cm cm cmQ Q Q= + ∆  

10. Check for reactive power compensation limit, if 
o

cm cmQ Q≥ then o
cm cmQ Q= and set flag =1 for node m 

to avoid this node in the subsequent computations and 
go to step 4. 

11. The optimal locations for capacitor placement are 
obtained. Choose the nearest available value of the 
capacitor from the computed values of cmQ . 

12. Stop the computation. 

4 POWER SYSTEM MODELLING, SIMULATION AND 
RESULTS FOR OPTIMAL PLACEMENT OF CAPACITOR 
BANK USING VSI METHOD 

This section describes the power system network and its 
data, modelling, simulation and results for optimal 
placement of capacitor bank in a distribution system using 
VSI method. 

4.1 Description of the twelve bus radial network and 
power system data 

This paper used 12 bus radial network as a case study to 
investigate the reactive power compensation technique for a 
distribution system. The single line diagram of the 12 bus 
radial network is shown in Figure 1. It has four lines which 
feed from 132kV to 66kV. The customer loads are 
connected at 22kV and 11kV respectively. The aim of this 
paper is to find the optimal placement and size of the 
capacitor banks needed in a distribution system using VSI 
method. According to VSI given in Equation (7), it is only 
necessary to focus on sending and receiving end bus 
parameters in order to compute the VSI value. Table I 
provides the initial power system data used to compute the 
voltage stability index. Next part of this section describes 
the power system simulation tools Digsilent and RTDS 
software respectively. 

 

 

Fig.1: Single line diagram of the twelve bus radial network 

Table I: Initial power system data used to compute the 
voltage stability index 

Sending 
bus 

number 

sV
kV 
per 
unit 

Receiving 
bus 

number 

rV
kV 
per 
unit 

rP  
(MW) 

rQ  
(MVAR) 

R 
(ohm) 

X 
(ohm) 

Bus 
voltage 

base 
kV 

Bus 1 1 Bus 3 0.989 83.22 15.55 7.797 66.86 132 

Bus 4 0.987 Bus 6 0.969 30 2.52 13.27 29.89 66 

Bus 4 0.987 Bus 8 0.961 28.26 5.54 9.258 29.89 66 

Bus 8 0.961 Bus 11 0.94 15 1.24 28.08 53.47 66 

 
 
 



4.2 Description of the Power System simulation 
softwares Digsilent and Real Time Digital 
Simulator (RTDS) and load flow results of 12-bus 
radial network 

DigSilent [30] provide the most economical solution, to 
perform the load flow study. The data handling, modeling 
capabilities and overall functionality minimizing project 
execution costs and training requirements. The DigSilent 
Power Factory provides solutions to very large complex 
power systems. Real-Time Digital Simulator (RTDS) 

provides fast, reliable, accurate and cost-effective solutions 
for power systems. It has a complex High Voltage 
Alternating Current (HVAC) and High Voltage Direct 
Current (HVDC) networks. The RTDS Simulator [32] is a 
fully digital electromagnetic transient power system 
simulator that operates in real-time. The system's graphical 
user interface, proprietary software and mathematical 
algorithms can simulate any modern electric power grid 
configuration. The radial 12-bus network is modeled in 
DigSilent and RTDS respectively, and the respective models 
are given in Figure 2 and 3 respectively. 

 

 
Fig.2: Single line diagram of the twelve bus radial network in Digsilent software environment 

 
Fig.3: Single line diagram of the twelve bus radial network in RSCAD software environment 



The Digsilent and RTDS load flow results of the 12-bus 
radial network without reactive power compensation is 
given in Table II and III respectively. 

Table II: Load flow results of the 12-bus radial network 
without reactive power compensation in Digsilent software 
environment 

Bus 
numbe

r 
 

Initial bus 
voltage in kV 

Bus voltages 

Voltage  in 
Per Unit 

Voltage 
in kV 

Bus voltage 
Phase angle 

Bus 1 132 1 132 0 
Bus 2 66 0.999 65.94 30.41 
Bus 3 132 0.989 129.11 1.85 
Bus 4 66 0.973 64.20 33.73 
Bus 5 11 0.971 10.68 4.64 
Bus 6 66 0.877 57.89 36.36 
Bus 7 11 0.874 9.62 -9.72 
Bus 8 66 0.909 59.98 -35.01 
Bus 9 11 0.904 9.95 -6.27 
Bus 10 22 0.906 19.93 -5.64 
Bus 11 66 0.829 54.70 -40.65 
Bus 12 22 0.826 18.18 -14.41 

Table III: Load flow results of the 12-bus radial network 
without reactive power compensation in RTDS software 
environment 

Bus 
numbe

r 
 

Initial bus 
voltage in kV 

Bus voltages 

Voltage  in 
Per Unit 

Voltage 
in kV 

Bus voltage 
Phase angle 

Bus 1 132 1 132 0 
Bus 2 66 0.997 65.97 28.76 
Bus 3 132 0.995 129.8 1.03 
Bus 4 66 0.983 64.32 25.55 
Bus 5 11 0.978 10.2 51.37 
Bus 6 66 0.981 57.02 25.07 
Bus 7 11 0.978 9.87 53.43 
Bus 8 66 0.982 59.98 25.07 
Bus 9 11 0.964 9.95 51.66 
Bus 10 22 0.973 19.93 54.61 
Bus 11 66 0.971 55.02 23.95 
Bus 12 22 0.954 19.38 52.03 

 
The load flow results show that operating voltages at 

buses 6, 7, 11 and 12 are approximately 0.8p.u which is less 
than the nominal operating voltage. So therefore it is 
necessary to provide reactive power compensation to any of 
those nodes. Next part of this section describes the 
implementation of the VSI method for reactive power 
compensation in a distribution system. 

 

4.3 Implementation of the VSI method for reactive 
power compensation in a distribution system and 
its simulation results 

The Voltage stability index algorithm described in 
Section 3 is used to find the optimal placement of the 
capacitor banks in the distribution system. The VSI is 
computed using Equation (7b) for the 12-bus radial network 
and is given in Table IV. 

Table IV: Computed VSI values for the 12-bus radial 
network 

Load bus numbers Bus 3 Bus 6 Bus 8 Bus 11 
Computed VSI values 0.9340 0.6996 0.8026 0.5079 

From Table IV, it is noted that two receiving load buses 
6 and 11 having lowest VSI values and sensitive for reactive 
power compensation by providing shunt Capacitor banks on 
those two buses.  The value of the VSI must not be less than 
0.9 p.u during normal operating conditions. But during over-
load condition the VSI values can be less than 0.9 p.u and 
sensitive to voltage collapse and is called voltage instability 
of the power system.  

Buses 6 and 11 provide reactive power compensation 
using shunt CBs in DigSilent software environment. The 
size of the CBs is determined by increasing the reactive 
power until the voltage profile of buses 6 and 11 reaches an 
acceptable standard value. Figure 6 shows the voltage 
profile of buses 6 and 11 with and without shunt 
compensation. 

 

Fig.4: Reactive power compensation using shunt CBs at buses 6 
and 11 in DigSilent environment 

Figure 4 shows that 12-bus radial network is operating in 
the normal conditions between the time stamps 0 to 0.02 
seconds. The peak operating voltage at bus 6 is 53.938kV 
and its line value is 66.06kV during normal conditions. 
Then, the 12-bus network is overloaded between 0.02 to 
0.08 seconds and the peak operating voltage at bus 6 is 
reduced to 47.377kV and its line value is 58.025kV. Then 
the reactive power compensation is provided at bus 6 
through switching the shunt capacitor bank in the 12-bus 
radial network at 1.2 seconds. Then the system peak 
operating voltage at bus 6 reach to 51.952kV and line 
voltage to 63.628kV as shown in Figure 6. The same 



procedure is used to provide reactive power compensation at 
bus 11 and is shown in Figure 4.  

The RTDS load flow results during normal and over-
load conditions and shunt compensation results for 12-bus 
radial network are described below. The peak operating 
voltages at buses 6 and 11 during normal and overload 
conditions are shown in Figures 5 and 6 respectively. The 
shunt compensation voltage at buses 6 and 11 is shown in 
Figure 7. 

 
Fig.5: Peak operating voltage at buses 6 and 11 during normal 
conditions in RTDS environment 

 
Fig.6: Peak operating voltage at buses 6 and 11 during over-load 
conditions in RTDS environment 

 
Fig.7: Reactive power compensation using shunt CBs at buses 6 
and 11 in RTDS environment 

Figure 5 shows that peak operating voltage at buses 6 
and 11 are 65.16kV and 64.95kV respectively during normal 
conditions as shown in Figure 5. Then, the 12-bus network 
is overloaded by increasing the certain percentage of the 
load and the peak operating voltage at buses 6 and 11 are 

reduced to 58.8kV and 55.24kV respectively as shown in 
Figure 6. Then the reactive power compensation is provided 
at buses 6 and 11 through switching the shunt capacitor 
banks at those buses. Then the system peak operating 
voltage at buses 6 and 11 are reached to 65.9kV and 
65.33kV respectively as shown in Figure 7.  The comparison 
of the RTDS and Digsilent simulation results of the bus 
voltages during normal, overload and shunt compensation 
periods are given in Table IV.  

Table V: Comparison of the RTDS and Digsilent simulation 
results of the bus voltages during normal, overload and 
shunt compensation periods 
Softwar
e used 

Digsilent simulation results of 
the bus voltages of 12-bus 
radial network for various 
operating conditions 

RTDS simulation results of 
the bus voltages of 12-bus 
radial network for various 
operating conditions 

Bus 
number 

Normal Overlo
ad 

Shunt 
Compe
nsation 

Normal Overlo
ad 

Shunt 
Compe
nsation 

Bus 1 132 132 132 132 132 132 

Bus 2 65.94 65.94 65.92 65.99 65.97 65.98 

Bus 3 130.52 129.11 131.89 131.98 129.8 131.93 

Bus 4 65.11 64.2 66.9 65.32 64.32 67.13 

Bus 5 10.84 10.68 11.13 10.56 10.2 11.09 

Bus 6 63.94 57.89 64.58 65.16 58.8 65.9 

Bus 7 10.64 9.62 10.74 10.35 9.87 11.03 

Bus 8 63.43 59.98 63.95 64.01 59.98 65.95 

Bus 9 10.53 9.95 10.61 10.71 9.95 10.69 

Bus 10 21.11 19.93 21.25 21.73 20.25 21.78 

Bus 11 61.99 54.7 64.92 64.95 55.24 65.33 

Bus 12 20.55 18.18 21.6 21.81 20.08 21.72 

The reactive power compensated to 12 bus radial network 
of buses 6 and 11 using shunt capacitors. This paper 
provides shunt compensation in the distribution system 
using VSI method and the result shows that power system 
attained the normal operating voltage of 0.95 p.u during the 
over-load condition by providing the reactive power 
compensation using the VSI method and the results are 
shown in Table V. VSI-based method is used in this paper to 
determine the location and size of the capacitor banks. 
Comparison of the Digsilent simulation results of the bus 
voltages during overload and shunt compensation periods 
are given in Appendix A and B respectively. 

5 CONCLUSION 

The industrial and population growth increases the 
power demand, which in-turn overloads the transmission 
and distribution transformers. The power system needs to 
maintain an acceptable voltage profile as specified in the 
IEEE and IEC standards during normal and overall periods.  
Overloading on power lines created a voltage collapse. 
Therefore, this paper used a VSI-based method to select the 
capacitor placement and size for a radial network during 



over-load periods.  The 12 bus radial network is modeled 
and simulated in DigSilent and RTDS environment 
respectively. A load flow is conducted and the initial 
condition of the network is studied. It is observed that 
voltage deviation was above ten percent during the over-
load period. Therefore Shunt compensation is provided on 
buses 6 and 11 using the developed VSI method. The result 
provides that a capacitor bank on the radial network 
improves the voltage stability limits, maximize line power 
flows, reduced network losses, and improved power factor. 
The future work will be considered to build the Phasor 
Measurement Unit (PMU) based monitoring system for the 
shunt compensation using SEL 487V IED and the hardware 
in the loop (HIL) test will be implemented and tested in the 
lab scale environment. One of the requirements of the smart 
grid system is to build the fully automated shunt 
compensation technique on the radial distribution network 
using PMU-based  monitoring system and it will be 
considered in the future work. 

APPENDICES 

Appendix A: Comparison of the Digsilent simulation 
results of the bus voltages during over-load period 

 
 

Appendix B: Comparison of the Digsilent simulation results 
of the bus voltages during shunt-compensation period 

 
Appendix A shows that the deviation on the power system 
voltage is ranging between 8 to 10% during the over-load 
period and the shunt compensation provide on buses 6 and 
11 in order to reduce the deviation on the power system 
voltage within 5% as shown in Appendix B. 
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