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Abstract: As a renewable source, the uncertainties and intermittencies of solar irradiance have become the main 
concern in developing and integrating such power generation into an electricity network. In power system operation, 
it is important to maintain a stable voltage profile under random power injection from renewable power generations. 
The effect of photovoltaic (PV) power plants on the static voltage stability of the interconnected power system is 
presented in this paper. The probabilistic study was conducted through Monte Carlo Simulation (MCS) to investigate 
the fluctuation of voltage profiles under uncertain power injection from PV power plants. The standard test system of 
IEEE 14 bus and practical test system of Lombok, West Nusa Tenggara electricity network are investigated. It was 
noticed that the installation of a photovoltaic power plant affected the voltage profiles. The fluctuated condition of 
power injection from PV power plant resulted in more fluctuation of voltage profiles as indicated by higher standard 
deviation values. Moreover, distributed location of the PV power plant also influenced the circumstances of voltage 
fluctuation, providing less fluctuated condition of voltage profiles. Eventually, it can be observed that the voltage 
fluctuation would influence the static voltage stability of the interconnected power system.

Keywords: Photovoltaic Generator, Probability Distribution, Renewable Energy,  Solar Energy, Voltage Fluctuation, 
Voltage Profiles.

1.   INTRODUCTION 

Massive development of technologies drastically 
changes the necessity of society. In few decades, 
electricity has become an essential thing for human 
life since most of the appliances and facilities 
need electrical energy to operate. Therefore, the 
dependences of humans live on electricity has been 
increasing enormously. With the fast growth of 
electricity demand, the invention and development 
of novel energy resources to ensure sufficient 
electricity supplies are critical. On the other 
hand, the deposits of fossil fuels are continuously 
decreasing due to extensive exploration and 
consumption  [1, 2]. Moreover, the usage of 
fossil fuels introduces detrimental effects on the 
environment. With the limitations and drawbacks 
of fossil fuel, renewable energy is the promising 
option to overcome the energy concern. One of 

the most developing renewable energy resources 
is solar energy. By 2020, around 500 GW solar 
PV facilities are installed throughout the world. 
It is expected that in 2050, 15 % of world energy 
demand are fulfilled by solar energy [3]. 

The implementation of PV-based power 
plants brings economic beneficial effects due to 
the abundant amount and cheap energy resources. 
Moreover, it is also environmentally friendly as 
a result of the non-emission operation and the 
usage of non-polluting materials [4]. Despite those 
advantages, the integration of PV-based power 
plants also alters the power system operation 
and control. Recently, the increased penetration 
rate of PV generation has raised concerns over 
utility due to the possible negative impact on the 
stability of the power system [5]. The generation 
of electricity from the sun has a challenge because 
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approach, it is important to conduct a probability 
analysis approach. This paper concentrates on the 
analysis of PV plant installations in interconnected 
power systems using a probabilistic approach. 
A probabilistic study using the Monte Carlo 
simulation method is implemented to provide a 
realistic scenario of uncertain conditions of power 
injection from a PV power plant. 

2.   MATERIALS AND METHODS

2.1  Monte Carlo Simulation 

Voltage stability is concerned with the ability of the 
power system to maintain acceptable voltages across 
all buses in the system under normal conditions and 
after failure. The system enters a state of voltage 
instability when a disturbance occurs, an increase 
in load demand, or a change in system condition 
causes a progressive and uncontrolled voltage drop. 
A major factor causing instability is the inability of 
the power system to meet reactive power demands 
[9]. 

As power injection from the renewable 
power plant is continuously fluctuating due 
to unpredictable weather conditions, it would 
introduce the uncertain operation of the power 
system. Under uncertain power injection from a PV 
power plant, a deterministic power flow analysis is 
not sufficient to represent the actual power system 
condition. Therefore, a probabilistic analysis 
approach is required to capture the behavior of 
the power system in particular voltage stability 
circumstances under random power injection from 
the PV power plant. 

Probabilistic power flow (PLF) based 
on numerical methods (such as Monte Carlo 
simulations) or analytical methods (such as 
convolutional techniques) was developed in the 
1970s to deal with power system uncertainty due to 
variations in grid variables [13].

The active bus load is an independent random 
variable and the transmission system is represented 
by a DC network model (so that the reactive 
power flow is negligible). The generation delivery 
procedure is modeled by allocating the variation 
of the total electric charge for the generation bus. 
Since the active electric load variable on each bus is 

the availability of the sun on the earth's surface 
depends on the sun's position which varies due 
to differences in latitude [5, 6]. Furthermore, the 
dependency of solar power on environmental and 
weather circumstances increases the uncertainty 
and unpredictable operating condition of the power 
system. It potentially affects the stable operating 
point of the power system [6, 7].

Fluctuating power injection from PV-based 
power plants may change the power flow direction, 
transmission line congestion, and hence the power 
losses. Eventually, it potentially influences the 
system voltage. The bus voltage is considered an 
important parameter in the power system since it 
significantly influences system stability and safety. 
The variations in P and Q affect the voltages across 
all the buses in the system as well. Therefore, a 
voltage stability analysis can be applied to decide 
whether the voltage levels across the buses are at an 
acceptable level or not [8, 9]. 

Power system voltage stability refers to all buses 
in the system that can maintain a steady voltage 
after a fault. However, from a system planning and 
operating point of view, the stress stability analysis 
is to find the distance of the system to the voltage 
drop in normal operation and to identify areas 
where the stress is weak when the voltage drops. 
This is called static voltage stability [10]. With 
the increasing trend of PV integration in power 
systems, it is important to investigate the effects 
of having of such renewable power generation on 
static voltage stability. Researchers monitored that 
PV location and size have a profound impact on 
system voltage stability [3]. It might have either 
adverse or advantage impacts on voltage stability. 
The effect of the partially solar-PV system on long-
term voltage stability was investigated in [11, 2]. 
It was observed that the integration of PV power 
plants might improve the system voltage stability.

 
Even though many kinds of research have 

been conducted to investigate PV effects on 
voltage stability, however, it was only using the 
deterministic approach. The main drawback of 
the deterministic approach is the limited number 
of cases [1, 13]. Therefore it would not reflect 
the actual condition of system voltage profiles 
under random power injection from PV power 
generation. With the limitation of the deterministic 
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assumed to be independent, the probability density 
function of the circuit current can be calculated by 
a series of convolutions. Later, this basic method 
was extended and also applied to the AC network 
model [14].

The probabilistic distribution function is 
estimated from the solar irradiation data collected 
respectively using the Gaussian mixture distribution 
function. [15] The Gaussian mixture model is 
useful for modeling data that comes from one of 
several groups that may differ from one another, but 
data points in the same group can be modeled well 
by the Gaussian distribution. [13] The formula for 
determining the Gaussian value in Equation (1):

The variable x represents the value of the 
random variable and for the variable µ represents 
the expectation of an experiment, for the variables 
σ2 or σ represents the standard deviation. For 
some of the different formulas, here it is written in 
Equation (2):

which the variable N describes the normal 
value.

Once a statistical model is defined in terms 
of a probability density function, a Monte Carlo 
simulation is performed which involves repeating 
the simulation process using in each simulation a 
set of specific values of the random variable [16].
Various methods have been proposed to study the 
effect of uncertainty on stress stability. Among 
the proposed probabilistic analytical methods, the 
Monte Carlo simulation has become a popular 
method due to its ability to handle a large number 
of samples with great accuracy and flexibility. 
As the power output of the generation unit varies 
due to the uncertainty of the renewable energy 
system, the power-sharing scheme in the microgrid 
changes accordingly which might disrupt the power 
generation and load demand balance [15].

Load Flow results based on Monte Carlo 
Simulation in terms of power flow in various parts 
of the system and voltage profiles in all network 
buses can be treated statistically, and statistical 

estimation and inference methods can be applied 
[15].

In uncertainty analysis, the relationship 
between the dependent and independent variables 
can be expressed in Equation (3):

ℎ represents a function describing the 
correlation between the dynamic behavior of 
the output variables and the uncertain values of 
the input variables. The input and output vector 
variables can be represented as 

v =[v_1, v_2…] ^ t and z = [z_1, z_2…] ^ t of their 
respective values [15].

The purpose of Monte Carlo analysis is to 
estimate the uncertainty of the output or the 
dependent variable resulting from the uncertainty 
of the input or the independent variable through 
certain complex functions [12].

For modeling the power generation in PV, there 
are several models of system problems that do not 
need to be considered, such as not considering the 
system configuration and line impedance values. 
The purpose of modeling the power distribution 
function in PV is to schedule the generator by 
considering the solar energy system by determining 
the optimal amount of generating power for the 
solar energy system units during the study period 
so that the total cost can be minimized by the power 
balance equation, requirements for power reserves, 
and other constraints [17].

Calculation of changes in the duration of 
radiation can be converted to power using Equation 
(4):

Gt  = Forecast radiation per hour
Gstd  = Solar radiation in a standard environment is 
set with a value of 1 000 W m–2

Rc  = The point of radiation is defined as 150 W m–2

Psn= Average PV power output
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   = Forecast radiation per hour 

     = Solar radiation in a standard environment is set 
with a value of 1 000 W m–2 

   = The point of radiation is defined as 150 W m–2 

   = Average PV power output 

These values can only be known through short-
term forecasting. Because the demand for system load 
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These values can only be known through short-
term forecasting. Because the demand for system 
load and solar radiation depends on the social 
behavior of the customer and weather variables 
[18].

2.2   Photovoltaic Model

In this manuscript, probabilistic analysis of system 
voltage profiles under PV power uncertainty is 
conducted using DigSILENT Power Factory 
analytical software. Therefore, the default PV 
model provided in Power Factory software is 
considered in this study. The template model of PV 
with additional features and control is comprising 
of multiple control blocks and functionalities. 
 

The PV-based power plant is modeled as a 
static generator with MPPT, control system, and DC 
link capacitor as depicted in Figure 1. The inverter 
system of the PV model employs Udc-Q which 
maintains the voltage of DC capacitor constant 
to ensure stable operation of the PV system by 
suppressing power and voltage fluctuations. The 
voltage controller is providing direct (Id_ref) and 
quadrature (Iq_ref) current reference values to 
control switching stages of the inverter. While PLL 
model ensures synchronized operation between 
the PV system and the other generator units during 
grid-tied operation.

For the static voltage stability study, the dynamic 
model of the PV power plant is simplified as follows 
[19, 20]: The dynamic of the MPPT controller is 
neglected and it is assumed that the PV array model 

provided reference values for the Udc-Q controller. 
Due to the high-frequency switching features of the 
inverter system, the fast response of the inverter 
inner control loop is neglected.  

3.   RESULTS AND DISCUSSION

Two test systems are considered in this paper to 
investigate the impact of uncertain power injection 
from PV systems. The first investigated test system 
is IEEE 14 as depicted in Figure 2. To investigate 
the effects of PV power uncertainty on system 
voltage profiles, the PV power plants are connected 
in bus 4, 5, and 10. 

The second study case considers the electrical 
system of Lombok, West Nusa Tenggara, Indonesia 
as depicted in Figure 3. the Lombok electricity 
system consists of seven generating units, which 
operate at a voltage of 150 kV, and consists of        
17 buses and 19 channels connected to load centers. 
Multiple PV-based power plants are connected 
in three buses which are located in Sengkol, 
Pringgabaya, and Paokmotong with a capacity of 
3 × 5 MW. By integrating PV sequentially, it will 
be done by randomizing the PV radiation capacity 
to analyze the voltage profile of the transmission 
system.

The Lombok network was selected in this 
research due to the high solar potential energy in 
the island while most of the conventional power 
generations were powered by diesel engines. The 
penetration of PV generation in Lombok island has 
been significantly increasing, replacing a certain 
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portion of diesel engine-based power generation. 
Therefore, it is necessary to investigate the impacts 
of PV integration on static voltage stability in this 
island electricity network. 

To realize the uncertain condition of PV power 
plant power injection in the investigated test 
systems, 1 000 data of PV power are randomly 
generated and sampled through the Monte Carlo 
simulation method. The 1 000 random scenarios 

of PV power injections from different regions are 
then implemented in DigSILENT power factory 
analytical software. Fluctuation of voltage profiles 
of the selected bus is statistically investigated 
through average and deviations values of the 
selected buses. 

The dynamic model of PV generation developed 
in DigSILENT power factory is considered to 
provide more realistic system dynamic behavior 
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Fig.1 PV system model in DigSILENT power factory 

The PV-based power plant is modeled as a static 
generator with MPPT, control system, and DC link 
capacitor as depicted in Figure 1. The inverter system 
of the PV model employs Udc-Q which maintains the 
voltage of DC capacitor constant to ensure stable 
operation of the PV system by suppressing power and 
voltage fluctuations. The voltage controller is providing 
direct (Id_ref) and quadrature (Iq_ref) current reference 
values to control switching stages of the inverter. While 
PLL model ensures synchronized operation between 
the PV system and the other generator units during 
grid-tied operation. 

For the static voltage stability study, the dynamic 
model of the PV power plant is simplified as follows 
[19, 20]: The dynamic of the MPPT controller is 
neglected and it is assumed that the PV array model 
provided reference values for the Udc-Q controller. Due 
to the high-frequency switching features of the inverter 
system, the fast response of the inverter inner control 
loop is neglected.   

 

3. RESULT AND DISCUSSIONS 

Two test systems are considered in this paper to 
investigate the impact of uncertain power injection 
from PV systems. The first investigated test system is 
IEEE 14 as depicted in Figure 2. To investigate the 
effects of PV power uncertainty on system voltage 
profiles, the PV power plants are connected in bus 4, 5, 
and 10.  

 

 

Fig 2. Single line diagram of IEEE 14 Bus 

 

The second study case considers the electrical 
system of Lombok, West Nusa Tenggara, Indonesia as 
depicted in Figure 3. the Lombok electricity system 
consists of seven generating units, which operate at a 
voltage of 150 kV, and consists of 17 buses and 19 
channels connected to load centers. Multiple PV-based 
power plants are connected in three buses which are 
located in Sengkol, Pringgabaya, and Paokmotong with 
a capacity of 3 × 5 MW. By integrating PV 
sequentially, it will be done by randomizing the PV 
radiation capacity to analyze the voltage profile of the 
transmission system. 

Fig 2. Single line diagram of IEEE 14 Bus
 

Fig. 3. Single line diagram of Lombok 150 kV 

To realize the uncertain condition of PV power 
plant power injection in the investigated test systems, 1 
000 data of PV power are randomly generated and 
sampled through the Monte Carlo simulation method. 
The 1 000 random scenarios of PV power injections 
from different regions are then implemented in 
DigSILENT power factory analytical software. 
Fluctuation of voltage profiles of the selected bus is 
statistically investigated through average and deviations 
values of the selected buses.  

The dynamic model of PV generation developed in 
DigSILENT power factory is considered to provide 
more realistic system dynamic behavior under the 
different generations of PV generations. 

3.1 Analysis of Voltage Profiles in IEEE 14 bus 

In the first study case, two scenarios were considered. 
The first scenario investigates the effects of integrating 
one PV power plant to bus 4 of the IEEE 14 bus 
system. The 1 000 data of random power injection from 
the PV power plant are considered, resulting in        1 
000 values of bus voltage fluctuations. 

Figure 4 shows the fluctuation of bus 5, 8, and 9 in 
the IEEE 14 bus system after the integration of the PV 
power plant on bus 4. It was monitored that when one 
PV power plant is integrated, bus 5 V fluctuated 
moderately as depicted in Figure 4a. The bus voltage of 
bus 5 has an average value of 0.967 5, a maximum 

value of 0.968 02, a minimum value of  0.966 97, and 
the standard deviation value on bus 5 is 0.000 74. The 
less fluctuating condition was observed in bus 8 as 
shown in Figure 4b.  

It was monitored that the voltage of bus 8 has an 
average value of 0.958 03, a maximum value of  0.958 
30, a minimum value of 0.957 76, and the standard 
deviation value on bus 8 is 0.000 37. More stable bus 
voltage under different power injections from one PV 
power plant is monitored in bus 9 as presented in 
Figure 4c. It was observed that the voltage of the 
corresponding bus has an average value of 0.947 02, a 
maximum value of  0.947 13, a minimum value of 
0.946 91, and with lower standard deviation value on 
bus 9 is 0.000 15. 

The second scenario considers the integration of 
three PV power plants on bus 12, 14, and 15 in the 
IEEE 14 bus system. Integration of three PV power 
plants in the existing power system network would 
inject more power into the system. Therefore more 
voltage enhancements were expected. On the other 
hand, the distributed energy sources would provide a 
more stable power flow in the network, resulting in less 
fluctuation of system voltage profiles. 

The investigated result from the IEEE 14 bus 
system with the integration of PV generators is 
depicted in Figure 5. The voltage of bus 5 has an 
average value of 0.969 66, a maximum value of 0.969 
90, a minimum value of 0.969 42, and the standard 
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under the different generations of PV generations.

3.1 Analysis of Voltage Profiles in IEEE 14 bus

In the first study case, two scenarios were 
considered. The first scenario investigates the 
effects of integrating one PV power plant to                        
bus 4 of the IEEE 14 bus system. The 1 000 data of 
random power injection from the PV power plant 
are considered, resulting in 1 000 values of bus 
voltage fluctuations.

Figure 4 shows the fluctuation of bus 5, 8, and 
9 in the IEEE 14 bus system after the integration 
of the PV power plant on bus 4. It was monitored 
that when one PV power plant is integrated, bus               
5 V fluctuated moderately as depicted in Figure 4a. 
The bus voltage of bus 5 has an average value of 
0.967 5, a maximum value of 0.968 02, a minimum 
value of  0.966 97, and the standard deviation value 
on bus 5 is 0.000 74. The less fluctuating condition 
was observed in bus 8 as shown in Figure 4b. 

It was monitored that the voltage of bus 8 has 

an average value of 0.958 03, a maximum value 
of  0.958 30, a minimum value of 0.957 76, and 
the standard deviation value on bus 8 is 0.000 37. 
More stable bus voltage under different power 
injections from one PV power plant is monitored 
in bus 9 as presented in Figure 4c. It was observed 
that the voltage of the corresponding bus has an 
average value of 0.947 02, a maximum value of                 
0.947 13, a minimum value of 0.946 91, and with 
lower standard deviation value on bus 9 is 0.000 15.

The second scenario considers the integration 
of three PV power plants on bus 12, 14, and 15 in the 
IEEE 14 bus system. Integration of three PV power 
plants in the existing power system network would 
inject more power into the system. Therefore more 
voltage enhancements were expected. On the other 
hand, the distributed energy sources would provide 
a more stable power flow in the network, resulting 
in less fluctuation of system voltage profiles.

The investigated result from the IEEE 14 bus 
system with the integration of PV generators is 
depicted in Figure 5. The voltage of bus 5 has an 
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deviation value on bus 5 is 0.000 34. Enhancement of 
voltage profile is also monitored in bus 8 and 9. After 
integration of three PV power plants, the voltage of bus 
8 has an average value of 0.960 4, a maximum value of 
0.960 58, a minimum value of 0.960 40, and the 
standard deviation value on bus 8 is 0.000 12. While 
the voltage of bus 9 has an average value of 0.949 27, a 
maximum value of 0.949 28, a minimum value of 0.949 
27, and the standard deviation value on bus 9 is 0.000 
13. 

 

a) Bus 5 

 

b) Bus 8 

 

c) Bus 9 

Fig. 4. Bus Voltage of selected bus of IEEE 14 bus with the 
integration of 1 PV power plant. 
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Fig. 5. Bus Voltage of selected bus of IEEE 14 bus with the 
integration of 3 PV power plants. 
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deviation value on bus 5 is 0.000 34. Enhancement of 
voltage profile is also monitored in bus 8 and 9. After 
integration of three PV power plants, the voltage of bus 
8 has an average value of 0.960 4, a maximum value of 
0.960 58, a minimum value of 0.960 40, and the 
standard deviation value on bus 8 is 0.000 12. While 
the voltage of bus 9 has an average value of 0.949 27, a 
maximum value of 0.949 28, a minimum value of 0.949 
27, and the standard deviation value on bus 9 is 0.000 
13. 
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Fig. 4. Bus Voltage of selected bus of IEEE 14 bus with the 
integration of 1 PV power plant. 
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Fig. 5. Bus Voltage of selected bus of IEEE 14 bus with the 
integration of 3 PV power plants. 
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deviation value on bus 5 is 0.000 34. Enhancement of 
voltage profile is also monitored in bus 8 and 9. After 
integration of three PV power plants, the voltage of bus 
8 has an average value of 0.960 4, a maximum value of 
0.960 58, a minimum value of 0.960 40, and the 
standard deviation value on bus 8 is 0.000 12. While 
the voltage of bus 9 has an average value of 0.949 27, a 
maximum value of 0.949 28, a minimum value of 0.949 
27, and the standard deviation value on bus 9 is 0.000 
13. 
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Fig. 4. Bus Voltage of selected bus of IEEE 14 bus with the 
integration of 1 PV power plant. 

 

 

a) Bus 5 

 

b) Bus 8 

 

c) Bus 9 

Fig. 5. Bus Voltage of selected bus of IEEE 14 bus with the 
integration of 3 PV power plants. 
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average value of 0.969 66, a maximum value of 
0.969 90, a minimum value of 0.969 42, and the 
standard deviation value on bus 5 is 0.000 34. 
Enhancement of voltage profile is also monitored 
in bus 8 and 9. After integration of three PV power 
plants, the voltage of bus 8 has an average value of 
0.960 4, a maximum value of 0.960 58, a minimum 
value of 0.960 40, and the standard deviation value 
on bus 8 is 0.000 12. While the voltage of bus 9 has 
an average value of 0.949 27, a maximum value of 
0.949 28, a minimum value of 0.949 27, and the 
standard deviation value on bus 9 is 0.000 13.
 

From the two scenarios, it can be noticed 
that integration of one PV system results in a 
slight change of voltage profile and hence a 
small fluctuation in voltage values.  In the second 
scenario of integrating three PV power plants, the 
voltage profiles of the investigated buses are less 
fluctuating than in the first scenario with one PV 
power plant. The placement of PV power plants 
close to each other results in the less fluctuating 
condition of power flow and hence enhanced the 
voltage stability. Additional power injection from 

three locations of PV power plants results in more 
stable voltage profiles of the investigated bus.

3.2  Lombok Network Power Flow Analysis

Similar scenarios were implemented in the second 
practical test system of the Lombok interconnected 
power system. In the first scenario, one PV power 
plant is integrated. The rated capacity of a 5 MW 
PV system is considered.  

Figure 6 represents the fluctuation of bus 
Ampenan, Jeranjang, and Mantang in the Lombok 
system after the integration of one PV power plant. 
It was monitored that when one PV power plant is 
integrated, the bus voltage of Ampenan fluctuated 
significantly. The bus voltage of bus Ampenan has 
an average value of 0.987 9, a maximum value 
of 0.988 1, a minimum value of  0.987 8, and the 
standard deviation value on the Ampenan bus is 
6.045 1. Similarly, the fluctuating condition was 
observed in bus Jeranjang. It was monitored that 
the voltage of bus Jeranjang has an average value of 
0.991 9, a maximum value of 0.992 1, a minimum 
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deviation value on bus 5 is 0.000 34. Enhancement of 
voltage profile is also monitored in bus 8 and 9. After 
integration of three PV power plants, the voltage of bus 
8 has an average value of 0.960 4, a maximum value of 
0.960 58, a minimum value of 0.960 40, and the 
standard deviation value on bus 8 is 0.000 12. While 
the voltage of bus 9 has an average value of 0.949 27, a 
maximum value of 0.949 28, a minimum value of 0.949 
27, and the standard deviation value on bus 9 is 0.000 
13. 
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Fig. 4. Bus Voltage of selected bus of IEEE 14 bus with the 
integration of 1 PV power plant. 
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Fig. 5. Bus Voltage of selected bus of IEEE 14 bus with the 
integration of 3 PV power plants. 
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deviation value on bus 5 is 0.000 34. Enhancement of 
voltage profile is also monitored in bus 8 and 9. After 
integration of three PV power plants, the voltage of bus 
8 has an average value of 0.960 4, a maximum value of 
0.960 58, a minimum value of 0.960 40, and the 
standard deviation value on bus 8 is 0.000 12. While 
the voltage of bus 9 has an average value of 0.949 27, a 
maximum value of 0.949 28, a minimum value of 0.949 
27, and the standard deviation value on bus 9 is 0.000 
13. 
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Fig. 4. Bus Voltage of selected bus of IEEE 14 bus with the 
integration of 1 PV power plant. 
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Fig. 5. Bus Voltage of selected bus of IEEE 14 bus with the 
integration of 3 PV power plants. 
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deviation value on bus 5 is 0.000 34. Enhancement of 
voltage profile is also monitored in bus 8 and 9. After 
integration of three PV power plants, the voltage of bus 
8 has an average value of 0.960 4, a maximum value of 
0.960 58, a minimum value of 0.960 40, and the 
standard deviation value on bus 8 is 0.000 12. While 
the voltage of bus 9 has an average value of 0.949 27, a 
maximum value of 0.949 28, a minimum value of 0.949 
27, and the standard deviation value on bus 9 is 0.000 
13. 
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Fig. 4. Bus Voltage of selected bus of IEEE 14 bus with the 
integration of 1 PV power plant. 
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Fig. 5. Bus Voltage of selected bus of IEEE 14 bus with the 
integration of 3 PV power plants. 
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Fig. 5. Bus Voltage of selected bus of IEEE 14 bus with the integration of 3 PV power plants.
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value of 0.991 8, and the standard deviation value 
on the Jeranjang bus is 6.015 4. 

More stable bus voltage under different power 
injections from one PV power plant is shown in 
bus Mantang. It was observed that the voltage of 
the corresponding bus has an average value of                          
1.038 1, a maximum value of 1.038 4, a minimum 
value of 1.038 4, and the standard deviation value 
on the Mantang bus is 0.000 1.
 

Fig. 6. Bus Voltage of selected bus of Lombok 
system with integration of one PV power plant.
The second scenario considers the integration of 
three PV power plants in Sengkol, Pringgabaya, 
and Paokmotong with a capacity of 3 × 5 MW. 
Figure 7 shows the fluctuation of bus 5, 8, and 9 
voltages under uncertain power injection from 
three PV power plants. 

Additional power injection from three locations 
of PV power plants results in more stable voltage 
profiles of the investigated bus. More power 

injection from three distributed PV power plants 
enhanced the voltage profiles of the system and also 
reduced the voltage fluctuation.

The bus voltage of Ampenan is indicated by 
an average value of 0.987 6, a maximum value 
of 0.9879, a minimum value of  0.987 3, and the 
standard deviation value on the Ampenan bus is 
0.000 122. The average value of the voltage profile 
is higher and the standard deviation is lower than 
the scenario with one PV system. These conditions 
indicate the improvement of static voltage stability. 
Similar results are observed in bus Jeranjang 
and Mantang. In detail, the voltage profile of 
bus Jeranjang has an average value of 0.986 7,                                                 
a maximum value of 0.987 1, a minimum value 
of 0.986 5, and the standard deviation value on 
the Jeranjang bus is 0.000 123. While bus voltage 
of Mantang has an average value of 1.039 113 a 
maximum value of 1.03 96, a minimum value of 
1.038 3, and the standard deviation value on the 
Mantang bus is 0.000 256.

 

From the two scenarios, it can be noticed that 
integration of one PV system results in a slight change 
of voltage profile and hence a small fluctuation in 
voltage values.  In the second scenario of integrating 
three PV power plants, the voltage profiles of the 
investigated buses are less fluctuating than in the first 
scenario with one PV power plant. The placement of 
PV power plants close to each other results in the less 
fluctuating condition of power flow and hence 
enhanced the voltage stability. Additional power 
injection from three locations of PV power plants 
results in more stable voltage profiles of the 
investigated bus. 

3.2 Lombok Network Power Flow Analysis 

Similar scenarios were implemented in the second 
practical test system of the Lombok interconnected 
power system. In the first scenario, one PV power plant 
is integrated. The rated capacity of a 5 MW PV system 
is considered.   

Figure 6 represents the fluctuation of bus 
Ampenan, Jeranjang, and Mantang in the Lombok 
system after the integration of one PV power plant. It 
was monitored that when one PV power plant is 
integrated, the bus voltage of Ampenan fluctuated 
significantly. The bus voltage of bus Ampenan has an 
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of the PV power plant is to support the power demand 
without reducing existing power generation from 
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effect of uncertainties of solar irradiance can be 
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Fig. 7. Bus voltage of selected bus of Lombok system with integration of three PV power plants.

From the presented results, integrating more 
PV power plants in some locations provides 
beneficial effects on power system operation. Since 
the function of the PV power plant is to support the 
power demand without reducing existing power 
generation from conventional power generation. 
Eventually, it would improve the voltage profiles 
of the system. The static voltage stability of the 
power system is enhanced with the increase of PV 
power plant penetrations. It can be observed from 
the presented research that most of the voltage 
profiles had higher values than in the base case 
scenario without penetration of the PV power plant.  
Moreover, distributed location of the power system 
would reduce congestions of transmission lines 
and power losses. It would provide a more stable 
voltage profile as indicated by lower values of 
standard voltage deviation. With these results, it can 
be suggested that more distributed PV power plant 
installation would provide a more stable situation 
of voltage profiles. The obtained results can be 
implemented to planning the PV allocation and 
transmission line expansion. Hence, the effect of 

uncertainties of solar irradiance can be minimized 
and more stable system voltage profiles can be 
maintained.

In this research, Monte Carlo Simulation is 
considered to provide the probabilistic study of 
system voltage variations under random power 
injection from PV generations. To obtain more 
realistic results, the number of data can be increased. 
However, it should be considered the computational 
time when a large number of data were considered 
in the studies. In the future, more detailed data 
resolution can be considered to perform the 
probabilistic analysis and more renewable energy 
sources such as wind power generation can be 
involved in the study.

4.   CONSLUSION

A probabilistic study of voltage profiles of the 
interconnected power system has been addressed in 
this paper. It was clearly shown from standard test 
systems and practical test systems that the integration 
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of PV power plants and additional power injection 
from those renewable power sources enhanced the 
system voltage profiles. It was also observed that 
more distributed power sources would maintain 
the static voltage stability conditions even though 
the power system was operated under uncertain 
circumstances of power injection from PV.

5.   CONFLICT OF INTEREST

The authors declare no conflict of interest.

6.   REFERENCES 

1. A.U. Krismanto and N.Mithulanthan. Probabilistic 
small signal stability analysis of autonomous 
wind-diesel microgrid.  ISGT Asia Pacific 2017. 
Auckland, New Zealand, (2017). DOI: 10.1109/
ISGT-Asia.2017.8378359

2. Anindhita, I. Rahardo, I. Fitriana, R.E.P. Dewi, 
E. Siregar, N. Niode, Yudiartono, A. Sugiyono, 
L.O.M.A. Wahid, P.T. Wijaya, and A.K. Paminto. 
Outlook Energi Indonesia 2018  - Energi 
Berkelanjutan untuk Transportasi Darat [Indonesia 
Energy Outlook  2018 - Sustainable Energy for 
Land Transportation]. Pusat Pengkajian Industri 
Proses dan Energi (PPIPE), Badan Pengkajian dan 
Penerapan Teknologi (BPPT). Jakarta, Indonesia 
(2018) [in Bahasa Indonesia] 

3. REN21, Renewables 2020 Global Status Report, 
(2018).

4. E. Yandri. The effect of Joule heating to thermal 
performance of hybrid PVT collector during 
electricity generation. Renewable Energy, 111: 344–
352 (2017). DOI: 10.1016/j.renene.2017.03.094

5. R. Shah., M. Nadarajah., R. Bansal., K. Lee, and A. 
Lomi. Influence of large-scale PV on voltage stability 
of sub-transmission system. International Journal 
on Electrical Engineering and Informatics 4(1): 
148–161 (2012). DOI: 10.15676/ijeei.2012.4.1.12

6. N. Dhlamini, and S.P.D. Chowdhury. Solar 
photovoltaic generation and its integration impact 
on the existing power grid.  IEEE PES/IAS 
Power Africa, (2018) p. 710–715. DOI: 10.1109/
PowerAfrica.2018.8521003 

7. F.A. Khalil, M. Asif, S. Anwar, Sana ul Haq, and F. 
Illahi. Solar tracking techniques and implementation 
in photovoltaic power plants: A review. Proceedings 
of the Pakistan Academy of Sciences A. Physical and 
Computational Sciences 54 (3): 231–241 (2017)

8. R. Bayindir., Ş. Demirbaş., E. Irmak., U. Cetinkaya., 
A. Ova, and M. Yeşil. Effects of renewable energy 
sources on the power system.  IEEE International 
Power Electronics and Motion Control Conference 
(PEMC) (2016). p. 388–393. DOI: 10.1109/
EPEPEMC.2016.7752029 

9. P. Kundur., N.J. Balu, and M.G. Lauby. Power 
System Stability and Control (Vol. 7). McGraw-hill, 
New York (1994). 

10. D. Wang., X. Yuan., M. Zhao, and Y. Qian. 
Impact of large-scale photovoltaic generation 
integration structure on static voltage stability in 
China's Qinghai province network. The Journal 
of Engineering 2017(13): 671–675 (2017). DOI: 
10.1049/joe.2017.0414.

11. E. Munkhchuluun, and L. G. Meegahapola. Impact 
of the solar photovoltaic (PV) generation on 
long-term voltage stability of a power network. 
Conference: 2017 IEEE Innovative Smart Grid 
Technologies - Asia (ISGT-Asia),  1–6. 2017. DOI: 
10.1109/ISGT-Asia.2017.8378456.

12. W. Suampun.  Voltage stability analysis of grid-
connected photovoltaic power systems using 
CPFLOW. Procedia Computer Science, 86: 301–
304, 2016. DOI: 10.1016/j.procs.2016.05.082

13. A. U. Krismanto, N. Mithulananthan, and I. Kamwa, 
Oscillatory stability assessment of microgrid in 
autonomous operation with uncertainties. IET 
Renewable Power Generation, 12(4): 494–504, 
2018. DOI: 10.1049/iet-rpg.2017.0579

14. R. Sridharan. Gaussian Mixture Models and the EM 
Algorithm, (Lecture Notes - MIT CSAIL). (2017).
https://people.csail.mit.edu/rameshvs/content/
gmm-em.pdf  (Accessed on 15 January 2021).  

15. G. Stefopoulos., A.P. Meliopoulos, and G.J. 
Cokkinides. Advanced probabilistic power flow 
methodology. 15th Power Systems Computation 
Conference. (PSCC) 2005, (2005) p. 22–26. 

16. A.U. Krismanto., N. Mithulananthan, and I. Kamwa. 
Oscillatory stability assessment of microgrid in 
autonomous operation with uncertainties. IET 
Renewable Power Generation, 12(4): 494–504. 
(2018). DOI:  10.1049/iet-rpg.2017.0579 

17. S. Conti, and S. Raiti. Probabilistic load flow 
using Monte Carlo techniques for distribution 
networks with photovoltaic generators. Solar 
Energy 81(12): 1473–1481 (2007).  DOI: 10.1016/j.
solener.2007.02.007 

18. R. Liang, and J. Liao. A fuzzy-optimization 
approach for generation scheduling with wind and 

82 Krismanto et al



solar energy systems. IEEE Transactions on Power 
Systems 22(4): 1665–1674 (2007). DOI: 10.1109/
TPWRS.2007.907527 

19. J. Park., W. Liang., J. Choi., A.A. El-Keib., M. 
Shahidehpour, and R. Billinton. A probabilistic 
reliability evaluation of a power system including 
Solar/Photovoltaic cell generator.  IEEE Power & 

Energy Society General Meeting, 2009, pp. 1–6. 
DOI: 10.1109/PES.2009.5275722 

20. Q. Linan., Z. Dawei., S. Tao., C. Ning, and D. Jie. 
Photovoltaic generation model for power system 
transient stability analysis. International Journal 
of Computer and Electrical Engineering 5(3): 289–
300 (2013). DOI: 10.7763/IJCEE.2013.V5.717

 Probabilistic Static Voltage Stability of Power System  83




