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Abstract: One of the main focus in integrating large scale wind power plant is how to maintain voltage stability under 

different power injection from wind farm. In this paper, effects of large-scale wind power plants on voltage profile of 
power system is investigated. Practical test system of South-West Sulawesi, Indonesia with integration of two large 

scale wind power plants are considered. It was monitored that the increasing wind enhanced the voltage profile of the 

system. Impacts of wind power integration on power system voltage profile were investigated in this paper. Probability 

analaysis based on MCS were conduted to observe the impacts of uncertain power injection from wind farm on voltage 

fluctuation. It was clearly monitored that the probability distribution of bus voltage varied accordingly depending to 

location and capacity of wind farm. It was also monitored that enhancement of voltage profiles increased in proportion 

with power injection from wind farm. Thus, having more power production from wind farm results in better load-

ability and eventually improved voltage stability condition of power system as shown in bus 31 (the voltage magnitude 

increased from 0.942 to 0.952 pu).   

Keywords: MCS, Renewable energy, Uncertainty, Voltage profile, Wind power. 

 

 

1. Introduction 

The world power demand has been increasing 
significantly due to the escalation of industrialization 

and the increase of energy demand for consumer 

product. On the other hand, it is very difficult to 

accurately estimate the sustainability and availability 
of conventional fossil fuel [1]. Moreover, the massive 

increase of fossil fuel consumption introduces severe 

impacts on environment resulting global warming, 
climate change and excessive greenhouse effects. 

With the increase of electricity demand and several 

challenges and drawbacks of fossil fuel, energy 
security has become a major concern worldwide. 

Therefore, invention and exploration of novel energy 

resources in particular renewable energy resources 

has become a mandatory circumstance to ensure the 

energy securities.  

In the past decade, renewable energy resources 
have become an important issue to provide sufficient 

energy supply for the load. Among various renewable 

energy resources, wind and solar are leading the 
growth of the installed renewable energy in power 

system network [2]. The worldwide installed capacity 

of wind power-based electricity generation has been 

increasing rapidly to around 700 GW by the end of 
2019. In Indonesia the 150 MW wind power plant has 

been installed at South-West Sulawesi network and 

another 150 MW is upcoming within few years. With 
the increasing installed capacity of renewable based 

power generation, it is necessary to have a 

comprehensive knowledge regarding possible 
impacts of renewable energy on power system 

operation. 
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Modern power system, involving Indonesia power 
system network, incorporates more and more 

uncertain and uncontrollable energy resources to 

fulfil the electricity demand [3]. As mainly 

influenced by weather and environmental factors, 
uncertain power injection from renewable based 

power generation potentially alter power flow, effects 

transmission lines congestion and influences voltage 
profiles of the power system. The beneficial effects 

of integrating such energy resources in 

environmental and economic point of view are 
presented in [4, 5]. It was reported that bringing 

renewable energy results in reduction in 

environmental and fuel costs. Moreover, it also has 

benefits to both climate and public health due to 
reducing CO2 emission and other pollutant. From 

power system operation point of view, it was 

monitored that additional power injection from 
renewable energy based power generation 

contributed to increase the voltage profiles of the 

system [6]. The enhancement of voltage profiles 
leads to the improvement of power system load-

ability. 

Despite the advantages of installing renewable 

energy in power system network, the uncertainty and 
intermittency features of the renewable energy-based 

power generation result in more complex operation 

and control of the power system. To ensure energy 
conservation, time varying power demand should be 

continuously matched with the power generation [1]. 

Instantaneous change of power injection from 

renewable energy potentially introduce distortion of 
power balance in steady state operation of power 

system, which lead to oscillatory circumstance. 

Therefore, a fast compensation should be provided to 
maintain equilibrium point and stable operation of 

power system [7, 8]. Moreover, it potentially 

influenced resonance and interaction phenomenon in 
power system [9–11]. In case of higher share of 

renewable energy resources, power system 

reinforcement actions are required for overcoming 

network problem raised by these volatile sources [12]. 
Moreover, installed renewable energy based power 

generation may cause frequency and voltage 

variations, power factor reduction dan harmonic 
distortion [13]. 

From voltage stability point of view, one of the 

main concerns of integrating wind power plant is 
power injection from wind power plant which 

randomly affect the voltage stability of power 

system.[14]. Instantaneous and unpredictable change 

of injected power from wind power plant might affect 
dynamic/ transient voltage stability. The voltage 

stability concerns are also influenced by location of 

wind power plant. As most of the wind power plant 

are located in coastal of off-shore area, it requires a 
long transmission line to make a grid connection. The 

existence of long transmission line potentially affects 

the voltage profiles in particular under heavy loading 

condition and fluctuating power generation [15]. 
Moreover, implementation of asynchronous 

machines in variable speed wind power technologies 

absorbs a certain amount of reactive power. Hence, it 
also affects the reactive power flow and eventually 

voltage stability. A robust control algorithm is 

necessary to ensure voltage stability of the power 
system with high penetration of wind power plant. 

Hence, the voltage stability can be maintained under 

random power injection from wind power plant [16]. 

With either advantages or drawbacks impacts of 
integrating renewable energy, it is necessary to be 

able to capture the system behaviours under various 

power injection from those renewable based power 
plant. Generally, deterministic load flow is sufficient 

to capture system performance when uncertainties in 

power generation and load are not considered. The 
deterministic load flow only presenting the system 

behaviour according to the provided system 

operational data. It has a limitation in presenting the 

randomness in the power system. Therefore, with the 
increase level of uncertainties due to renewable 

power plant integration, more efficient tools are 

required to be able to capture the variability of system 
performance [10]. 

Many studies have been conducted to investigates 

the impacts of wind power penetration using 

probability approaches. Large scale wind power 
potentially affects the oscillatory condition of power 

system, therefore probabilistic analysis of small 

signal stability of power system with wind power has 
been analysis in [17–20]. It was monitored that 

uncertain power injections from wind power plant 

results in random trajectories movement of critical 
modes. Consequently, it potentially leads to unstable 

conditions when small perturbations were 

experienced by power system. A statistical analysis 

improved the ability to assess the power system 
performance and risk of instability under random 

wind power injection. 

It was clearly reported from previous studies that 
uncertain power injection from wind power plant 

randomly influenced system dynamic behaviour 

involving the system voltage profiles. Even though, 
voltage instability might be better captured using a 

stochastic approach, lack of research has been 

conducted to investigated these concerns. In [21], a 

probabilistic density function of voltage instability 
has been presented, however, it did not provide a 

clear description regarding voltage stability 

performance of power system. Effects of random 
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wind power injection on voltage stability of radial 
distribution network is presented in [22–24]. 

Probabilistic analysis of voltage profiles under 

different wind power injection in a simple 

transmission network is presented in [25]. Time 
series load flow analysis with integration of wind 

power is presented in [26]. The wind power was 

modelled using deterministic approach with limited 
time span. Therefore, it did not reflect the realistic 

scenarios of wind power.  

This paper presents a probabilistic approach of 
voltage stability of power system with large-scale 

wind power integration. Realistic meteorological 

wind data are considered and applied to a practical 

test system to present more comprehensive voltage 
stability assessment. Monte Carlo (MC) analytical 

approach is implemented to provide precise 

estimation of wind power distribution function and 
realistic scenarios of power injections from wind 

power plant. The remainder of the paper is organised 

as follows. Probabilistic model of wind speed is 
presented in Section II. The MCS is described in 

Section III. Dynamic model of wind power plant is 

presented in Section IV. The comprehensive analysis, 

results discussions of voltage profile fluctuation is 
given in Section IV.  Eventually, conclusions and 

contributions of this paper are highlighted in Section 

V. 

2. Dynamic models of wind power plant 

of fixed speed wind turbines in term of a limited 

variation in turbine rotor speed and reactive power 

compensation encouraged the development of 
variable speed wind turbine technology. Capability to 

operate in a wide range of wind speed variations is an 

important feature which should be considered in 

integrating wind power plant. Therefore, among wind 
power technology, doubly fed induction generator 

(DFIG) and fully rated wind energy conversion 

system have been used popularly worldwide.  
In this research, a fully rated wind power 

generation is considered.  Those direct driven wind 

power plant technology provides a full service and 
flexible operations of back-to-back inverter system 

for controlling and maintaining a stable to generated 

power under fast change of wind speed. The 

implementation of high pole count machines in full 
converter turbine allows gearbox-less configuration 

from drive-train, thus improving reliability [27]. The 

investigated wind power technology also offers 
independent real and reactive power control which 

improves variable operation capability. Moreover, 

direct connection of back-to-back inverter provides 
full decouple between mechanical and electrical sides 

of wind power plant. Hence, the fluctuation and 

frequency variation in  

mechanical side would be fully isolated and not affect 
the frequency of the grid side.  

A block diagram of dynamic model of fully rated 

wind generation is depicted in Fig. 1. The dynamic 
model fully rated wind power generator is comprising 

of dynamic model of induction generator and a 

detailed model of back to back inverter system as  
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Figure. 1 Dynamic model of wind power generation 
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Figure. 2 PLL controller 

 

presented in [11, 28]. In this research, it is assumed 

that the wind power plant is operated at a constant 
pitch angle. Hence, only controllers of back-to-back 

inverter system is considered. Control system of fully 

rated wind power generation is comprising of 

generator and grid side controllers. Which is 
responsible for facilitating variable speed operation 

capability under fluctuating condition of wind speed 

and controlling power flow to the grid while 
enhancing power quality respectively [29]. 

Maintaining a synchronous operation of wind 

power plant during grid tied mode of operation is 

very important to ensure stability of power system. 
The synchronisation mechanism is controlled using 

phase lock loop (PLL) controller as depicted in Fig. 

2. The synchronisation controller determines 
reference angle, frequency and voltage values. 

Dynamic behaviour of the PLL controller is 

represented by a set of auxiliary state variables 

(𝜑𝑑𝑃𝐿𝐿 , 𝜑𝑞𝑃𝐿𝐿) as given by the following equation 

 
𝑑𝜑𝑑𝑃𝐿𝐿

𝑑𝑡
= 𝑣𝑑𝑟𝑒𝑓 − 𝑣𝑞𝑔𝑟𝑖𝑑 ,

𝑑𝜑𝑞𝑃𝐿𝐿

𝑑𝑡
= 𝑣𝑞𝑟𝑒𝑓 − 𝑣𝑑𝑔𝑟𝑖𝑑  

(1) 

 

The obtained error of reference and measured bus 

voltage is then regulated using PI controller to 
determine reference values of reactive power and 

angular frequency. The obtained reference values 

from synchronization controller are then applied to 

the local controller of grid-side converter control 
algorithms. Calculation of reference reactive power 

and angular frequency from PLL controller are given 

by the following equations 
 

𝑄𝑟𝑒𝑓 = 𝐾𝑖𝑃𝐿𝐿𝜑𝑑𝑃𝐿𝐿 + 𝐾𝑝𝑃𝐿𝐿(𝑣𝑑𝑟𝑒𝑓 − 𝑣𝑑𝑔𝑟𝑖𝑑) (2) 

 

𝜔𝑟𝑒𝑓 = 𝐾𝑖𝑃𝐿𝐿𝜑𝑑𝑃𝐿𝐿 + 𝐾𝑝𝑃𝐿𝐿(𝑣𝑞𝑟𝑒𝑓 − 𝑣𝑞𝑔𝑟𝑖𝑑) (3) 

 
The generator-side converter control is 

responsible for maintaining a stable condition of 

terminal generator and DC link voltage, allowing 
variable speed operation of the induction generator. 

Measured terminal generator and DC link voltage are 

compared to their reference values. The determined 

errors are then controlled using conventional PI 
control method to derive reference values of direct 

and quadrature currents. By considering 𝛽𝑑𝑔𝑒𝑛 and 

𝛽𝑞𝑔𝑒𝑛 as auxiliary state variables of outer control 

loop of generator side converter, state equations of 

the controller can be stated as 
 

𝑑𝛽𝑑𝑔𝑒𝑛

𝑑𝑡
= 𝑣𝑑𝑟𝑒𝑓 − 𝑣𝑑𝑐 ,

𝑑𝛽𝑞𝑔𝑒𝑛

𝑑𝑡
= 𝑣𝑔𝑒𝑛_𝑟𝑒𝑓 − 𝑣𝑔𝑒𝑛  (4) 

 

The reference currents of generator side converter 

are given by 
 

𝑖𝑑𝑔𝑒𝑛_𝑟𝑒𝑓 = 𝐾𝑖21𝛽𝑑𝑔𝑒𝑛 + 𝐾𝑝21𝑣𝑑𝑟𝑒𝑓 − 𝐾𝑝21𝑣𝑑𝑐 (5) 

 

𝑖𝑞𝑔𝑒𝑛_𝑟𝑒𝑓 = 𝐾𝑖11𝛽𝑞𝑔𝑒𝑛 + 𝐾𝑝11𝑣𝑔𝑒𝑛_𝑟𝑒𝑓 − 𝐾𝑝11𝑣𝑔𝑒𝑛

 (6) 
 

Output variables from the outer control loop are 

then applied to inner current control loop as reference 
values and compared to the actual values of generator 

currents (𝑖𝑑𝑔𝑒𝑛, 𝑖𝑞𝑔𝑒𝑛). 

A similar algorithm is implemented to the current 
control loop to determine the modulation indices 

(𝑚𝑑𝑔𝑒𝑛
∗ , 𝑚𝑞𝑔𝑒𝑛

∗ )  for the generator-side converter. 

These modulation indices are afterward employed as 
control variables of PWM switching scheme for the 

converter. Auxiliary state variables of 𝛾𝑑𝑔𝑒𝑛  and 

𝛾𝑞𝑔𝑒𝑛  are required to provide state equation of the 

current controller as given by 

 
𝑑𝛾𝑑𝑔𝑒𝑛

𝑑𝑡
= 𝑖𝑑𝑔𝑒𝑛_𝑟𝑒𝑓 − 𝑖𝑑𝑔𝑒𝑛,

𝑑𝛾𝑞𝑔𝑒𝑛

𝑑𝑡
= 𝑖𝑞𝑔𝑒𝑛_𝑟𝑒𝑓 −

𝑖𝑞𝑔𝑒𝑛
 (7) 

 

The algebraic equations of modulation indices 

reference signal for generator side converter are 
given by 

 

𝑚𝑑𝑔𝑒𝑛
∗ = 𝐾𝑖41𝛾𝑑𝑔𝑒𝑛 + 𝐾𝑝41𝑣𝑑𝑔𝑒𝑛_𝑟𝑒𝑓 − 𝐾𝑝41𝑖𝑑𝑔𝑒𝑛

 (8) 
 

𝑚𝑞𝑔𝑒𝑛
∗ = 𝐾𝑖31𝛾𝑞𝑔𝑒𝑛 + 𝐾𝑝31𝑣𝑞𝑔𝑒𝑛_𝑟𝑒𝑓 − 𝐾𝑝31𝑖𝑞𝑔𝑒𝑛

 (9) 

 

Similar to the generator-side control, the grid-side 

inverter control in fully rated converter-based wind 
power plant is consisting of slow response outer and 

fast response inner control loops. In the outer control 

loop, the calculated active and reactive power 
reference values are compared to the measured active 

and reactive output power. The obtained error is then 

regulated by PI controller, yielding the reference 
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values for the inner current control loop. By 

considering 𝛽𝑑𝑔𝑟𝑖𝑑  and 𝛽𝑞𝑔𝑟𝑖𝑑 as auxiliary state 

variables of the outer control loop of grid-side 

converter, state equations of the controller can be 
stated in the following equations 

 
𝑑𝛽𝑑𝑔𝑟𝑖𝑑

𝑑𝑡
= 𝑃𝑟𝑒𝑓 − 𝑃,

𝑑𝛽𝑞𝑔𝑟𝑖𝑑

𝑑𝑡
= 𝑄𝑟𝑒𝑓 − 𝑄

 (10) 

 

The reference currents of grid-side converter are 

calculated as follows 
 

𝑖𝑑𝑔𝑟𝑖𝑑_𝑟𝑒𝑓 = 𝐾𝑖22𝛽𝑑𝑔𝑟𝑖𝑑 + 𝐾𝑝22𝑃𝑟𝑒𝑓 − 𝐾𝑝22𝑃
 (11) 

 

𝑖𝑞𝑔𝑟𝑖𝑑_𝑟𝑒𝑓 = 𝐾𝑖12𝛽𝑞𝑔𝑟𝑖𝑑 + 𝐾𝑝12𝑄𝑟𝑒𝑓 − 𝐾𝑝12𝑄
 (12) 

3. Method  

3.1 Probabilistic model of wind speed 

The wind speed condition in a particular region is 

highly affected by many environmental factors such 

as irradiation of solar, the surface and complexity of 
terrain and humidity. In order to optimize the wind 

resource, it is necessary to accurately estimate the 

wind energy potential even though it is very difficult 
to predict and model the distribution of wind speed 

due to its stochastic nature. So far, a statistical 

method is the best approach to describe the wind 

speed nature. Among the probability density function, 
Weibull function is considered more versatile and 

widely implemented to capture the wind speed 

profiles. The Weibull probabilistic f(v) and 
cumulative F(v) distribution functions for a given 

wind speed can be presented as follows [27]. 

 

𝑓(𝑣) =
𝑘

𝑐
(

𝑣𝑤

𝑐
)

𝑘−1

 𝑒𝑥𝑝 [− (
𝑣𝑤

𝑐
)

𝑘
] (13) 

 

𝐹(𝑣) = 1 −  𝑒𝑥𝑝 [− (
𝑣𝑤

𝑐
)

𝑘
]               (14) 

 

Where k and c are related to shape and scale 

parameters of the Weibull distribution. The “shape 
parameter” represents average value of wind speed. 

The “shape parameter” describes the wind speed 

distribution. Higher “k” and “c” values indicates 

higher density of wind speed and how much the 
distribution of wind speed is stretched along the 

horizontal axis respectively. 

Weibull parameters can be estimated through 
graphical and numerical methods. Comparing with 

the graphical methods, the numerical method that 

 

Pw[pu,W]

Wind Speed[m/s]Vci Vco
Vr

 
Figure. 3 Wind power curve 

 

uses mathematical iterations provides more accurate 

results in determining the shape and scale parameters 

of Weibull pdf  [30]. Among several estimation 
techniques, maximum likelihood method provides 

better accuracy in determining the Weibull 

parameters [30–32]. The k and c parameters can be 
obtained by iteratively solving the Eqs. (3) and (4) 

respectively. 

 

𝑘 = [
∑ 𝑣𝑖

𝑘 𝑙𝑛(𝑣𝑖)𝑛
𝑖=1

∑ 𝑣𝑖
𝑘𝑛

𝑖=1

−
∑  𝑙𝑛(𝑣𝑖)𝑛

𝑖=1

𝑛
]

−1

 (15) 

 

𝑐 = (
1

𝑛
∑ 𝑣𝑖

𝑘𝑛
𝑖=1 )

1

𝑘
 (16) 

 

Where n represents the number of observations 
performed. 

The obtained probability density function of wind 

speed is then implemented to estimate the distribution 
of generated power from wind power plant.  The 

output power from wind power plant is influenced by 

mechanical characteristic of wind turbine, power 

output curve and actual wind speed values. Typical 
power curve of a particular wind turbine is depicted 

in Fig. 1. Wind turbine normally operates between 

cut-in (Vci) and cut-off speed (Vco). When operated 
between those limits, the generated power increases 

in proportion with the increase of wind speed. The 

nominal power output is reached when the wind 
speed is equal to rated speed (Vr). However, under 

cut-in speed and above cut-off speed, the wind 

turbine should not be operated due to efficiency and 

safety reasons respectively [33].  
Using the presented wind power curve, the 

generated power from wind power plant can be 

formulated as given by the following equation [34, 
35]. 

 

𝑃𝑤(𝑣𝑤) {

0 𝑓𝑜𝑟 𝑣 < 𝑣𝑐𝑖  𝑜𝑟 𝑣 > 𝑣𝑐𝑜
𝑣𝑤−𝑣𝑐𝑖

𝑣𝑟−𝑣𝑐𝑖
𝑃𝑤𝑟  𝑓𝑜𝑟 𝑣𝑐𝑖 ≤ 𝑣 ≤ 𝑣𝑟

𝑃𝑤𝑟 𝑓𝑜𝑟 𝑣𝑟 < 𝑣 < 𝑣𝑐𝑜
 (17) 
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Where Pw and Pwr represent a power output at a 

particular wind speed and the equivalent rated power 

output of wind power plant. In this research, power 

injection from wind power plant is increasing 
proportionally to investigate impacts of increasing 

wind power penetration on power system voltage 

stability. 

3.2 Monte carlo simulation for probabilistic 

load flow analysis 

Integration of renewable based power generation 
creates novel challenges on planning and operation of 

power system. From load-flow point of view, random 

power injection from renewable power plant 

involving wind power causes power production to be 
neither continuous nor slightly controllable. 

Consequently, a novel approach in investigating 

power system performance under uncertainties is 
required. 

With the increase of uncertainties in power system 

involving random power generation and load 
fluctuation, the deterministic power flow is not 

sufficient to capture entire power system 

performance. An acceptable solution to overcome the 

limitation of deterministic analysis is the use of 
stochastic models to represent the load flow condition 

considering uncertainties [3]. 

In general, the aim of power flow analysis is to 
solve a set of non-linear equations in order to find a 

power balance condition from determined initial 

conditions. A set of non-linear equations in power 

flow is representing as a set of differential-algebraic 
equations. The formulation of the power flow 

problems can be stated as. 

 

𝑔(𝑥) = 0  

[𝑔𝑃(𝑥) 𝑔𝑄(𝑥)]𝑇 = 0                            (18) 

 

Where 𝑔  defines a set of algebraic equations 

correlated to power balance at network buses and 𝑥 
the state vector.  

The input or known quantities are the injected 

active power (P) at all busbar (P and Q or P and V are 
known) except the slack bus, the injected reactive 

power (Q) at all the load busbar (P and Q are known) 

and the voltage magnitude at all generator busbar (P 

and V are known). The algebraic equations for active 
and reactive power are given as follows. 

 

𝑃𝑖 = 𝑔𝑖
𝑃(𝛿1, 𝛿2, … , 𝛿𝑛, 𝑉1, 𝑉2, … , 𝑉𝑛)  

𝑄𝑖 = 𝑔𝑖
𝑄(𝛿1, 𝛿2, … , 𝛿𝑛, 𝑉1, 𝑉2, … , 𝑉𝑛)  (19) 

 

where i = 1, 2, …, n. n represents the number of 

power buses, nonlinear voltage (𝑉)  and phase 
(𝛿)relationships. More detail explanation of power 

flow procedures is represented in [36]. 

In probabilistic approach, the variables should be 
represented as random variables to obtain probability 

distribution function of state vector such as voltage 

profiles, losses and line flows. The active and reactive 
power from generation and load sides are considered 

by their probability distribution function. Since the 

aim of this research is to investigate the effects of 

wind power uncertainties, the wind power is 
modelled by using Weibull distribution function 

considering annual wind data with a minute 

resolution. 
The probabilistic power flow analysis with 

random power production from wind power plant is 

conducted through Monte Carlo Simulation (MCS). 
The MCS is an iterative analytical method which 

evaluates performance of a set of deterministic 

models using sets of random variables as input. The 

process of MCS simulation in solving probabilistic 
power flow analysis considering random power 

injection from wind power is depicted in Fig.4. The 

main procedure of implementing MC method to 
investigate voltage profiles variations under random 

power injection from wind power plant is given as 

follows 
 

• Estimate a probability distribution function 

(PDF) based on annual historical data of wind 

speed. 

• Generate random wind speed values according 

to the estimated PDF. Subsequently, the wind 
power productions are calculated based-on 

those random numbers for power flow analysis 

purpose. 

• Set a number of MC iteration based on the 
determined sample size of input and output 

variables. 

• Iteratively, carry out power flow analysis and 

store the voltage profile results. 

• From a set of obtained voltage profiles, the 
stochastic analytical technique is then 

conducted to investigate the fluctuation and 

distribution of voltage profiles under uncertain 

wind power injection. 

• Eventually, the voltage profile conditions were 
assessed statistically to determine the risk of 

instability and voltage stability performance. 

4. Results and discussions 

Effect of uncertain power injection from wind 
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Figure. 4 Monte carlo simulation (MCS) for probabilistic 

voltage stability analysis 

 

 power plant on voltage profiles of a practical power 

system network was investigated in this paper. The 

South West Sulawesi 150 kV interconnected power 
system is considered. This test system is realistic and 

real power system in developed country Indonesia. 

This test system is still under development as 
Indonesian government want to invest more 

renewable energy especially wind power system in 

this interconnected system. Hence this power plant 
can attract not only researcher but also practitioner to 

study the impact of integration wind power plant 

existing power plant. The selected power system 

network incorporates two 150 MW wind power 
plants in Sidrap (bus 28) and Jeneponto (bus 9) as 

depicted in Fig. 5 [37].  

The uncertainties are modelled using  
 

Table 1. Weibull PDF parameters of wind speed  

Parameters Sidrap Jeneponto 

Scale (c) 4.5936 6.3312 

Shape (k) 1.7013 1.5526 

 
Table 2. Statistical features of wind power production  

Parameters Sidrap Jeneponto 

Average 52.61592 73.99937 

Std. Dev. 33.84156 45.09077 

 

probabilistic model of actual wind speed data to 
determine the power production from wind power 

plant. Annual wind speed data with hourly sampling 

resolution from the two regions of Sidrap and 
Jeneponto were considered. The historical annual 

wind speed data were estimated using Weibull 

probability distribution function (PDF) to provide 

realistic scenarios of wind speed distribution. Table 1 
shows shape (k) and scale (c) parameters of the 

Weibull function for wind speed of the selected 

regions which are determined using the maximum 
likelihood method.  

The obtained wind speed PDF is used to generate 

random value of wind speed. Power injections from 
the wind power plant were varied in accordance with 

the generated random values of wind speed. The 

power production of wind power plant is varying as a 

function of cut-in speed (Vci), rated speed (Vr) and cut-
off speed (Vco). The generated output power of wind 

power plant is calculated using (5). In this paper, the 

values of Vci, Vr and Vco are of 3 m/s, 12.5m/s and 25 
m/s respectively. 

The probabilistic analysis was conducted by 

considering random power injection from wind 
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Figure. 5 South-west sulawesi 150 kV network 
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 power plant which have been created using the 

10,000 samples of wind speed and wind power 

production.  Fig.6 shows the wind speed distribution 
and variability of power production from wind power 

plant in Sidrap and Jeneponto in the form of 

histogram and cumulative distribution function 
(CDF). It was observed that in a particular area, the 

wind power production from a wind power plant is 

not linearly correlated with the wind speed due to the 

operation limits of wind turbine in the range of cut-
off and cut-in speed. The statistical features of wind 

power production and wind speed are presented in 

Table 2. From the average and standard deviation 
values, it was suggested that the wind power 

production from Jeneponto area is higher than in 

Sidrap area as indicated by higher average value. 
Moreover, it was also monitored that higher standard 

deviation value in Jeneponto area indicates more 

fluctuating condition of wind power production than 

in Sidrap area.  
Power flow direction in interconnected power 

system is mainly influenced by the location of 

generator unit, configuration of transmission lines 
and centre of load. Integration of novel generation 

unit would provide additional power injection which 

influence the power system operating condition 

involving power flow.  Similarly, the power 

production from large scale wind power plant altered 
the direction of power flow, transmission line loading 

condition and hence influenced power losses. 

Depending where the generation unit are situated and 
how much powers are generated, integrating 

additional power plant may either enhance or 

deteriorate the voltage profile of the particular bus of 

the interconnected power system. Therefore, a 
comprehensive analysis should be carried out 

carefully to investigate voltage profiles fluctuation in 

various power injection scenarios from the 
operational generation units. 

Variation of each bus voltage under maximum and 

minimum power injection from wind power plant is 
depicted in Fig. 7 It can be noticed that additional 

power injection from wind power plant introduces 

various effects on bus voltage. Enhancement of 

voltage profiles are observed in most of the bus 
voltage. A significant improvement is observed in 

bus 31. Without wind power contribution, an under- 

voltage condition with 0.942 pu voltage magnitude 
was experienced in bus 31.  With 300 MW power 

 

 

 

(a) 

 

  

(b) 

Figure. 6 Distribution of wind speed and wind power in: (a) Sidrap, (b) Jeneponto 
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Figure. 7 Maximum and minimum bus voltage variations 

with wind power integration. 

 
injection from wind power plant, voltage profile of 

the corresponding bus improved to 0.952 pu. Other 

bus voltages slightly vary either enhanced or 
deteriorated depending on the circumstances of the 

injected wind power production. It also can be 

observed that some buses have an effective voltage 

control hence the voltage magnitude of those buses 
was insensitive to generation variation.  

A probabilistic analysis incorporates wind speed 

and wind power uncertainties is required to capture 
more realistic condition of power system operation. 

10,000 data of wind power from Sidrap and 

Jeneponto areas are generated according to their wind 

speed probability distribution function. The 
generated wind power data are then randomly 

sampled through Monte Carlo Simulation (MCS) 

methods to realize the uncertain condition of wind 
power integration in interconnected power system.  

According to Fig. 7, the risk of fluctuating 

conditions of bus voltage potentially occurred at bus 
19, 30, 31, and 32. Therefore, the probabilistic 

analysis is focused on the investigation of voltage 

profiles of those marginal and critical buses. Three 

study cases are considered in this research to 
investigate the impacts of having random power 

injection from wind power plant. The first and second 

study cases considered effect of wind power 
integration in Sidrap (bus 28) and Jeneponto (bus 9) 

separately. While the third study case investigated the 

effect of integration of wind farm in Sidrap and 
Jeneponto simultaneously. 

Figure 8 shows the histogram and cumulative 

distribution of voltage profiles at bus 19 and 30, 31 

and 32 with random power injection from wind farm 
in Sidrap (bus 28). It was noticed that bus 19 was 

insensitive to variation of wind power. Most of the 

voltage profiles was around 0.976 under different 
power injection from the considered wind farm. 

Instead, at bus 30 and 32, the range of voltage 

variations is considerably narrower from 0.973 to 

0.976 pu and from 0.9901 to 0.9907 pu respectively. 

More significant voltage fluctuation was monitored 
at bus 31 as indicated by wider range of voltage 

fluctuations. The voltage profile of the considered 

bus varied from 0.9475 to 0.9495 pu. Even though the 

additional power from wind farm in Sidrap (bus 28) 
enhanced the voltage profile, the under-voltage 

condition was still monitored at bus 31 as indicated  
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Figure. 8 Histogram and cumulative distribution of 

voltage with wind power in: Sidrap (bus 28): (a) Bus 19, 

(b) Bus 30, (c) Bus 31, (d) Bus 40 
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by the voltage profile of below 0.95 pu. 
The second study case investigated fluctuation of 

voltage profiles with integration of wind farm in 

Jeneponto (bus 9). Fig. 9 shows the histogram and 

cumulative distribution of voltage profiles at bus 19, 
30, 31 and 32 with uncertain wind power in 

Jeneponto. It was noticed that bus 32 had an effective  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure. 9 Histogram and cumulative distribution of 

voltage with wind power in Jeneponto (bus 9): (a) Bus 

19, (b) Bus 30, (c) Bus 31, (d) Bus 32 

voltage control. The voltage of the bus 32 was 
relatively remaining constant around 0.9915 pu. A  
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(d) 

Figure. 10 Voltage profile variations of with wind power 

in Jeneponto (bus 9) and Sidrap (bus 28): (a) Bus 19, (b) 

Bus 30, (c) Bus 31, (d) Bus 32 
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narrow range of voltage variations was observed at 
bus 19 and 30. The voltages profiles of bus 19 and 30 

slightly varied from 0.973 to 0.976 pu and from 0.974 

to 0.981 pu respectively. Similar to previous study 

case, wider voltage fluctuation was monitored at bus 
31. The voltage of bus 31 varied from 0.948 to 0.955 

pu. The advantage effect of having wind farm in 

Jeneponto on system voltage stability was observed. 
The integration of wind farm in Jeneponto 

contributed to overcome the under-voltage condition 

at bus 31. 
In third study case, two wind farms in Sidrap and 

Jeneponto were integrated simultaneously, 

introduced more uncertain condition to the power 

system operation. Fig. 10 shows the fluctuation of bus 
19, 30, 31 and 32. It was noticed that under two 

sources of uncertainties of wind power from Sidrap 

and Jeneponto, voltage profiles of the investigated 
bus varied accordingly. More power injection from 

wind power plant in different locations altered the 

power flow and more importantly reduced the 
transmission line congestions in vast areas. It 

enhanced system load-ability and hence the voltage 

can survive under higher loading conditions of power 

system operations.  
Fig. 11 shows the histogram and cumulative 

distribution of voltage profiles at bus 19 and 30, 31 

and 32 with random power injection from wind farm 
in Jeneponto (bus 9) and Sidrap (bus 28). It was 

noticed that bus 19 was insensitive to variation of 

wind power. Most of the voltage profiles was around 

0.976 under different power injection from the 
considered wind farms. Instead, at bus 30 and 32, the 

range of voltage variations is considerably narrower 

from 0.974 to 0.981 pu and from 0.9905 to 0.9915 pu 
respectively. More significant voltage fluctuation 

was monitored at bus 31 as indicated by wider range 

of voltage fluctuations. The voltage profile of the 
considered bus varied from 0.948 to 0.955 pu. The 

additional power from wind farm in Jeneponto (bus 

9) and Sidrap (bus 28) enhanced the voltage profile. 

Only few under-voltage conditions were monitored at 
bus 31. With additional power injection from those 

two wind farms, the voltage profile of bus 31 mostly 

above 0.95 pu, enhanced the static voltage stability 
condition of the corresponding bus. 

From those three study cases, it was clearly 

monitored that the distribution of voltage profiles of 
the investigated bus did not followed a pure normal 

or gaussian distribution function. It was because the 

sources of uncertainties (wind power) had different 

probabilistic distribution function such as Weibull 
distribution function.  

The detail statistical features of voltage profiles  
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(c) 

 
(d) 

Figure 11 Histogram and cumulative distribution of 

voltage with wind power in Jeneponto (bus 9) and Sidrap 

(bus 28): (a) Bus 19, (b) Bus 30, (c) Bus 31, (d) Bus 32 

 

of the investigated bus are presented in Table 3. It is 
noticed that effects of uncertain power injection from 

wind power plant varies depending on the location of 

wind farm. Under second case study, higher deviation 

values of voltage in bus 30, 31 and 32 was monitored.  
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Table 3. Statistical features of voltage profiles 

Bus 
Case I Case II Case III 

Avg. Std. Avg. Std. Avg. Std. 

 

19 0.975 

 

0.00052 0.975 0.00095 0.976 

 

0.00238 

 

30 0.974 

 

0.00052 0.978 0.00216 0.979 0.00198 

 

31 0.948 

 

0.00054 0.951 0.00223 0.953 0.0021 

 

32 0.990 

 

0.00012 0.991 

 

0.00037 0.992 

 

0.0003 

 
These indicated more fluctuating condition of voltage 

in bus 30, 31, and 32 when power injection from wind 

farm in Jeneponto was considered. Moreover, bus 19 
had higher deviation value when two wind farms 

were integrated to the system. It indicated more 

fluctuating voltage condition of the corresponding 

bus. It also noticed that the voltage profile increased 
in proportion with the increase of power injection 

from wind farm.  

5. Conclusions 

Impacts of wind power integration on power 

system voltage profile were investigated in this paper. 

Probability analaysis based on MCS were conduted 
to observe the impacts of uncertain power injection 

from wind farm on voltage fluctuation. It was clearly 

monitored that the probability distribution of bus 
voltage varied accordingly depending to location and 

capacity of wind farm. It was also monitored in bus 

31 enhancement of voltage profiles increased in 
proportion with power injection from wind farm 

(voltage profile increase from 0.942 to 0.952). 

Moreover, the increased voltage profiles not only 

emerges in bus 31 but also in other bus. Thus, having 
more power production from wind farm results in 

better load-ability and eventually improved voltage 

stability condition of power system. Further research 
can be conducted by investigated the impact of 

replacing one conventional power plant with wind 

based power plant in power system stability.  
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Appendix 

Table 4. List of notations used in this paper 

Symbol Meaning 

Vci Cut in wind turbine speed 

Vco Cut off wind turbine speed 

Vr Rated speed 

Pw Power output at a particular 

wind speed 

Pwr Equivalent rated power output 

of wind power plant 

𝜑𝑑𝑃𝐿𝐿   Auxiliary state variable in D 

axis 

𝜑𝑞𝑃𝐿𝐿   Auxiliary state variable in Q 

axis 

𝛽𝑑𝑔𝑒𝑛  Auxiliary state variable of outer 

control loop of generator side 

converter in D axis 

𝛽𝑞𝑔𝑒𝑛  Auxiliary state variable of outer 

control loop of generator side 
converter in Q axis 

𝑖𝑑𝑔𝑒𝑛 Generator actual current in D 

axis 

𝑖𝑞𝑔𝑒𝑛  Generator actual current in Q 

axis 

𝑚𝑑𝑔𝑒𝑛
∗   Modulation index for 

generator-side conveter in D 

axis 

𝑚𝑞𝑔𝑒𝑛
∗   Modulation index for 

generator-side conveter in Q 

axis 

𝛽𝑑𝑔𝑟𝑖𝑑   Auxiliary state variable of outer 

control loop of grid side 

converter in D axis 

𝛽𝑞𝑔𝑟𝑖𝑑  Auxiliary state variable of outer 

control loop of grid side 

converter in Q axis 

𝑖𝑑𝑔𝑟𝑖𝑑_𝑟𝑒𝑓  Grid side current reference in D 
axis 

𝑖𝑞𝑔𝑟𝑖𝑑_𝑟𝑒𝑓  Grid side current reference in Q 

axis 

f(v) Weibull probabilistic 

distribution function 

F(v) Weibull cumulative distribution 

function 

k Shape parameters of the 

Weibull distribution 

c Scale parameters of the Weibull 

distribution 

P Active power 

Q Reactive power 

V Nonlinear voltage 

𝛿  Phase relationships 

g Algebraic equations 

x State vector 

 


