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ABSTRACT 
Voltage instability is considered as one of the main threats to secure operation of power 
system networks around the world. Nowadays, Integration of large-scale wind power 
may have severe impacts on the power system operation. Stable, reliable and economic 
operation of the power system under the massive integration of wind power is a big 
challenge to power system operators. This paper scrutinizes to study the voltage stability 
problems for the integration of wind power to the IEEE-39 bus-systems.  
 
The main objective of this study is to analyze the voltage stability of the IEEE-39 bus 
networks with large-scale wind power under normal operation using PV and QV 
analyses. As one of the classic static Voltage stability assessment (VSA) method, the P-V 
curve is widely used in identifying the weak buses in one power system. Normally, there 
is a required range of bus voltage variation that restricts load with fixed power factor 
within a maximum value. The loading margin can be defined as the distance between the 
operating point and the maximum load. These steady-state methods, which inherently 
require less computational capability, can indicate the level of stability of a power 
system. Therefore, QV curves analysis tools are used in this paper. 
 
The importance of accurate representation of the reactive power capabilities of wind 
generators in voltage stability studies was emphasized in the analyses. These analyses 
define the amount of reactive power required to enhance voltage stability and hence can 
be improved by adding suitable reactive power compensator. Here STATCOM is used as 
a reactive power compensator. Simulation of the 39 bus-IEEE network with integrated 
wind generators are developed using PSS/E software. 
 
KEYWORDS: Voltage Stability, P-V Analysis, Q-V Analysis, Doubly-Fed Induction  
                          Generator (DFIG), Reactive Power Capabilities, Reactive  
                          Compensator (STATCOM) 
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 الملخص
یعتبر التوسع في ربط محطات الریاح لھ تأثیر .یعد أتزان الجھد واحدة من أھم المتحدیات ألنظمة الطاقة حول العالم

. الثبات واالعتمادیة والتشغیل االقتصادي للشبكة الكھربائیةفطتحدیات أنظمة الطاقة تتمثل في . بالغ علي أنظمة الطاقة
وھذا البحث العلمي قائم علي دراسة استقرار الجھد ألنظمة الطاقة مع وجود العدید من مشاریع الریاح المرتبطة 

 . بارة لتمثل حالة الدراسة٣٩وقد تم اختیار شبكة مكونة من . بالشبكة الكھربائیة
لدراسة ھو دراسة وتحلیل وضع الجھد الكھربائي للشبكة المشار إلیھا مع وجود العدید من   ومن أھم أھداف ھذه ا

محطات طاقة الریاح بنسب انتشار مختلفة وذلك في وضع التشغیل العادي باستخدام برنامج تحلیلى الجھد والقدرة 
ویعد تحلیل الجھد . الطاقة للھندسةالفعالة وتحلیل الجھد والقدرة الغیر فعالة وذلك باستخدام برنامج محاكاة نظام 

والقدرة الفعالة أحد العوامل لتقییم وضع الجھد الكھربائي للشبكة بین وضع التشغیل العادي وأقصي تحمیل ممكن 
أما تحلیل الجھد والقدرة . للشبكة حیث أن للجھد الكھربي سماحیة یتغیر في حدودھا مع الحفاظ علي استقرار الشبكة

 مقیاس لقدرة البارات الغیر فعالة وتأثیرھا المباشر علي الجھد الكھربائي وبیان نقاط الضعف في غیر الفعالة  فھو
الشبكة حیث عدم توافر ما یكفي من القدرة غیر الفعالة وما یترتب علیھ من إمكانیة إضافة محسنات جھد لتلك النقاط 

 .كما ھو موضح في ھذه الدراسة
 

 تحلیل الجھد والقدرة الفعالة ، تحلیل  الجھد والقدرة غیر الفعالة، مولد حث ثنائي                         أتزان الجھد،: الكلمات المفتاحیة
  .التغذیة ،القدرة غیر الفعالة ، معوض القدرة غیر الفعالة                        

1. INTRODUCTION 
Utilization of renewable energy comes from the perspective of environmental 
conservation and fossil fuel shortage. Recent studies suggest that in medium and long 
terms, doubly fed-induction generator (WT 3) and full-size-converter generator (WT4) 
models will become commercially so attractive that large-scale implementation of this 
type can be seen in many parts of the world [1-4]. The integration of these energy sources 
into the existing power systems is one of the main challenges due to the major concerns 
about the power system stability as well as system reliability. In the power system 
environment, the voltage stability is one of the main indicators of the power system 
stability [5], [6]. It has been proved that inadequate reactive power compensation during 
stressed operating condition can lead to voltage instability. Although large-scale WT 3 
and WT 4 are capable of generating reactive power, yet reactive power generation 
capability of these types are limited by grid code and normally work very close to the 
unity power factor (usually operate 0.95 lead lag power factor) [2], [7]. However, the size 
and position of large wind turbines can introduce significant impact on power system 
voltage stability as the level of wind penetration become a relevant percentage of total 
installed power. Thus, this paper assesses the impact of large-scale wind generation on 
power system voltage stability.  The case studies are presented in the paper based on 
IEEE- 39 bus test system. Different wind penetration levels (10%, 20% and 50%) of the 
total installed capacity have been considered for the assessment of system voltage 
stability and these are: The rest of the paper is divided into four sections; first section 
demonstrates the modeling of wind farm. The voltage stability analysis is presented in the 
second section. The third section shows the simulation results, the main conclusions is 
illustrated in last section. 
 
2. SYSTEM MODELING 
 PSS/E program is used to develop the wind farms and PV generator models for 
simulation. It supports all types of the available wind turbines, which are split into several 
types, as follows: 
Type 1: Direct connected Conventional Induction Generator 
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Type 2: Wound rotor Induction Generator with Variable Rotor Resistance 
Type 3: Doubly-Fed Induction Generator DFIG 
Type 4: Full Size Converter Unit 
Generic Wind Models are designed to be used in studies related to the integration of 
Wind Turbine Generators (WTG) in an Electrical Power System. The Generic model 
(WT3) is studied in this paper. 
 
3. WIND TURBINE GENERATOR 
The energy conversion of most modern wind turbines can be divided into fixed speed or 
variable speed. The squirrel cage induction generator (SCIG) is the main type of 
generator used in a fixed speed unit. The doubly-fed induction generator (DFIG) is the 
main type of generator used in a variable speed unit, which is connected to the grid using 
power-electronic converter technology. For the studies carried out in this paper, we 
focused on a DFIG variable- speed unit modeled as a PV bus. 
The Doubly - Fed Induction Generator (DFIG) is a variable speed wind turbine. The rotor 
winding is fed using a back-to-back voltage source converter. The wind turbine rotor is 
connected, also, to the generator through a gearbox as shown in Figure 1. At high wind 
speeds, the power extracted from the wind is limited by pitching the rotor blades. This 
type of wind generator is one of the preferred technologies in wind generation 
applications since it supports a wide range of wind speed operations. The typical variable 
speed range is 30% more than the synchronous speed [8]. In addition, it provides an 
effective control of the wind generator’s active and reactive powers through using back-
to back converters. Furthermore, the power converter system can perform as reactive 
power compensation and voltage support for the grid [9]. Also, the DFIG type of 
generator has advantages at reducing mechanical stress and optimizing power capture. 
 
 

 

 

 

 

 

Figure (1) Doubly-Fed Induction Generator 
 

4. VOLTAGE STABILITY ANALYSIS 
Voltage stability is the ability of a power system to maintain steady voltages of all buses 
in the system after being subjected to a disturbance [2]. Modern analytical tools are used 
for voltage stability analysis such as Power –Voltage (PV curve) and Reactive-Voltage 
(QV curve). PV and QV analyses are demonstrated in this paper. These analyses monitor 
voltage and loading conditions and stores the results in a binary file. Subsequently, this 
file can be processed to produce a variety of reports of voltage violations, loadings and 
available capacity. 
2.1. PV Analysis 
When considering voltage stability, the relationship between transmitted power (P) and 
receiving end voltage (V) is of interest. The voltage stability analysis process involves the 
transfer of P from one region of a system to another, and monitoring the effects to system 
voltages, V. This type of analysis is commonly referred to the PV study. Using 
continuation power flow (CPF) or standard power flow algorithm, the load demand is 
increased incrementally, and the demand in MW and the bus voltage of focus are 
reported for the generation of the PV curve, Figure 2. The PV curve is analyzed to 
identify the nose point or the voltage collapse point.  The impact of a disturbance or 
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reactive power compensation can be evaluated by looking at a PV curve as shown in 
Figure 2. Details of PV methodology are given in bibliography [5], [10]. 
2.2. QV Analysis 
Voltage stability depends on how the variations in the reactive power (Q) and the active 
power (P) affect the voltages at the load buses. The influence of reactive power 
characteristics of devices at the receiving end is more apparent in a QV relationship. It 
shows the sensitivity and variation of bus voltages with respect to reactive power 
injections or absorptions. Reactive power margin or deficit can be determined by 
generating the VQ graph. The independent variable, bus voltage, is varied to compute the 
MVAr requirement, which is the dependent variable. A dummy synchronous condenser is 
used for MVAr generation at the bus of concern, as shown in Figure 3. Standards [5], 
[10], provide details of the procedure for this area of static voltage stability. 

Figure (2) Power-Voltage Curve for Static Voltage Stability 

 

 

 

 

 

 

 

Figure (3) Voltage-MVAr (VQ) curve for Static Voltage Stability 

3. CASE STUDIED 
           The analytical tools that are described in the previous section was applied to IEEE 39 – 

bus as a benchmark with grid connected wind farm. PSS/E program [10] is used to 
perform the presented simulations. 
39- Bus System Description 
 

 IEEE 39-bus network consists of ten synchronous generators. Buses from 30 and 39 
consist with a total generating capacity of 5917 MW and 2833 MVAR. The technical 
data of the IEEE 39-bus is found in [12]. The wind generators are doubly fed induction 
generators (DFIGs). The DFIG was modeled as a PV bus with reactive power generator 
limits enforced. Each DFIG generator is operated such that to maintain its terminal 
voltage at 1.0 p.u, without exceeding its reactive power capability with 0.95 power factor 
leading or lagging. The total loads of the network are 5856.8 MW and 2780.6 MVAR 
base load data of the network. Aggregation model is used to develop the wind farms. The 
penetration levels of these generators to investigate the performance of this model, four 
scenarios are studied as follows: 

           Scenario 1: 39 bus test system with 10% wind penetration. 
           Scenario 2: 39 bus test system with 20% wind penetration at buses number 6, 7. 
           Scenario 3: 39 bus test system with 50% wind penetration at buses number 4,5,6,7. 
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             Scenario 4: 39 bus test system with 20% wind penetration at buses number 6, 7 and 50 
MVAR STATCOM. 
The simulation will be processed under different penetration levels of wind generation as 
shown in Table 1. This paper analyses the impact of the wind power on steady state 
voltage stability using PV and QV analyses and on total real power loss.  

 
Table (1) Different wind penetration levels and different locations 

Case IEEE 39 Bus System 

10% wind penetration 10% (600MW) 

20% wind penetration 20% (1200 MW) 

50% wind penetration 50% (3000 MW) 

 
4. RESULTS AND DISCUSSION 
The PV and QV results are obtained for the base cases with all elements in service. The 
simulation results are divided into two sections. In the first section, the system voltage 
stability was investigated by using P-V curves with different wind penetration levels. In 
the second section, total real power loss was investigated with different wind penetration 
levels. Bus voltages are monitored below 0.95 p.u. or above 1.05 p.u. for the normal 
conditions and different wind penetration levels. 
 

4.1. System voltage stability with different wind penetration levels 
In order to assess the impact of wind generation on the voltage stability, we studied two 
scenarios of the described wind generation connections with different penetration levels 
and compared these results with the base case without any addition of wind generation. In 
this study, the DFIG was modeled as a PV bus with Q limits applied. The P-V curve was 
analyzed to identify the collapse margin or voltage collapse point. The collapse margin 
measured the distance from the current operating point to the maximum loading in the P-
V curve.  
Figure 4 illustrates the impact of different wind penetration levels on the voltage stability 
of the IEEE 39 bus-system where bus 7’s P-V curve of different wind penetration levels 
of the IEEE 39 bus system, compared to the base case when no wind generators were 
connected to the system. As shown, the system collapse margin was 1000 MW for the 
base case and for 10% penetration level of wind generations at bus 7. The system 
collapse margin decreased to 631.25 MW when the percentage of wind capacity was 20% 
(1200 MW) and 50% (3000 MW). It meant that a higher wind penetration might weaken 
the system voltage stability. Table 2 shows the summary results. 
 

 

 

 

 

 

 
 

Figure (4) PV curve analysis of IEEE 39 bus-system for the base case and different wind penetration  
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Table (2) PV curve Result summary when wind farms located at different location to IEEE 39 buses 

Wind Penetration 
Level 

Location of wind 
farms  

Critical Voltage 
p.u 

Collapse Margin 
MW 

No wind 0% ÜÜÜÜ 0.73 1000 
10% (600 MW) Bus 7 0.82 1000 
20% (1200 MW) Buses 6,7 0.49 631 
50% (3000 MW) Buses 4,5,6,7 0.49 631 

For IEEE 39 bus system, wind farms were connected to buses which need suitable 
reactive power support depending on QV analysis results. This result shows the reactive 
power capability for each bus as shown in Table3. All these results lead to a conclusion 
that the high penetration level of wind generation will affect severely the system voltage 
stability. 
Table (3) QV curve Result summary when wind farms located at different location to IEEE 39 buses 

IEEE bus 
system 

Bus Number The needed reactive 
power (MVAR) 

39 bus system 7 770.5 
39 bus system 6 686.5 

 

4.2. Impact of wind generation on real power losses 
This section investigates the system’s total real power losses with different wind 
penetration levels. The investigation was conducted to demonstrate the effect on system 
real power losses from two different aspects, which are the level of wind generation (i.e., 
10% to 50%) and the dispersion of wind generation (i.e., 1 or 2 or 4 locations) along the 
system. The wind generation was varied from 10% to 50% of the total network installed 
generation; the total system real losses were recorded for the 39 IEEE bus system. 
Figures 5 show the impact of different wind penetration level combinations and the 
dispersion effect of wind generation on system real power losses. The total system real 
losses without wind generation and with different penetration levels of wind generation. 
In Figure 5, it is observed that when the wind penetration level increased to 10%, the total 
system real losses decrease. However, the cases of 20% and 50% wind penetration, the 
total system real losses remain the same as the base case without wind generation. Hence 
the high penetration level of wind has a bit effect on the total real power losses. 
 

 

 
 
 
 
 
 
 
 
 
 

 
 

Figure (5) Total real power losses of the 39-bus system without and with different wind penetration 
Levels at different locations 
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4.3. Scenario 4 with a Reactive Compensator (STATCOM) in the two IEEE bus  
       systems 
In this section, 50MVAR STATCOM added to bus 7 in IEEE 39 bus-System; where bus 
bus 7 in IEEE 39 have shortage in the needed reactive power to reach 1p.u. voltage. 
STATCOM is a static synchronous compensator used to improve the performance of the 
grid connected with wind generators [13]. Figure 6 shows a comparison between case 2 
and case 4 as STATCOM maintain voltage 1 p.u. along different loading till the point of 
breakdown.  
  

 
 

 

 

 

 

 

 

Figure (6) PV curve analysis of IEEE 39 bus-system for 20 % wind at bus 39 and 20 % wind at bus 7 
+ 50 MVAR STATCOM at bus 7 

Figure 7 shows the effect of adding STATCOM on the real power losses. The active power loss is 
reduced significantly. 

 

 

 

 

 

 

 

 

 

Figure (7) Total real power losses of the 39-bus system without and with STATCOM at bus 7. 
 

5. CONCLUSIONS 
From the previous analysis, the impact of different wind penetration levels and dispersion 
of wind farms on the power transmission network; on the voltage stability and on the real 
power losses. A DFIG wind farm with voltage-controlled mode integrated into the IEEE 
39 buses system where the connections of wind farms were considered for three different 
penetration levels.  
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From the results presented in this paper, the following can be concluded: 
1. Higher penetration levels more than twenty percent did not improve the voltage 

collapse margin in the most of the studied cases and had a negative effect on voltage 
stability of the network. Although, the penetration levels of wind generation up to 
twenty percent improve the voltage collapse margin of transmission system, which 
mean that higher wind penetration might weaken the system voltage stability.  

2. Also, the analysed results in this paper show that the wind penetration levels are able 
to reduce the real losses or remain them as the base case without wind farms addition.  

3. The Location of wind farm should be closer to load areas to support the surrounding 
buses with the needed real and reactive power. 

4. Adding STATCOM has a great effect in enhancing both voltage stability and real 
power losses to achieve a reliable and sustainable grid. 

5. In future work, we intend to elaborate meticulously on each factor and every single 
parameter that has a role on the upper limit of wind level penetration. 

6. Thoroughly investigate how each factor and each parameter contributes to that upper 
limit of wind penetration level. At the end, it is desirable to be in a position of 
controlling the entire voltage stability issue. 
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