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The growth rate of wind energy installed has initiated a need for estimation and accurate 

analysis of transient stability of the power systems because of its intermittent natural.  This 
paper investigates the voltage enhancement and the transient behaviours stability evaluation of a 

grid connected wind turbine with squirrel cage induction generator.  The methodology 

chronologically provides an overview about the power grid, wind turbine modelling, and the 
reliability and stability responses of the distribution network. Firstly, in order to estimate the 

point of connection for wind turbine, a practical power distribution network is being modelled 

and compared using load flow method.  The steady state analysis is performed to determine the 
voltage magnitude profile: particularity weak bus voltage.  Secondly, by using an optimal power 

coefficient and the correlation of a power law exponent, a wind turbine induction generator 
model is proposed considering function of velocity and elevation.  Finally, dynamic and 
transient behaviours are investigated for reliability and stability of power systems using voltage 

bus and wind rotor speed analyses.  The simulation results show that wind turbine integration 
enhances the weak bus voltage and supports dynamic and transient stability analysis.  
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1. Introduction 
 

The huge industrialization and energy demand have led to a major concentration on the 

renewable energy development: particularly a huge concentration on wind power 

development, which took a place in 1995.  Research and engineering studies are 

increasingly becoming more concern for modelling and developing a wind energy resource, 

because it is the most economical development of renewable energy.  The heavily 

penetration of wind turbine requires more accurate analysis and estimation of transient 

stability of power distribution because of its intermittent natural.  Wind power generation 

must remain connected as well as provides energy to power distribution during grid faults 

[1].  Therefore, wind system impact investigation is required.  

The research methodology initiates three chronological aspects.  Firstly, a practical 

distribution network is modelled and compared using load flow method, which will be 

covered in section 2.  Secondly, the model of the wind turbine is developed and simulated 

using the method of an optimal power coefficient as a function of velocity and elevation, 

which will specifically cover in section 3. Finally, the impact studies are initiated with 

steady state analysis to determine the magnitude voltage profiles and the point of 

connection for wind turbine.  Dynamic and transient behaviours are investigated using bus 

voltage and rotor speed analysis to study the impact of grid connected wind turbine squirrel 

cage induction generator (SCIG), which will explicitly be specified in section 4.  All 

modelled and simulation studies are carried out using PSCAD.  The investigation studies 

are useful to enhance the weak bus voltage using low-speed wind turbine integration, and to 

determine the transient stability of a power grid. 
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Fig.  1: The overall simulated grid schematic of large distribution network with 

interfacing an instant wind turbine model using PSCAD 

2.  Distribution networks composition 
 

A 2.3MW wind turbine integrated to Malaysia distribution network as shown in Fig. 1.  

The distribution networks statistic composites of 12 substations connected to 187 buses 

using 82 transformers supplying 789 loads.  The distribution networks data are listed in 

Table 1.  The total powers supplying to the distribution network are 149.34 MW and the 

total loads connected to the distribution network are 140.48 MW [2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: The Distribution Network Details 

Substation Name 

Substation 

Bus Number 

(SB) 

Interconnected 

Bus Number 

(IB) 

Number of 

Connected 

Load 

Substation 1 (SS1) 1 13-21 21 

Substation 2 (SS2) 2 22-23 20 

Substation 3 (SS3) 3 24-33 17 

Substation 4 (SS4) 4 34-50 49 

Substation 5 (SS5) 5 51-77 56 

Substation 6 (SS6) 6 78-87 92 

Substation 7 (SS7) 7 89-105 104 

Substation 8 (SS8) 8 106-128 135 

Substation 9 (SS9) 9 

129-150 174a Substation 10 (SS10) 10 

Substation 11 (SS11) 11 

Substation 12 (SS12) 12 151-187 121 

a The substation 9,10 and 11 are supplying loads to each other. 

The original distribution networks data were given in PSSAdept software. The 

distribution networks data are modelled by PSCAD and compared using load flow method.  

Theoretically, the maximum error percentage should not overpass ±10 % of the total power 

flow of the system [3].  It is observed that the data modelling from PSSADEPT into 

PSCAD seems satisfactory, seeing that the total power flows of active power have 4.55 

percentage error. 
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3. Wind Turbine modelling 
 

In this section, SCIG wind turbine model composites of three parts: wind speed model, 

wind turbine model and induction generator model as illustrated in Fig 2. 

 

 

 

Fig.  2: Constant Wind Turbine Model using PSCAD 

 

3.1. Wind speed model 
 

The basic wind profile is generally taken from meteorological department at 10 meters 

from the sea or ground level [4]. In this model, the basic wind profile can be calculated by 

power law profile[5] as shown in 
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where v and vo are the desired and reference wind speed in meter per second.  h and ho are 

the desired and reference elevation of wind tower horizontally in meters, and α is the power 

law exponent.  α is a variable quantity and can be estimated using the correlation power law 

as a function of height and velocity [6] as given in 
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3.2. Wind turbine Model 

 

The airflow contains a specific mass and density flown into the horizontal direction of 

wind turbine with upstream speed.  The theoretical wind power, Pth is given by  
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where ρ represents air density and the standard value of air density is 1.22 kg/m
3
 at 1 ATM 

pressure and 15 C
o
.  A is the area of wind rotor surface in meter square.  The previous 

formula is used for ideal cases.  However, wind energy can only produce electric energy 

59% of wind turbine maximum power rating [7, 8].  In practical, real wind turbine 

expressed in a term of the power coefficient, CP as given by 
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The power coefficient CP is a nonlinear function and variable parameter. Its performance 

can be estimated in terms of the tip speed ratio γ and the pitch angle β [9] expressed as 
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(7) 

where 2.237 represents the conversion unit of the wind speed parameter from mile per hour 

to meter per second units.  ωr is the rotor speed in radian per second. Tip speed ratio γ 

monitors the hub compartment of wind turbine and it is controlled to optimize CP.   

 

Pitch angle, β also can be controlled to optimize CP but it requires regulation to prevent 

over power capturing during high wind speed.  In this study, β is initiated because the wind 

speed is fixed and no converter is required to attach into the wind model.  Adjusting β with 

respect to γ allows the stalling process to occur frequently into a blade during low rated 

speed [10]. Fig. 3 depicts a clear description of the effect of varying of γ and β on CP.  
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Furthermore, the mechanical torque of wind turbine is given in 
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3.3 Induction generator model  

 

The SCIG is a constant speed wind turbine.  The stator circuit is directly coupled with 

distributed power grid through a transformer as shown in Fig. 2.  The wind turbine 

operation considered as constant wind speed because the operating slip variation between 

power level and rotational level are less than 1% [11].  The power scaling of wind turbine 

follows the generator power rating.  The sizing and selection of the integration point of the 

wind turbine is done by identifying the bus voltage, and then estimate the appropriate 

power capacity range.  Table 2 represents the wind power capacities range over different 

grid voltage levels. 

 

Table 2: Wind power connection range over different voltage level 

Category 
Grid Voltage Bus 

(V3LL) 

Wind Power Capacity 

(MVA) 

A Low Voltage Up to 300kW 

B 
Medium Voltage 

(10 - 11kV) 
Up to 2MW 

C 
Medium Voltage 

(20 – 35 kV) 
Up to  60MW 

D 
High Voltage 

(70 – 150 kV) 
Up to 100MW 

 

In this model, the grid bus voltage is 11kV.  The interfaced wind power capacity is in 

category B. SCIG electrical data is technically presented in Appendix A [12].  The 

induction generator provides 0.690 kV line-to-line voltage along with rated apparent power 

of 2.59MVA.  A three-phase capacitor bank is installed after SCIG to provide reactive 

 

Fig.  3: The tip speed versus power coefficient under various pitch angles 
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power compensation to correct the power factor.  The equation applied for this step is 

expressed in equation 9.  The capacitor bank design must meet with the grid code for 

reactive power compensation. 

 

 2

32 *3

c
Q

C
f V θπ

=  (9) 

 

At Fig. 2, SCIG wind turbine model is simulated with three switched capacitors. The 

capacitors are individually operated. Each of these capacitors is found improving the grid 

bus voltage, but not the reactive power. However, compensated reactive power has to be in 

balance with generator power rating.  Operating C2 alone satisfies the theoretical condition. 

C2 allows the generator to draw a reactive power one-third of its total rating power. In 

addition, C2 meets the grid code for reactive power compensations by maintaining the 

power factor between 0.85 and 0.9. 

 

4. Simulation Results 
 

Modelling integrated wind turbine emphasis on analysing the power system dynamic 

transient stability and reliability [13].  When wind turbine model is emerged to a bus, the 

generated electricity should support more active output power and enhance the bus voltage 

profile of the grid.  This paper represents a wind turbine model as an auxiliary power source 

generator.  This section evaluates and discusses about wind interaction point and impact 

behaviour. The wind impact behaviour considers the steady state, dynamic and transient 

responses.  The simulation is performed using PSCAD. The results obtained are plotted and 

explained accordingly. 

 

4.1. Wind interaction point 

 

Integration of wind system into a power grid requires a feasible point of penetration.  

Predicting the exact location requires more experiments and trials on the power grid.  

Alternatively, by performing steady state analysis without wind penetration will assist in 

determining the optimum point of connection. It is recommended to connect wind model 

into the weakest bus voltage so that the voltage magnitude profile of the grid can improve. 

 
4.2. Steady state analysis 

 

The steady state analysis is carried out to obtain the voltage magnitude profile of the grid 

system as shown in Fig. 4.  This step is done without wind turbine (WT) integration. 
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Fig.  4: Magnified view of voltage magnitude profile in per unit for the distribution network 

 

 

The voltage profile curve indicates that there are two major weak buses: bus 23 and bus 81 

which are located at substation 2 (SS2) and substation 6 (SS6), respectively.  The weakest 

bus voltages determined by PSCAD software are similar to the weakest bus voltage given 

by PSSADEPT software.  The comparison error percentage among both software 

considered small, and it is within acceptable error range as stated in Table 3. The voltage 

tolerances at the weakest buses are still valid according to [14].  However, the voltage 

needs improvement to avoid future voltage collapse and provide long-term stability and 

reliability condition.  Two scenarios are considered to examine the WT integration potential 

and voltage stability: at Bus 23 and at Bus 81. 

 

4.2.1 WT integration at Bus 23 

 

This scenario investigates the potential of wind turbine connected to a weak bus 23 at 
SS2.  The weak bus 23 is connected to 11kV side of 33/11kV SS2 transformer shown in 

Fig. 1.  WT integration has no significant effect on voltage improvement as shown in Fig. 

5a, because the injected power from WT is very small compared to the power coming from 

the upstream grid.  To improve the voltage profile of weak bus, higher power wind turbine 

should be used.  Alternatively, to enhance this bus voltage, tap changing transformer can be 

used at SS2 [15].  By changing tapping of 11kV side of SS2 transformer, weak bus voltage 

improves to 0.988 per unit as shown in Fig. 5b. 

 

 

Table 3: The weakest buses voltage comparison between PSSAdept and PSCAD 

Station 

Name 
Bus Number Bus Type 

PSSADEPT 

Voltage 

PSCAD 

Voltage 
Error % 

SS2 23 Substation 0.903 pu 0.901 pu 0.221 % 

SS6 81 Load 0.927 pu 0.917 pu 1.078 % 
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(a) Before Tapping Transformer 

 

(b) After Tapping Transformer 

Fig.  5: The impact integration of wind turbine at bus 23 (a) Before Tapping Transformer. 

(b) After Tapping Transformer 

 

 

4.4.2 WT integration at Bus 81 

 

This scenario investigates the potential of WT connected to a weak bus 81 at SS6.  The 

result of WT integration is successful and has a significant impact.  The bus voltage 

improves to 0.956 per unit as shown in Fig. 6.  Bus 81 substantially enhanced by 5.55%.  

Hence, the scenario of WT connected to weak bus 81 is considered for the investigation of 

dynamic and transient analysis explained in section 4.3 and section 4.4, respectively. 
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Fig.  6: The impact integration of wind turbine at bus 81 

 

4.3. Dynamic analysis 

 

This analysis confirms the power system stability during disturbance.  This step confirms 

whether a system can handle an instance disturbance and is still able to supply power to the 

consumers. This analysis also obtains the operation limit of the system.  The fault is 

triggered at 8 seconds as shown in Fig. 7-8.  Two faults location are assumed in; WT 

terminal bus and Faraway bus.  The fault critical clearance time (CCT) is set to 200 and 600 

milliseconds according to [16] for each fault assumption.  Fault is cleared using fault 

breaker switch [17]. 

 

• Case 1 is about the impact of disturbance at WT terminal bus (bus 81).  The stability 

waveforms of voltage and rotor speed are shown in Fig. 7 and Fig. 8, respectively.  

The voltage is dropped by 0.2 per unit and it has recovered quickly. Rotor speed 

has no noticeable disturbance at all. 

 

• Case 2 is about the impact of WT integration during disturbance in Faraway bus (bus 

94).  Bus 94 is from SS7 that it is a shared line connection with SS6 as shown in 

Fig 1.  The stability waveforms of voltage and rotor speed are shown in Fig. 7 and 

Fig. 8, respectively.  The voltage and rotor speed responded steadily even after 

fault occurrence.   

 

Thus, the simulation results of dynamic analysis performance show a positive and stable 

impact for WT integration during both fault assumptions (WT terminal and Faraway buses) 

with fault CCTs of 200 and 600 milliseconds, respectively. 
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Fig.  7: Voltage response during dynamics analysis 
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Fig.  8: Rotor speed response during dynamics analysis 

 

4.4. Transient analysis 

 

This section discusses about the switching transient phenomena related to unbalanced 

load disconnection, generator tripping and line disconnection to study the behaviour 

associated with the power system reliability and stability. 

 

4.4.1 Unbalance load disconnection 

 

The transient analysis is carried out for the following two cases (WT Terminal and 

Faraway buses) by disconnecting the loads at 7 seconds:  

 

• Case 1 is about disconnecting 20 loads located at bus 81 where WT is connected.  The 

voltage has risen by small amount when loads are disconnected at 7 seconds and 

remains steady after that as shown in Fig. 9.  However, the system considers stable 

because rotor speed has not effected when loads are disconnected at 7 seconds as 

shown in Fig 10. 

 



K. S. Banawair & J. Pasupuleti: The Impact of Integration of Optimized Low Speed Wind ... 

 

 144 

• Case 2 is about disconnecting 29 loads located Faraway (at bus 23, 94, and 84) from 

the WT integration.  Voltage and rotor speed waveforms are both smooth and 

stable as shown in Fig. 9 and Fig. 10. 

 

 

Fig.  9: Voltage response during unbalanced load disconnection 

 

 

Fig.  10: Rotor speed response during unbalanced load disconnection 

 

4.4.2 Generator tripping 

 

This event evaluates the response of WT integration by switching off certain generators 

using timed-breaker. The generator tripping occurs in the system when the time is at 8 

seconds. The following two scenarios are investigated: 

 

• Scenario 1 is about generator tripping at SS6 where WT is connected. It is observed from 

the voltage and rotor speed responses as shown in Fig. 11 and Fig. 12, respectively that 

the system becomes unstable. 

 

• Scenario 2 is about two generators tripping at SS2 and SS7, respectively, which have 

shared a line connection with SS6 as shown in Fig. 1.  It is observed from the voltage 

and rotor speed responses as shown in Fig. 11 and Fig. 12, respectively that the system 

is stable. 
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Fig.  11: Voltage response during generators tripping 

 

Fig.  12: Rotor Speed response during generator tripping 

4.4.3 Line disconnection 

 

The transient analysis is carried out for the following two cases (WT terminal and 

Faraway buses) by disconnecting the lines at 7 seconds. 

    

• Case 1 is about line disconnection at WT terminal bus, which is connected between bus 

81 and bus 79 located at SS6.  It is observed from the voltage and rotor speed 

responses as shown in Fig. 13 and Fig. 14, respectively that the system becomes 

unstable. 

  

• Case 2 is about two-line disconnection at Faraway buses, which are connected between 

bus 22 and bus 85 as well as bus 86 and bus 94, respectively.  These two lines 

represent the shares line-connection of SS6 with SS2 and SS7, respectively.  It is 

observed from the voltage and rotor speed responses as shown in Fig. 13 and Fig. 14, 

respectively that the system is stable. 

 



K. S. Banawair & J. Pasupuleti: The Impact of Integration of Optimized Low Speed Wind ... 

 

 146 

 

Fig.  13: Voltage response during Line Disconnection 

 

Fig.  14: Rotor speed response during Line Disconnection 

Hence, the simulation results of transient analysis performance show stable and unstable 

impacts for WT integration.  The stable impacts occur during unbalance load disconnection 

(at WT terminal and Faraway buses), Generator tripping and line disconnection (at Faraway 

bus).  The unstable impacts only occur during Generator tripping and line disconnection (at 

WT terminal bus) because WT model is acting as an auxiliary power source generator.   

 

5. Conclusion 
 

In conclusion, this paper presents modelling of wind turbine connected to a large-scale 

distribution network. Two weak buses are identified for the possible WT integration to 

improve the voltage profile of distribution network.  The impact of WT integration into a 

large-scale distribution network has been investigated for fault, unbalanced load 

disconnection, generator tripping and line disconnection, respectively for voltage and rotor 

speed stability.  It is observed from dynamic analysis that the voltage and rotor speed are 

stable when fault occur at WT bus and far away bus which is cleared by 200 and 600 

milliseconds, respectively.  It is observed from transient analysis that the voltage and rotor 

speed are stable when unbalanced load disconnection at WT bus and far away bus, 

generator tripping and line disconnection at far away bus.  It is observed from transient 
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analysis that the voltage and rotor speed are unstable for generator tripping and line 

disconnection at WT bus.  
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APPENDIX A 
 

The wind turbine generator parameters applied in this simulation are stated below: 

  

• Nominal power = 2.3 MW  

• Nominal Voltage = 0.690 kV 

• Nominal Apparent Power = 2.59 MVA 

• Frequency = 50Hz 

• Cut-in Wind Speed = 3 m/s 

• Rated Wind Speed = 11 m/s  

• Cut-out Wind Speed = 25 m/s 

• Turbine Rotor Diameter = 70 m 

• Desired Tower Height = 100 m 

• Stator Resistance = 0.006 pu 

• Stator Leakage Reactance = 0.11 pu 

• Rotor Resistance = 0.008 pu 

• Rotor Leakage Reactance = 0.11 pu 

• Magnetizing Reactance = 3.6 pu 

• Generator Inertia = 5.8 s 

• Gearbox Ratio = 0.89 

• Compensated Capacitor = 9118.1 µF 


