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ABSTRACT 
The term ‘power quality’ related to the stability of voltage and 

frequency and the elimination of different types of electrical 

noise, like harmonic distortion and flicker, present in the system. 

Although there may be many more operational conditions affects 

the operation of the wind power plant. The plant may be grid 

connected or not, but it’s necessary to find out the source of 

disturbance which affect the power quality of the plant. Voltage 

and current must be kept stable because voltage and current 

distortion creates harmonics in the system.  

In this paper for electricity generation the squirrel cage induction 

generator (SCIG) is used. For alternative energy source SCIG is 

suitable, it is cheap, simple in construction, low maintenance 

level, have a good power/weight ratio. Because of all these 

reasons the SCIG is using under this experiment for standalone 

mode. SCIG is usually used with converters to regulate both the 

generated voltage and frequency. In most of the compensation 

techniques STATCOM is mostly used with the SCIG. 

STATCOM is able to control the flow of reactive power and 

maintain the voltage under steady state and transient periods. On 

the standalone mode SCIG based wind turbine system the 

generate voltage is strongly influenced by the harmonic content 

of the load current. The generated output is filtered by the shunt 

active filters (load side connected inverters) which are connected 

at the load side. We check the output simulation results of the 

designed model by using the STATCOM with the wind turbine 

and observe the performance.  

 

Keywords—Wind power; power quality;STATCOM. 

I.  INTRODUCTION  

       In the beginning of wind power generation the wind 

power plants were used to generate electricity for small level 

of work or hardly one a watt power because at that time the 

technology was not so developed. But now as the technology 

is developed the wind power plant also being modified and 

using for higher electricity generation. Like other conventional 

power plants wind power plant has its own value in renewable 

energy sources. There are several changes in wind power plant 

to generate quality power. With the use of new advanced 

power electronics devices, this allowed flexible, smooth power 

generation and provide stability and reliability to the power 

plant. In this paper for electricity generation the squirrel cage 

induction generator (SCIG) is used. For alternative energy 

source SCIG is suitable, it is cheap, simple in construction, 

low maintenance level, have a good power/weight ratio. 

Because of all these reasons the SCIG is using under this 

experiment for standalone mode. SCIG is usually used with 

converters to regulate both the generated voltage and 

frequency. In most of the compensation techniques 

STATCOM is mostly used with the SCIG. STATCOM is able 

to control the flow of reactive power and maintain the voltage 

under steady state and transient periods. On the standalone 

mode SCIG based wind turbine system the generate voltage is 

strongly influenced by the harmonic content of the load 

current. The generated output is filtered by the shunt active 

filters (load side connected inverters) which are connected at 

the load side. P-Q theory is applicable for the load side 

converter to operate with SAF. Simulation results are 

represented and prove the effectiveness of the proposed wind 

energy conversion system to supply stand-alone loads under 

turbine variable speed and with variable voltage and frequency 

closed to rated load values. 

II.  TECHNOLOGY AND WORKING 

(a). Wind Power Principle 

 

By a simple concept the kinetic energy present in the 

wind is converted onto electrical energy by the help of wind 

turbine rotor blades which are connected to the generator 

through a series of gears and shaft. The power in the wind is 

because of the kinetic energy present in the wind. This is 

given by, suppose the mass of the air is „m‟ and the velocity if 

the air is „v‟, so;  

  

The power is, kinetic energy per unit time;  

 

From fluid mechanics, the mass flow rate is; 

 

So now, the power is; 
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(a). Power Coefficient  

        Power coefficient Cp, is the ratio of the power extracted 

by the wind turbine (PT) and the total wind power (PW) present 

in the wind.  

 

So, the wind turbine power is; 

 

(b). Betz Limit 

The ideal power coefficient is called the Betz limit. 

The Betz ratio is   (59.3%) good for the maximum 

efficiency of the horizontal axis wind turbine.  

 Capacity Factor 

The capacity factor of a wind power plant is the ratio 

of its average output over a time period to its peak output.  

 

Capacity factor is not affected by the Betz limit. The 

capacity factor of a wind power plant is depending on both the 

characteristics of the wind turbine and the characteristics of 

the site.  

The variable speed wind rotates the rotor blades 

which rotate the shaft of the turbine and the connected 

generator through it and start generating electrical power. The 

produced electrical energy passes through the control system 

to obtain improved output and at last supplied to the grid or 

stored in batteries. 

 

Figure: 1 - Wind Power Generation 

(b). Working of Wind Turbine 

 

The working principle is simple of wind turbine; the 

wind energy (kinetic energy) is converted into mechanical 

energy by the turbine and transfer to the electrical generator 

which convert the mechanical energy into electrical energy. 

The wind strikes on the rotor blades and creates a differential 

pressure between the upper and lower blade surfaces which is 

responsible for the lift and drag force applied on the blades 

and help to rotate the turbine blades. The design of blades is 

just like aircraft wings and made by airfoil.  

 
Figure:2 - Working of Wind Turbine 

 

 (i). Power Curve 

A power curve shows the relation between output power 

of the wind turbine and the wind speed. There are three main 

regions in power curve which are shown in the diagram, as 

following:- 

 Cut-in speed 

 Rated output power and rated output wind speed 

 Cut-out speed 
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Figure:3 - power vs. speed curve (power curve) 

According to the power curve the wind speed is 

categorized into three regions; cut-in speed, rated speed and 

cutout speed. First one the cut-in speed in which the turbine is 

just starts to rotate. The speed of wind is in range between 3 

m/s to 5 m/s. With this the power production is also starts and 

the system start working. As the wind speed increases the 

power is also increased. At the speed in range 12 m/s to 17 

m/s, this region is known as rated speed region in which the 

system work at its rated values and maximum output.  Beyond 

this region there is cutout region, in which the turbine stops 

working because the speed is increase and may be responsible 

for damage in the turbine. The wind speed in this region is 

25m/s and above.  

 

(ii). Angle of Attack 

 

In the designing of shaping and improve the 

performance the angle of attack plays an important role. It 

helps to determine the power output and protection from over 

speed. The angle of attack is adjusted in such a way that the 

wind attack to the blade at adjusted angle and a good lift force 

is generated which helps to rotate the blades. The blades must 

be twisted to achieve a good potential difference, if blades are 

not twisted or flat in shape there is no potential difference. If 

the angle of attack is increased then the lift force and drag 

force also increased. But if there is more change in angle of 

attack then there is turbulence developed and drag force 

increase more but there is no more lift force.  

 

(iii). Twist Angle  

 

The twist of angle is decided by the TSR and angle of 

attack of the airfoil. The tip and root of the blade should not be 

parallel to each other which help to create a potential 

difference between the blade surfaces and results in a 

consistent force. 

 

 

 (iv). Pitch Angle 

 

The pitch angle decided the energy captured by the 

turbine blades directly affect the power output. A very small 

change in pitch angle will be the result in output power. So 

this is decided and designed very carefully in considering the 

performance of the wind turbine. Generally the pitch angle is 

decides for a certain atmosphere but it can be change 

according to variation in the surrounding. 

 

(v). Tip Speed Ratio (TSR) 

 

The ratio between the rotational speed of the tip of a 

blade and the actual speed of the wind is called the tip speed 

ratio (TSR) for the wind turbine. A high tip speed ratio is 

necessary for high shaft rotation speed which is a result in 

more and efficient power generation. High TSR is not good 

because of several types‟ damages and have many 

disadvantages like, noise, vibration, erosion, drag and tip 

losses which results in poor efficiency and if rotor speed is 

excessive then the turbine is out of control.   

 
Figure:4 - Relation between power coefficient (Cp) and TSR.  

In the figure there is the comparison between 

different types of wind turbines and the TSR at its maximum 

power coefficient.  

The following table represents the performance of 

different types of rotor with respect to optimum power 

coefficient and range of TSR to wind speed ratio. 

 

Table: 1 – Performance of Different Types of Rotor 

 

Rotor types Optimum 

power 

coefficient 

Range of tip speed 

ratio to wind speed 

ratio 

Savonius  0.3 0.8-0.85 

Dutch for arm 0.14 2.0-3.0 
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Darrieus  0.32 5.5-6.5 

Two blade 0.43 4.5-6.5 

Propeller 

(ideal) 

0.55 3.0-7.0 

 

 

(vi). Turbulence  

 

The word turbulence is referred for disturbance and 

instability in the system. It can also be used for the instability 

in the atmosphere, like unpredictability of the air. Turbulence 

is inversely proportional to the power production of wind 

turbine. The structure of wind turbine must be capable to 

handle the load on it. If the turbulence is increase then the load 

on the gearbox, generator and tower also will be increase. 

High speed and random motion of wind create high turbulence 

due to this high vibration in the turbine. Turbulence can be 

reduced by the use of lower height of tower. There are two 

main factors that should be consider to predict the turbulence; 

the slope of the higher hills and the type of location. Higher 

the slope of the hill means the higher turbulence is generated 

just behind the hill. In the vegetation areas, the turbulence is 

affected by canopy height, density of vegetation area and 

difference in height.   

 

(vii). Torque – Speed Characteristics   

 

It‟s clear from the relation that the operating point on 

the Cp – 𝜆 curve, the torque is proportional to the square of the 

rotational speed.  

 
Figure:5 - Wind Turbine output Torque as a function of 

Turbine Speed 

(viii).  Friction 

 

 The roughness of the surface causes friction which 

has a major effect on the wind as high as 100 m. The speed of 

the wind and the roughness of the surface determine the 

magnitude of the frictional force, if the wind closer to the 

ground is more affected by the friction by the roughness of the 

ground. It is an important point to consider the landscape. 

Some factors like hills, valley, water sources and other types 

of obstacles have a significant effect on the performance and 

efficiency of the wind turbine. 

III. DISCUSSION OF DIFFERENT TYPES OF 

POWER QUALITY ISSUES 

 

Perfect power quality means the nature of voltage is 

continuous and almost purely sinusoidal, with constant 

amplitude and frequency. The quality of the power can be 

expressed in the terms of the physical characteristics and 

properties of the electricity. Some of these describes as 

follow:-  

 Voltage stability 

 Frequency stability  

 Electromagnetic interference effects 

 Phase balance 

 Telephone interference factors    

The power quality issues in a power system network 

are generally due to voltage, frequency and interruption in 

the network. There may be any problem in it but it affects 

the output power. Generally the main source of poor 

power quality is voltage variation in the network.  

 
Figure: 6 - different types of power quality issues  

 

Normally the frequency of the large power systems 

remains stable and no causes for any damage due to this. But 

in case of the speed of the wind is higher then there is 

instability in the turbine components and the fluctuating 

output from these components may be the reason for the 

unstable frequency.  

 

(i). Relevant Standards Related To Voltage Stability 

 

The voltage stability of a power system can be 

subdivided into following: - slow voltage variation, fast 

voltage variation (flicker), voltage dips and harmonic voltage 

distortion. In the following table the irregularity in the voltage 

is listed along with their causes for disturbances: 
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Table: 3 – voltage irregularity along with their causes for 

disturbances 

Voltage  Reason  Specification  Causes  

Slow 

voltage 

variation 

(+6%) 

– (-10%) 

Load 

variations 

 

Fast 

voltage 

variation 

Flicker 

curve 

Switching 

loads 

Utility 

switching 

Motor 

stating 

Flicker  

Computer 

system 

crashes Voltage 

fluctuations 

Harmonics  Odd ≤ 

4% 

Even 

≤ 1% 

 

THD≤ 

6% (n=2-

40) 

Non linear 

loads 

Motor 

speed 

controllers 

Inverters  

Additional 

losses in 

generators 

and 

transformers  

Increasing 

current in 

capacitors 

Inter 

harmonics  

≤ 3% Frequency 

converters  

Unstable 

operation of 

sensitive 

electronic 

equipments  

     

(i). Slow Voltage Variation  

The RMS value of the output voltage occurring in a 

time period of minutes and more is called the slow voltage 

variation. The variation in voltage may be accepted but not 

below a certain value. According to IEC publication 38 

recommended 230/400 as the rated voltage for 50 Hz systems. 

Under this situation the voltage at the consumer‟s terminal 

must not differ more than ±10% from the nominal voltage.  

 

(ii). Fast Voltage Variation (Flicker)  

Mainly due to variation or switching of electronic 

loads or lightening are the main reasons for the fluctuations in 

the voltage. Rapid voltage fluctuations are known as voltage 

flicker.  Rapid voltage flickers are a series of changes within a 

short interval (approximately less than one minute). They are 

defined in IEC publication 555-3. The maximum obtained 

voltage changes as a function of the given standard rate.  

 

(iii). Voltage Dips 

Voltage dips are the suddenly reduction in the supply 

voltages with a magnitude which is recover after short time 

period. The reduction in voltage magnitude is about 10% to 

100% of the supply. The time duration of a voltage dip is 

10ms to 1 minute. 

 

(iv). Harmonic Voltage Distortion 

The main reason for the harmonic voltage distortion 

is harmonic current distortion in the system. The harmonic 

distortion can be measured by the different methods. One of 

the methods is total harmonic distortion (THD). The 

maximum allowed THD is 6%. The other method is individual 

harmonic distortion, and the maximum allowed value for the 

any odd individual component is 4%.  

 

(ii). Power Quality for Wind Turbines 

 

When power quality applied to the wind turbine only 

some specific voltage irregularities are considered; a wind 

turbine with an induction generator connected directly to the 

grid, gives variable active power and requires more reactive 

power. Because of this there is slow voltage variation in the 

network. This issue is focused in the designing of local grid.  

When wind turbines are connected to a weak grid 

then flicker may be a cause of problem in the system. The 

harmonic currents in the grid are because of inverters and 

voltage harmonics are because of grid impedance. When 

converters are used the most interesting type of irregularity is 

voltage harmonics in the system. Due to harmonic current 

content and reactive power demand may reduce power quality 

of a simple converter. An advance type converter can be used 

to an active filter which control the reactive power and 

maintain the voltage level. These characteristics are helpful to 

improve the power quality at the connection point.     

 

IV.  DISCUSSION ABOUT THE DIFFERENT 

TYPE OF POWER QUALITY TECHNIQUES 

 

There are many issues related to the power quality of 

the wind turbine; voltage variation, frequency variation, 

harmonics, wind turbine location in the power system, self 

excitation of the wind turbine generating system. The presence 

of harmonics in the system is due to electronic converters. 

According to the IEC- 61400-36, harmonic current and 

voltage should be in limit. Due to rapid switching the lower 

harmonics in the current are reduced and higher orders 

harmonics are filtered out by the filters. The voltage variation 

in the wind turbine is mainly due to fluctuation in the turbine 

because of the high speed wind. The variation in the voltage is 

directly affecting the active and reactive power of the turbine. 

The dynamic variation in the network due to wind turbine or 

varying the load is the main reason for voltage flicker. The 

magnitude of the voltage variation is depending on the 

connected grid strength, grid impedance, and phase angle and 

power factor of the wind turbine.  

  The rate of change of active power flow in the 

network is affect the frequency of the network and may be the 

reason for frequency variation. The active power is not 

affected by the reactive power flow in the network. The 

frequency variation in the system is because of the difference 
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of the active power flow rate change between the compensated 

and uncompensated systems. The wind turbine is compensated 

at different levels according to power generation. The static 

synchronous compensator (or STATCOM) is a shunt 

connected reactive power compensation device that is helpful 

for the generating and absorbing the reactive power and able 

to maintain the output within the specified limits. It is capable 

to control the load current, maintain the source voltage and 

current in phase and support the reactive power demand and 

enhance the utilization factor of the transmission line. 

 

V. WORKING OF STATCOM 

The compensators are used mostly in power system to 

compensate the power quality of the transmitted power from 

source to load. A static synchronous compensator 

(STATCOM) is also known by static synchronous condenser. 

It is a regulating device and based on a power electronic 

voltage source converters and works as a source or sinks for 

reactive power in the network. If connected as a source of 

power, it provides active power. It‟s one of the devices from 

the FACT family devices.   

 
Figure:7 - Working of STATCOM 

 

The STATCOM can be used to vary the reactive 

power flow by changing the magnitude of the voltage source 

converter (VSC) voltage with respect to source bus voltage. 

 
Figure:8 - Schematic diagram of STATCOM switching circuit  

 

STATCOM can improve the quality of the power system in 

the following areas:- 

 Control the voltage variation and flickers in the 

transmission and distribution system 

 Damp out the power oscillations in the power 

transmission network 

 Improve the transient stability, Control the real power 

if necessary. 

 

VI.   DESIGNING OF STANDALONE WIND 

POWER PLANT  

 
(a). Overview of Modeling of Single Wind Turbine with SCIG 

 

A single wind turbine is connected through the 

squirrel cage induction generator which produces electrical 

supply to the different local loads. The power quality of output 

is improved by the use of shunt capacitor and synchronous 

condenser (480V, 300kVA). Both of the devices improve the 

power factor of the generator. The different local loads are 

connected to the generator and the output power (active and 

reactive power), load voltage and current, frequency, speed by 

the measuring scope.    

 
Figure:9 - Modeling of single wind turbine connected to the 

SCIG 

 

(b). Modeling of Multi-Wind Turbines Connected In 

Standalone Mode  

 

There may be a number of wind turbines are parallel 

connected in the standalone mode to supply the power in a 

large amount. The advantage of parallel connection is that it 

can supply continuously in case any wind turbine is not in 

operating condition.  STATCOM is used for the power quality 

improvement of the output, and measure the generated voltage 

(Vm) and reactive power (in MVAR).  The output data 

obtained from the different wind turbines is collected and 

calculated in the data acquisition system by the load flow 

analysis. The rated output waveforms can be obtained by the 

scope. There is a wind turbine protection system in the model 
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which is used to protect the entire system and control the 

parameters of the system like, instantaneous AC over current, 

AC over current (positive-sequence), Ac current unbalance, 

AC under voltage (positive-sequence), Ac over voltage 

(positive-sequence), AC voltage unbalance (negative-

sequence), AC voltage unbalance (zero-sequence), DC over 

voltage, under speed, over speed. We set the limits of these 

parameters for controlling and protection of the system. 

There are three wind turbines in the model which are 

connected through the transmission lines and transformers. An 

extra supply is connected through the transmission lines which 

help to SCIG generator for supply and maintain the power 

output from the generator. The voltage source is considered as 

a utility or a storage bank system where we can sell the extra 

power generated or in case if we need some of extra power 

then we can use power from this source.  The output of the 

turbines, B25_WF bus data and STATCOM are calculated by 

the help of data. 

 

 
Figure:10 - Modeling of multi-wind turbines connected in 

standalone wind power plant  

 

 

(c). Modeling of Multi-Wind Turbines with Fault Connected 

In Standalone Mode  

 

In this same model we consider two L-L-G fault in 

the second wind turbine and third wind turbine and also check 

the effect of fault on the system parameters if we connected 

the system through the STATCOM. 

 
 

Figure: 11- Modeling of multi-wind turbines with fault 

connected in standalone wind power plant  

 

VII. RESULTS AND DISCUSSION 

(a). Power Output 

 

The active power of wind turbine (kW), active power 

of secondary load (kW), active power of main load (kW) and 

reactive power of synchronous condenser (kVAR) are shown 

in the scope-2 in the model. The result is obtained by the 

power computation of instantaneous active and reactive power 

of the wind turbines, synchronous condenser and loads.  

The power output of the wind turbine is fluctuating in 

the starting of the turbine but it becomes stable with the time. 

The power of the connected secondary load to the system is 

also become stable with the power of the wind turbine. Same 

with the main load power waveform that becomes stable as 

time passes. This shows that the system operates in stable 

condition and the power quality of the system has been 

improved. The reactive power of the synchronous condenser is 

shown in the diagram that is instable in the starting, after some 

time it become negative (lagging) then it become positive 

(leading) and finally operate near to zero that means the 

system power factor has been improved.  
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Figure: 12– power output 

 

(b). STATCOM Output SCIG Connected With Synchronous 

Condenser 

  

Synchronous condenser is traditionally used for the 

stability improvement in the AC systems. But the 

disadvantage of the synchronous condenser with the system is 

the response of the system become slowly, less effective and 

high losses, during fault condition or large disturbance in the 

system. So we use STATCOM for the better voltage control in 

the system. Basically STATCOM is a voltage source converter 

(VCS), which take the DC voltage at its input terminals and 

converts it into three phase AC voltages at fundamental 

frequency by using pulse with modulation (PWM) technique, 

which helps it to provide high quality AC output voltage to the 

load. The three phase output from the STATCOM is below in 

the diagram from the model.    

The three phase output of the STATCOM is shown in 

the below diagram which is fluctuating in the starting and after 

filtering and rectification it become stable in nature and 

improved the power quality of the system. 

 
Figure: 13 – Output result of the STATCOM connected to the 

SCIG with synchronous condenser 

 

(c). Line Voltage, Line Current and Frequency Output 

 

The scope -1 in the model shows the following 

resultant output waveforms of the synchronous condenser 

voltage, line current and frequency of the system.  

In the diagram the three phase line voltage is shown 

which is unstable in the starting and then becomes stable with 

the time. The three phase line current is shown in the diagram 

that is taken from the bus link where the STATCOM is 

connected to the system. The current is zero in the starting 

then it becomes unstable with the operation of the system then 

finally becomes stable. 

The frequency of the system is varied between 49.5 – 

52 Hz. Initially when the turbine start rotating the frequency is 

unstable but with the time it becomes stable. Frequency of the 

system is depends on the wind speed. The wind speed is also 

unstable in the starting so frequency is unstable but as the 

wind speed become stable the frequency is also become stable. 

 

 
Figure: 14 – line voltage, line current and frequency output 

 

(d). Three Wind Turbines Connected Together By Using 

STATCOM 

Under this condition the calculation is done in the 

data acquisition system for different parameters. The obtained 

results are as below for this condition; 

 

(1). Data Acquisition at Bus B25 

The following result comes from the data acquisition 

at bus B25 which shows the waveforms of the active power, 

reactive power, three phase voltage and positive sequence 

voltage at bus25.  

The three voltage (Vabc) and current at bus B25 is 

shown in the diagram which represent the active and reactive 

power at the bus. The voltage and current are unstable in the 
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starting so power is also unstable but as the voltage and 

current is become stable power is also in stable condition. 

 
Figure: 15 – Output result of data acquisition system at bus 

B25 

 

(2). Output Result When Three Wind Turbines Connected 

Together 

 

This result shows the output waveforms of the active 

and reactive power, rotor speed, wind speed and pitch angle of 

the wind turbine. 

The power output at different speed and pitch angles 

shown in the diagram. The different color shows the different 

pitch angle and speed and same color represents the 

corresponding active and reactive power of the wind turbine.    

 
Figure: 16. – Output result of three wind turbines connected 

together 

 

(3). STATCOM Data Result 

 

The output results of the wind turbines are taken with 

the STATCOM to obtain the improved data and calculated in 

the data acquisition system. The output result is as below in 

the diagram.  

The voltage and reactive power shown in the diagram 

both are unstable in the starting and finally become stable and 

the power quality of the system has been improved. Initially 

the reactive power in more unstable vary approximately to 

3MVAR but with time it becomes low and below to 2MVAR.   

 
Figure: 17 – Output result of STATCOM with turbine data 

 

(e). Three Wind Turbines Connected Together in Fault 

condition 

We consider the fault condition in power plant and here 

explain the obtained results with faults at wind turbine – 2 and 

wind turbine – 3. The results are given as below;  

 

(1). Data Acquisition at Bus B25 

The waveforms of three phase voltage and current are 

initially more unstable with respect to time then the 

STATCOM is in operating condition and improve the voltage 

and current waveforms. The active and reactive power also 

improved with the improvement in voltage and current.  

 

 
Figure: 18 – Output result of data acquisition system with fault 

at bus B25 
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(2). Output Result When Three Wind Turbines Connected 

Together 

In this result shows the output waveforms of the 

active and reactive power, rotor speed, wind speed and pitch 

angle of the wind turbine with fault condition. 

There are changes in the active and reactive power 

waveforms in fault condition with respect to without fault 

condition but the rotor and wind speed and pitch angle 

waveforms are not so changed in comparison to without fault 

condition. We can see the result in the following diagram. 

 

 
Figure: 19 – Output result of three wind turbines connected 

together in fault condition 

 

(3). STATCOM Data Result 

 

In this obtained result the voltage magnitude of the 

system and generator reactive power is decreased suddenly 

due to fault in the system. After fault removing from the 

system by the STATCOM, maintain the voltage and generator 

reactive power and we obtain a stable operation.   

 

Figure: 20 – Output result of STATCOM with turbine data in 

fault condition 
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