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Chapter 03 

 

POWER QUALITY AND LITERATURE REVIEW ON POWER 

QUALITY OF WIND POWER PLANTS 

 

Power Quality is a set of parameters defining the properties of the power system as 

delivered to user in normal operating condition in terms of continuity of supply and 

characteristics of voltage & frequency. The definition for “Power Quality” in 

Institute of Electrical and Electronic Engineers’ (IEEE) Standard Terms is "the 

concept of powering and grounding electronic equipment in a manner that is suitable 

to the operation of that equipment and compatible with the premise wiring system 

and other connected equipment". Simply, Perfect power quality means that the 

voltage is continuous and sinusoidal with a constant amplitude and frequency. 

Deviations from this perfection are the power quality issues. 

 

There are three main types of power quality disturbances. 

i. Voltage Events  

ii. Frequency Events – variations of the frequency outside the acceptable range. 

iii. Waveform Events – unacceptable shaping of the waveforms. 

  

PQ is an important issue for electricity consumers at all levels of usage, particularly 

industries and the services sector. Extreme use of sensitive power electronic 

equipment and non-linear loads in industry, commercial and domestic applications 

cause frequent disturbances to the quality of power nowadays. These disturbances 

ultimately lead to huge economic losses and safety concerns. A disturbance of few 

milliseconds to a power supply of complete continuous production lines where the 

process cannot tolerate any temporary shutdown of any element in the chain can 

stop the production line for hours with severe damage to material and equipment. 
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3.1 Voltage Events 

Figure 3.1 shows the classification of voltage events linked with power systems 

according to the magnitude and duration of the event. [3] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1:  Classification of Voltage Events 

 

3.1.1 Voltage Sag / dip 

Voltage Sag is defined as sudden reduction in the voltage to a value between 0.1 pu 

– 0.9 pu in route mean square (rms) voltage for a duration conventionally 1ms to 1 

min. Voltage Sags are the most common voltage event and can occur in any 

combination of phases. They are normally caused by system short circuit faults, 
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earth faults, starting of heavy loads such as Induction Generator/Motors with high 

starting currents, bad weather conditions and sudden system overloads.  

 

Voltage sags in higher voltages propagate to lower voltage levels via transformers. 

Voltage sag of few milliseconds may have damaging consequences for several 

hours. Sags result in tripping of control and protection equipment, sensitive power 

electronic devices and some motors. In order to mitigate sags, Automatic Voltage 

Stabilizers can be used. 

 

3.1.2 Under voltage events 

Under Voltages are sudden decreases of voltage to a value between 0.1 pu – 0.9 pu 

of rms voltage for a duration longer than 01 minute. Causes and unfavorable effects 

of Under Voltages are as same as voltage sags mentioned in above 3.1.1. 

 

3.1.3 Interruptions 

An Interruption occurs when the rms voltage falls less than 0.1 pu of nominal 

voltage. Interruptions that prevail less than 01 minute are defined as “Short 

interruptions” and interruptions that prevail longer than 01 minute are defined as 

“Long or Sustained interruptions”. Long interruptions may occur due to planned 

outages or as a result of isolation of a permanent fault. Interruptions are propagated 

from higher voltages to lower voltage levels via transformers. They require human 

intervention to resume power. 

 

3.1.4 Over voltages 

Over voltages are of three types as, 

i. Temporary Power Frequency Over voltages 

ii. Switching Over voltages 

iii. Lightning 
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3.1.4.1 Power Frequency Over Voltages 

An over voltage is an increase in rms voltage greater than 1.1 pu of nominal voltage. 

Over voltages prevail less than 01 minute are defined as “Voltage Swells”. This can 

occur in any combination of phases. The origins of over voltages are, 

i. Insulation Faults - When an insulation fault occurs between a phase and 

earth, the voltage of the healthy phases to earth may reach the phase to phase 

voltage. 

ii. System Faults 

iii. Switching off of large loads 

iv. Energizing of large capacitor banks 

v. Incorrect settings on alternator regulators or transformer tap changers 

vi. Overcompensation of reactive power 

 

Over voltages on high voltage (HV) installation may propagate to low voltage (LV) 

installations via the earth of the HV/LV substation. 

 

3.1.4.2 Switching over voltages 

In a power system, switching operations are unavoidable. They particularly last for 

microseconds or milliseconds but the magnitude may raise to several times of 

nominal voltage. 

 

3.1.4.3 Lightning over voltages 

Lightning is a natural phenomenon that cannot be avoided.  

 

The consequences of over voltages vary on magnitude, duration, repetition and 

frequency of the event. Transient over voltages cause premature ageing, permanent 

damage and destruction of equipment and dielectric breakdown of material. 

 

3.1.5 Voltage fluctuations and flicker 

Voltage fluctuations are variations in the rms value or the peak value of voltage with 

amplitude of less than 10% of the nominal voltage. Usually, fluctuations are a series 
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of voltage changes within a voltage envelope as shown in Figure 3.2. These are 

characterized by the magnitude and frequency of the fluctuation.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Voltage Envelope 

 

The physiological effect of voltage fluctuation is referred as “Flicker”. Flicker is 

defined as “Impression of unsteadiness of visual sensation induced by a light 

stimulus whose luminance or spectral distribution fluctuates with time”. [3]. 

Periodic fluctuation of voltage results in flicker of lighting, particularly in 

incandescent lamps. Flicker can be ignored or irritating depending on the flicker 

level - amplitude, shape and repetition frequency of the fluctuated voltage 

waveform. Flicker can cause annoyance to the human eye that result in fatigue and 

less concentration.  

 

The magnitude of flicker depends upon following factors. [5] 

i. Electrical Design of the Wind turbine  

ii. The stiffness of the line 

iii. Voltage level  

iv. Distance from substation 

v. Size of the Transformer 

 

Two indices are typically used to measure flicker emission, Short-Term Flicker 

Index (PST) and Long-Term Flicker Index, (PLT). PST is measure over a ten minute 

period and PLT is a rolling average of PST values over a two hour period. Standard 
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IEC Characteristic for Flicker is shown in Figure 3.3. Maximum permissible 

compatibility levels and planning levels of flicker are given in Table 3.1. The usual 

threshold level for connecting wind turbines to grid is PST ≤ 1. 

 

Table 3.1: Maximum permissible Compatibility Levels and Planning Levels of 

Flicker 

 
Compatibility Level Planning Level 

LV & MV MV HV 

PST 1.0 0.9 0.8 

PLT 0.8 0.7 0.6 

 

The most preferable technique to mitigate the flicker is reactive power 

compensation. It can be adopted either by the grid-side converter of variable-speed 

wind turbines or by a static synchronous compensator connected at the point of 

common coupling (PCC). 

Figure 3.3: IEC Flicker Perception Curve for PST = 1 

Source: IEC 61000-3-3 
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3.1.6 Voltage unbalance 

A three phase system is called balanced if the three phase voltages and currents have 

same amplitude with a 120
0
 phase shift with respect to each other. Any deviation 

from this condition results in system unbalance. According to National Electrical 

Manufacturers Association (NEMA), Voltage Unbalance is defined as follows. 

 

Voltage Unbalance = Maximum deviation from the mean of {Vab, Vbc, Vca} 

Mean of {Vab, Vbc, Vca} 

                              -------------------------------(3) 

 

Limits for unbalance factor in IEC standards are given as, 

 < 2% for LV and MV systems 

 < 1% for HV 

 

In realistic situation, power systems are unbalanced due to unequal distribution of 

single phase loads, unbalanced three phase loads and differences in line impedances. 

Unbalance results in excessive heating of network components, degradation of 

insulation, reduced outputs, vibrations and noises. 

 

3.2 Waveform Events 

3.2.1 Harmonics 

Harmonics are the waveforms whose frequency is an integer multiple of the 

fundamental frequency. Harmonics waveforms with odd harmonic numbers are 

referred as “Odd Harmonics” and harmonics waveforms with even harmonic 

numbers are referred as “Even Harmonics”. 

 

A periodic waveform consisting of a DC component, fundamental and harmonics 

can be represented in Fourier series as in equation (4). Odd harmonics are additive. 

Even under balanced load conditions, neutral currents can reach magnitudes as high 

as 1.73 times the average phase current due to odd harmonics. Even harmonics 

cancel out in the neutral conductor. 
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Where, h is the harmonic number 

 

 

Harmonics are mainly produced by non-linear loads which draw non-sinusoidal 

currents from the supply voltage. In an ideal power system, voltage and current 

waveforms are pure sinusoidal. But in practical scenario, non-linear loads connected 

to power system introduce current and voltage harmonics into the system. Main 

sources of harmonics in power systems are,  

i. Power Electronic Equipment: Static Power Converters, Drives, Rectifiers 

(diode or thyristor), Inverters and Switching Mode Power Supplies. 

ii. Loads using electric arcs like arc furnaces, welding machines, lighting 

(discharge lamps, fluorescent tubes).  

iii. Starting motors using electronic starters  

iv. Domestic loads with power electronic devices such as Computers, Printers, 

photocopiers, Television sets, microwave ovens, fluorescent lamps etc. 

 

Because of operating flexibility, high level of performance and high energy 

efficiency, the use of power electronic equipment is spreading extensively.  

 

3.2.1.1 Harmonic distortion 

Harmonic distortion is the change in the voltage or current waveform from the ideal 

sinusoidal waveform. “Total Harmonic Distortion (THD)” is used to calculate the 

distortion level of a given waveform as shown in equation (5). 
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3.2.1.2 Adverse effects of harmonics 

Harmonics in a power system cause severe degradation of power quality. Harmonics 

currents flow through the system impedance, results in non-sinusoidal voltage drops 

that can compromise network voltage quality. Most of the time, the impact of 

harmonics are not identified until the failure occurs. Equipment malfunctions are 

probable with a total harmonic distortion of greater than 8% of the voltage and 

between 5% - 8%, malfunctions are possible. Therefore as a global norm, THD has 

to be kept below 5% at the point of common couplings. [5]  

 

Harmonics cause increased losses due to heating, mechanical stress, vibration, 

reduction of capacity at full load and acoustic noise in motors. They also cause 

destruction of capacitors by thermal overload and resonance, loss of accuracy of 

measurement instruments, unwanted operation of protective devices, increased I
2
R 

losses in power cables, operational disturbances induced in computers, television 

sets, telecommunication systems and control systems. Harmonics increase overall 

reactive power demand of loads. 

 

Harmonics affect transformers in multiple ways. High frequency harmonic voltages 

induce hysteresis loops that cause additional core losses. High frequency harmonic 

currents increase the rms current at the transformer windings and cause high I
2
R 

losses. Eddy current losses are also increased. Another adverse effect is circulation 

of triple-N (integer multiples of third harmonic) harmonics in the delta winding of a 

transformer and add up in the neutral in case of a star connection. In addition to that, 

“Triplen Harmonics” (3
rd

, 9
th

, and 15
th

 harmonics) cause distortion of voltage 

waveforms. 

 

Presence of harmonics ultimately cause high economic losses resulting from the 

additional costs linked to increased energy losses, over sizing of equipment, loss of 

productivity due to accelerated ageing of equipment and unwanted tripping. [48] 
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3.2.1.3 Harmonic Mitigation 

Techniques used to mitigate harmonic voltages and currents in power systems 

mainly fall into three categories. They are, [48] 

i. Filtering Harmonic Components 

ii. Cancellation of Harmonic currents 

iii. Design considerations of equipment 

 

Details on harmonic mitigation are discussed in Chapter 07 of this dissertation. 

 

3.3 Literature Review on Power Quality of Wind Power Plants 

Studies already carried out related to power quality of wind plants were referred at 

the initial stage of the research and their methodologies and major identifications 

were taken into consideration. 

 

3.3.1 Power Quality Issues associated with Wind Plants 

Usually, wind energy is considered as a risky source in terms of power quality. 

Utilities across globe have identified adverse impacts of large scale integration of 

wind resources. [56] Wind turbines have an uneven power generation following 

natural variations of the wind. [5] Different power quality issues arise with operation 

of wind turbines depending on the type of the equipment used for the plant and the 

connected Grid Sub Station. Major concerns associated with wind plants are; [1] 

i. Voltage changes and Fluctuations 

ii. Flicker 

iii. Frequency variations 

iv. Grid reconnection time 

v. Voltage and Current Harmonics 

vi. Reactive power 

 

In this dissertation, power quality aspects are discussed with reference to following 

base documents. 
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 Grid Connection Requirement for Wind Power Plants – Ceylon Electricity 

Board. 

 International Electromechanical Commission’s (IEC) standard no 61400-21: 

Measurement and Assessment of Power Quality Characteristics of the grid 

connected wind turbines. 

 Institute of Electrical and Electronics Engineers (IEEE) standard no 1159-

2009: IEEE Recommended Practice for Monitoring Electric Power Quality. 

 

When wind turbines are connected to a grid, its power quality highly depends on the 

interaction between the grid and the wind turbines. [56] The study is carried out 

based on IEC 61400-21 which has become the reference standard for the 

certification of the grid-connected wind turbines in terms of power quality. The 

researchers have recognized that, measurement and assessment procedure specified 

by the standard demands a deep knowledge and experience on power quality issues. 

Further, it requires storage and processing of a huge amount of data from voltage, 

current and wind time-series. To serve the above requirement, the research team has 

developed their own system to measure parameters; voltage, current and wind speed 

to assess power quality of grid-connected wind turbines. 

 

3.3.2 Voltage variations and Fluctuations 

The intermittent nature of the wind causes voltage variation. Uneven power 

production is common in both fixed speed and variable speed wind turbines. Fixed 

speed wind turbines connected to a grid show high fluctuations where variable speed 

turbines show a smoothed variation. In fixed-speed wind turbines, the tower shadow 

and gradient of the wind speed cause power fluctuations. Switching operations of 

wind turbine generating system also cause significant voltage variations. [5] 

 

The variation of power is high during low winds and converges to a constant with 

the increase of wind. Uneven power production and power fluctuation results in 

voltage variations and flicker disturbances. [5] This documentation provides a 
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comprehensive description on the power quality of wind turbines; organized in four 

major sections as; 

i. Types of Electrical systems used in Wind Power Generation 

ii. Measurements on Voltage and Frequency Variations, Transients & 

Harmonics. 

iii. Standards for Measuring and Testing Power Quality of Wind Plants. 

iv. Regulatory requirements concerning Power Quality of Wind 

Turbines 

 
Proposed methods for assessing the power quality of wind turbines in the study are 

more appropriate to be used at wind plants having synchronous generators.  

 

The main causes of voltage dips/sags at a wind turbine terminal are short circuits 

and earth faults. These faults can be either symmetrical (three-phase) or non-

symmetrical (single phase, double phase or phase to earth). The magnitude of a 

voltage dip at the wind turbine terminals will depend on the type of faults, the 

distance to the fault and the fault impedance. [58]  

 

The voltage dip will increase the current in the stator windings of the generator 

which in turn may lead to the destruction of the power converter. To avoid this, most 

wind turbines are automatically disconnected from the connected grid when a fault 

occurs and reconnected when the fault is cleared. But it is not possible to disconnect 

a wind plant from the grid without affecting the stability and reliability of the power 

system. The typical control strategy used in an event of a grid failure is to disconnect 

the wind turbines from the grid. But, when a significant amount of wind power is 

integrated to the grid, disconnecting the wind turbines result in voltage instability 

and collapse. [5] 

 

3.3.3 Reactive Power 

Fixed speed wind turbine units which employ induction generators require reactive 

power from the grid to operate. The reactive power requirement in an induction 

generator increases as the amount of power generation increases.  



29 

 

 

According to the grid code of CEB, Power Factor and Reactive Power Support from 

a Wind Power Plant shall be as follows. 

 

“The recommended range for reactive power support by a wind farm is 0.80 lagging 

to 0.95 leading. The exact level of reactive power support required from a wind farm 

will depend on the outcome of grid interconnection studies. Therefore, unless 

specific reactive power support is requested in the grid interconnection proposal, the 

wind farm shall operate in the range of 0.98 leading to unity power factor. Failure to 

operate below 0.98 leading power factor (i.e. less than 0.98 leading) shall result in 

imposition of a penalty which shall be decided by CEB”. 

 

Reactive power consumption is considerably high in wind turbines. It is identified as 

a major limitation when integrating a wind plant to a grid with a limited reactive 

power capability. [14], The study consists of observations made on measurements 

done at the 3 MW pilot wind plant in Hambantota, Sri Lanka and has concluded 

that, the power factor has fallen below 0.8 for 20% of the operating time of the wind 

plant.  

 

In [14] and [37], conventional methods used for reactive power compensation are 

described and incorporating an Advanced Static Var Compensator (ASVC) is 

recommended for reactive power compensation.  

 

3.3.4 Voltage Unbalance 

Voltage Unbalance is a power quality problem observed mainly in distribution 

feeders where wind plants are connected. Using dedicated feeders to connect wind 

plants to the grid is recommended in order to avoid this unnecessary voltage 

unbalance. [14] 
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3.3.5 Flicker issue in wind plants 

Flicker is considered as a major drawback and a limitation to integrate maximum 

possible amount of wind power to the grid. Flicker arises from wind power plants 

mainly due to variations in the wind speed, intermittent winds and tower shadowing 

effect. [5]  

 

As per [15], Flicker emission of grid connected wind turbines depends on mainly on 

factors as, 

i. Mean wind speed 

ii. Turbulence intensity 

iii. Short circuit capacity ratio 

iv. Grid impedance angle 

The specific goal of this research had been to investigate Flicker Emission and 

Mitigation of grid-connected wind turbines with Doubly Fed Induction Generators 

(DFIG) during continuous operation. The research concludes that, the Static 

Synchronous Compensator (STATCOM) is superior to the Static Var Compensator 

(SVC) for flicker mitigation which is commonly used in wind power generation.  

 

A Reactive power compensator of appropriate rating could be employed to 

compensate the voltage changes and hence eliminate flicker in wind farms. [14], 

[37] However, for wind plants connected to the transmission system, voltage flicker 

is not a considerable issue. [5] 

 

3.3.6 Harmonic issues associated with wind plants 

In case of wind plants, current harmonics formed due to switching converters distort 

the supply current. According to IEC 61400-21: Measurement and assessment of 

power quality characteristics of grid connected wind turbines, harmonic 

measurements are not required for fixed speed wind turbines where the induction 

generator is directly connected to grid. Harmonic Measurements are required only 

for variable speed turbines equipped with electronic power converters.  



31 

 

Generally the power converters of wind turbines are pulse-width modulated 

inverters, with carrier frequencies in the range of 2-3 kHz.  

 

Voltage and current harmonics should be limited to allowable level at the point of 

wind turbine connection to the system (PCC). Figure 3.4 shows the Instantaneous 

Voltage and Current of a wind plant connected to a distribution Feeder at Puttalam.  

 

 

 

 

 

 

 

Figure 3.4: Distorted Voltage and Current waveforms of a wind plant 

directly connected to a distribution Feeder. (Original in Colour) 

 

A typical bar plot of the amplitude of harmonics generated in a six-pulse converter 

with respect to fundamental is shown in Figure 3.5.  

 

Active Harmonic Filters are a successful solution to mitigate harmonics in a power 

system. [48] A field survey on harmonic levels of different types of consumers had 

been carried out to investigate the possible contribution of harmonics to the power 

quality issues faced by them. A computer model of an active filter is also developed 

and simulation of its operation and control is carried out using the 

MATLAB/Simulink environment to analyze the harmonic mitigation capability. 
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Figure 3.5  : Harmonics generated in a typical six-pulse converter 

 

 




