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ABSTRACT 

Wind energy has recently emerged as one of the most promising and significant sources of 

renewable energy that is replenishable. Unlike conventional power plants, wind power plants 

emit no air pollutants or greenhouse gases and therefore, wind energy provides clean and non-

polluting form of electricity. Today, more than 341,320 wind turbines are spinning all over 

the world. However, the growing penetration of wind energy system (WES) into electric 

network poses significant challenges on a wide range of issues, the major ones are as follows: 

 a) Variable Wind speed - Wind speed is intermittent and stochastic in nature and the 

output of wind turbine (WT) is proportional to the cube of the wind speed. This causes the 

wind generator output power to fluctuate largely for even small changes in wind velocity. The 

power in the grid determines the frequency at which the grid will operate. When the 

penetration of WES in the grid is large, the wide power variations may result in significant 

fluctuations in grid frequency. 

b) Transient faults- The induction generator is extremely sensitive to the grid faults as 

its stator winding is directly connected to the grid. If short-circuit faults occur in the power 

network, induction type WES tend to drain relevant amount of reactive power potentially 

causes rotor instability due to voltage collapse. In recent years this has become a major 

concern as the wind power penetration is increasing in the grid power mix. 

(c) Grid code requirement- The grid codes are originally defined keeping in mind with 

conventional generators. But increasing penetration level of wind generators into power 

system has pushed wind farm operators to set new grid code requirements for reliable grid 

operation. During the disturbances, wind generating stations connecting to the grid must 

satisfy the grid code requirements in order to ensure power system stability and reliable 

operation. 

However, designing a robust controller for effective power smoothing, fault ride through 

and smooth grid interaction operation subjected to above issues is a challenging task to the 

control engineers as wind energy system become highly uncertain. In response to these 

challenges, this thesis mainly proposes a novel control strategy with interval type-2 fuzzy sets, 

for handling the uncertainties in the network operating conditions. The third dimension 

membership functions (MFs) and foot-print-of-uncertainty (FOU) offer an additional degree-

of-freedom in the controller design to take uncertainties into account. The feasibility of the 

controller is also investigated in some test cases by developing the real time simulations using 

OPAL-RT digital simulator. 
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Therefore, the main focus of the thesis is to investigate the applicability of the interval 

type-2 fuzzy logic controller (FLC) for fixed speed and variable speed wind energy systems to 

improve the operational performance under varying wind speed and network faults. The core 

objectives of the thesis are as follows: 

 Transient stability enhancement and power smoothing of WES using type-2 fuzzy 

logic based pitch-angle controller. 

 Stability enhancement of fixed speed wind farm using STATCOM equipped with 

type-2 fuzzy logic based damping controller. 

 Performance analysis of a fixed speed wind farm using unified voltage and pitch-angle 

control (UVPC) strategy. 

 Design and analysis of adaptive type-2 FLC-PI for a variable speed (DFIG) wind 

energy system. 

In general, pitch-angle controller regulates the generator output power when the wind 

speed exceeds the rated wind turbine speed. Besides, this it can also be employed to stabilize 

the WES rotor speed during the transient disturbances. In this part of the thesis, therefore, a 

logical pitch angle controller strategy (in power and speed control modes) has been developed 

and an interval type-2 fuzzy logic technique is proposed to design the controller. To evaluate 

the effectiveness of the type-2 fuzzy logic based pitch-angle controller, the simulations have 

been carried out for severe network faults and fluctuating wind conditions and results are 

compared with conventional PI and fuzzy logic controller (called as type-1 fuzzy logic 

controller) that has been reported in the literature. Moreover, some key factors that affect the 

transient stability of wind generator have also been investigated. The electrical torque as well 

as mechanical torque versus rotor speed results are obtained under different pitch-angle 

conditions, and concept of stable and unstable electrical-mechanical equilibrium points are 

established. This type of investigation is very important to expand the operating limitations of 

the wind turbine driven induction generator under the severe faults. 

The WES has an undesirable characteristic in which its power output varies with wind 

speed, resulting in fluctuations in the grid frequency and voltage. This part of the work 

initially employed exponential moving average (EMA) concept to generate reference power. 

Later on, an interval type-2 fuzzy logic based pitch-angle controller is implemented and 

designed for good reference tracking and therefore, it can smoothen out the WES output 

power more effectively. Different types of wind speed patterns are employed to validate the 

effectiveness of the proposed controller. Real time simulations are also developed to show the 

applicability of the proposed controller using the OPAL-RT digital simulator. The results 

show that the proposed type-2 fuzzy logic based pitch-angle controller offers better 
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performance in tracking reference power and hence, it offers good smoothing of output power 

fluctuations than conventional proportional-integral (PI) and traditional fuzzy logic (type-1) 

controllers. The performance of the proposed controller is also estimated using power 

smoothing and energy loss functions in terms of performance indices. 

Fixed speed wind farms employing squirrel-cage induction generator still exist in the 

world with a considerable number due to their advantages. In the event of grid faults, they are 

extremely sensitive as their stator winding is directly connected to the grid. As for cases in 

which if the penetration of wind farm is large in the generator mix and therefore, supplying 

power to the grid have adverse impact on the power system to which they are connected. 

Therefore, stability of wind farm becomes an important issue and has recently attracted 

considerable attention. As a preliminary study, this part of the work, therefore, investigates 

the impact of fault ride-through on the stability of fixed speed wind farm. The effect of fault 

locations and fault time durations on the stability of fixed speed wind farm are studied for 

different types of fault such as line-to-ground (LG), double-line-to-ground (LLG) and three-

line-to-ground (LLLG) faults. The simulations are then repeated incorporating a static 

synchronous compensator (STATCOM) to study its contribution to support the wind farm 

during different fault conditions. The outputs include the affected voltage profile, active and 

reactive power magnitudes. Later on, an interval type-2 fuzzy logic based damping controller 

for STATCOM is proposed to contribute an adequate damping characteristic which improves 

the transient stability of wind integrated power system. In this regard, three different scenarios 

(STATCOM-without damping controller, STATCOM-with type-1 FLC based damping 

controller and STATCOM-with type-2 FLC based damping controller) are considered to 

evaluate the effectiveness of the proposed method by comparative analysis. The simulation 

results are obtained for different fault cases such as LLLG, LLG and LG. All the simulations 

are carried out on a test system using MATLAB/Simulink
®
 software. 

The increasing penetration of wind energy system into power system has pushed grid 

operators to set new grid code requirements in order to maintain acceptable and reliable 

operation of the system. One of the most relevant grid code requirements is low voltage ride-

through (LVRT) capability of wind generators. In case, whenever large voltage dip occurs due 

to severe network disturbances, the wind generators must remain connected, instead of 

tripping, in order to avoid other sequence of disturbances triggering in the power system. This 

part of the thesis proposes Unified Voltage and Pitch-angle Control (UVPC) strategy for fixed 

speed wind farm. The focus is put on guaranteeing the grid code compliance (i.e. LVRT) 

when the wind farm subjected to severe network fault. The UVPC consists of STATCOM 

voltage control and pitch-angle control loops which are coordinated in order to enhance the 
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low-voltage ride-through capability of the wind generators thereby, fulfilling the prescribed 

LVRT grid code requirement. To evaluate the effectiveness of UVPC strategy, different test 

cases have been considered which are as follows:  

              (a) System without STATCOM and pitch-angle controller 

              (b) System with STATCOM only 

              (c) System with STATCOM as well as pitch-angle control (i.e. UVPC).  

The simulation results show that the adoption of STATCOM and pitch-angle controller helps 

in complying with LVRT requirement so as to ensure the continuous operation of wind 

turbines.  

Moreover, UVPC strategy is also employed and investigated for its applicability in 

smoothing out the output power and voltage regulation of a fixed-speed wind generator in the 

partial load region subjected to varying wind speed. 

In both conditions (transient fault and varying wind speed) the pitch angle control loop of 

UVPC has been designed using type-2 fuzzy logic controller, as it offers effective 

performance than other control technique such as conventional PI and type-1 FLC. 

Doubly fed induction generator (DFIG) is very sensitive to voltage variations in the grid, 

which pose limitations for wind plants during the grid interaction. Handling the disturbances, 

which cause voltage variations in the grid thereby, affecting DFIG is a major challenge to 

make it complaint with the modern grid code requirement. This work proposes an advanced 

interval type-2 fuzzy logic-proportional integral (PI) controller for torque and voltage control 

loops of rotor-side converter (RSC) of DFIG. The gains of PI controller are determined and 

tuned by interval type-2 fuzzy logic method according to system operating condition. Thus, 

the adaptive nature of type-2 fuzzy logic and the robust nature of PI controller combined 

together, eventually exhibits good steady-state and dynamic responses. The performance of 

the proposed controller has been evaluated for different operating conditions of DFIG such as 

severe fault and voltage sag with reference to varying wind speed. A 1.5MW DFIG connected 

to the grid is modeled using MATLAB/Simulink
®
 and then it exported to OPAL-RT digital 

simulator for real time simulation. The performance of the proposed controller scheme is 

verified through a comparative analysis with its traditional fuzzy logic-PI counterpart. The 

transient analysis of tuned PI gains with interval type-2 fuzzy logic shows the improved 

performance subjected to disturbances (i.e. three phase short circuit fault and voltage sag) as 

desired by the grid codes. 
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CHAPTER 1: INTRODUCTION 

1.1 Renewable energy 

Fossil fuels (e.g. coal, gas and oil) being a major energy producer are recognized 

nonetheless as a major cause of environmental pollution posing severe challenges to mankind. 

Moreover, these resources are limited in availability and their production will be at peak in 

the next few decades. At the same time, nuclear energy development is receiving huge 

political opposition from various countries. With these compulsions, to address the ever 

increasing energy demands and draining out of fossil fuels, the research community is striving 

for use of alternative energy resources. The necessity of bulk energy production qcombined 

withqthe interestqin clean technology has resulted in an increasedqdevelopment of power 

generation usingqrenewableqenergies [20]. Renewable are highly eco-friendly, resulting in 

deep reductions in greenhouse gas emission with low cost of required energy. 

The sun is the primary source of renewable energy, with some forms also attributed to the 

earth and moon. The major resources which technically use conversion methods and natural 

ways of conversion are listed in Table 1.1. Among them, wind energy emerging as one of the  

Table 1.1: Sources of renewable energy [155] 

Primary source Medium Natural conversion Technical conversion 

Sun Solar energy  
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most promising and significant renewable energy resource is suitable for bulk energy 

production, which is replenish-able so no matter how much is used today there will still be the 

same supply in the future and more. 

1.2  Present status of wind energy 

Several organizations such as American Wind Energy Association (AWEA), National 

Renewable Energy Laboratory (NREL), and Global Wind Energy Council (GWEC) are 

working in the world in the area of wind energy research. According to GWEC, by 2020 wind 

energy can supply approximately about 12% of the world’s total electricity demand. Today, 

more than 341,320 wind turbines are operating all over the world [47]. Figure 1.1 shows the 

global annual installed wind capacity worldwide during the period (2001-2016). Figure 1.2 

depicts the top five most countries which have installed wind power during the year 2016 

itself. Finally, the global cumulative wind power capacity installed from the year 2001 to 

2016 is shown in Figure 1.3.   

 

         Figure 1.1: Global wind power capacity installed annually (2001-2016) [47] 

 

Figure 1.2: The new installed wind power capacity during the year 2016; by top five countries 
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Figure 1.3: Global cumulative installed wind power capacity (2001-2016) [47] 

 

 

2008 2009 2010 2011 2012 2013 2014 2015 2016 

qAsiaq 8,3201 15,507 21,481 20,981 15,624 18,252 26,058 33,962 27,721 

Africa & Middle East 961 2511 1153 8 1311 2401 9341 9531 418 

Europeq 8,851 10,660 10,466 10,393 12,862 12,524 12,988 13,831 13,926 

qLatin Americaq 1281 4711 45911 7711 1,248 1,240 3,744 3,678 3,079 

qNorth Americaq 8,969 11,008 6,208 8,137 14,807 3,112 7,382 10,829 9,359 

qPacific Regionq 4821 5781 29411 3451 358 6551 5681 381 140 

Total World wide 28,854 38,475 39,061 40,635 45,030 36,023 51,674 63,634 54,642 
 

Figure 1.4: Global cumulative wind power capacity by regions (GWEC, 2008-2016) [47] 
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Globally, wind power installed capacity has risen exponentially from approximately 

23.9GW in 2001 to 486.790GW by 2016 as shown in Figure 1.3. In every five years, the wind 

power installation has doubled. On 25th April, 2016 in Delhi, GWEC unveiled its flagship 

publicationqon “GlobalqWind Report: Annual Market Update at Wind energy”. In 2016, wind 

powerqinstalledqacross theqglobalqmarket is around 54GW whichqnow comprisesqmore than 

ninety nations, includingqtwentyqnine nations which have now reached the 1,000MW mark, 

and nine nations with more than 10GW of wind power production. Cumulative capacity 

increased by 12.6% to reach a total of 486.790GW. Figure 1.4 showsqthe globalqcumulative 

wind capacity by different regions from 2008-2016. Figure 1.5 shows the top five countries 

contributing percentage of wind power upto the year 2016. 

 

Figure 1.5: Top five countries wind power contribution by the end of 2016 

Table 1.2 shows the global wind power installed capacity with different regions (with 

country wise contribution) by the end of year 2016. The top five most wind energy generating 

countries are China (168.732GW), USA (82.184GW), Germany (50.018GW), India 

(28.7GW), and Spain (23.074GW).Wind energy installations are increasing continuously day 

by day, led by Germany pushed 16%, followed by Cyprus and Spain with well over 20%, 

Uruguay, Portugal and Ireland around 20%, and Denmark at 40%. Moreover, the markets like 

Canada, US and China are getting their power from wind by 6%, 5.5% and 4%, respectively. 

According to five year forecasts seen by the GWEC, the new wind power installations in 2017 

is around 60GW and the annual market will rise to about 75GW by 2021, which will bring the 

global cumulative installed capacity to more than 800GW by the end of 2021.   

 

34% 

16% 

10.2% 

5.8% 4.7% 
China 

USA 

Germany 

India 

Spain 



5 
 

Table 1.2 Global wind power installed capacity region with country wise by the end of 2016 

[47] 

GLOBAL INSTALLED WIND POWER CAPACITY (MW)-REGIONAL DISTRIBUTION 

  End 2015  New 2016 Total 2016 

AFRICA & MIDDLE EAST Jordan 119 - 119 

 Tunisia 245 - 245 

 Ethiopia 324 - 324 

 Morocco 787 - 787 

 Egypt 810 - 810 

 South Africa 1,053 418 1,471 

 Other 150 - 150 

 Total 3,488 418 3,906 

     

ASIA Philippines 216 - 216 

 Thailand 223 - 223 

 Pakistan 308 282 590 

 Taiwan 647 35 682 

 South Korea 835 201 1,031 

 Japan 3,038 196 3,234 

 India 25,088 3,612 28,700 

 PR China 145,362 23,370 168,732 

 Others 253 25 276 

 Total 175,970 27,721 203,685 

     

EUROPE Belgium 2,218 177 2,386 

 Austria 2,404 228 2,632 

 Ireland 2,446 384 3,830 

 Romania 2,976 52 3,028 

 Netherlands 3,443 887 4,328 

 Denmark 5,064 220 5,228 

 Portugal 5,050 268 5,316 

 Poland 5,100 682 5,782 

 Turkey 4,694 1,387 6,081 

 Sweden 6,029 493 6,520 

 Italy 8,975 282 9,257 

 France 10,505 1,561 12,066 

 UK 13,809 736 14,543 

 Spain 23,025 49 23,074 

 Germany 44,941 5,443 50,018 

 Rest of Europe 7,220 1,077 8,241 

 Total Europe 147,899 13,926 161,330 

     

LATIN AMERICA & CARIBBEAN Caribbean 164 - 164 

 Dominican Republic 86 50 135 

 Honduras 176 - 176 

 Peru 148 93 241 

 Panama 270 - 270 

 Costa Rica 278 20 298 

 Argentina 279 - 279 

 Uruguay 845 365 1,210 

 Chile 911 513 1,424 

 Brazil 8,726 2,014 10,740 

 Others 335 24 359 

 Total 12,218 3,079 15,296 

     

NORTH AMERICA Mexico 3,073 454 3,527 

 Canada 11,219 702 11,900 

 USA 73,991 8,203 82,184 

 Total 88,283 9,359 97,611 

     

PACIFIC REGION New Zealand 623 - 623 

 Australia 4,187 140 4,327 

 Pacific Islands 13 - 13 

 Total  4,823 140 4,963 

 World wide 432,680 54,642 486,790 
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1.3  Wind energy systems configurations 

The wind energy conversion system (WECS) consists of two main electrical components, 

namely, a generator and a power converter. Therefore, by combining these two components 

and with their different designs, WECS configuration can be classified into three different 

groups [16]: (1) fixed-speed WECS without power converter interface, (2) variable-speed 

WECS with reduced-capacity converters and (3) variable-speed WECS with full-capacity 

converter interface [18]. 

1.3.1 Fixed-speed WECS without power converter 

A typical configuration of fixed-speed WECS without a power converter interface is 

depicted in Figure 1.6, where a generator is directly connected to the 50Hz or 60Hz utility 

grid. This type of WECS employs a squirrel-cage induction generator (SCIG), and its rotor 

speed is computed by number of pair of poles in the generator and the grid frequency. The 

operating range of generator speed varies within 1 to 2 percentages for different values of 

wind speed. As the variation of generator speed is very small and the system is often called as 

fixed-speed wind energy conversion system [177]. 

 

 

Grid 

Transformer 

Soft starter 

Bypass switch 

SCIG Gearbox 

Capacitor bank 

 

Figure 1.6: Fixed speed WECS configuration 

Here, a gearbox is employed between the rotor of the wind turbine and the rotor of the 

generator in order to match the speed difference between the generator and turbine. This type 

of configuration incorporates soft starter in order to limit the high inrush current during 

system start-up, later on, it is  bypassed with a switch once the system is started [136]. At the 

generator terminal a capacitor bank is connected to provide necessary amount of reactive 

power consumed by the SCIG to maintain the power factor at reasonable value. 

The main features of this type of WECS are: low maintenance cost, more reliable, robust 

and very good for low energy yields [4, 12, 13, 30]. The disadvantages are: the generator 

output power fluctuates with wind speed variations cause the grid frequency disturbances, 

moreover, this type of WECS delivers the rated power to the grid at a given wind speed, but 
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for other wind speeds it produce low energy conversion efficiency. In spite of its drawbacks, 

this WECS is stillqwidelyqaccepted in industryqwith a powerqratingqup to a coupleqof 

megawattsq[69]. 

1.3.2 Variable-speed WECS with reduced-capacity converters 

After the use of power electronic converters in the WECS, the whole scenario of wind power 

generation has significantly changed. Variableq speed concept has numerous merits compared 

to fixed-speed WECS [32, 56, 92, 111]. In caseqof variableqspeed WECS by changing the 

speedqof wind turbine one is able to store the variable incomingqwind power asqrotational 

energy. Therefore, it provides more energy production with less stress on the mechanical 

structure and leads to reduction in wear and tear on the bearings and gearbox; and also 

increases the life cycle of them. The rotational speed of the generator is decoupled from the 

grid frequency; hence, the rotor can be operating with variable speed adjusted to actual speed 

situation. The application of power electronic converter in the WECS decouples the generator 

from the grid, which enables the active and reactive power control [110].  

Based on the converter capacity with respect to total system capacity the variable-speed 

windqenergyqconversionqsystem is further classified into two types; full-capacityqpower 

converterqand reduced-capacityqpowerqconverter. Theqvariable-speedqWECS with reduced 

capacity converter employs the doubly-fed induction generator (DFIG) and wound-rotor 

induction generator (WRIG). Further, WRIG possess two designs configurations: one with a 

four-quadrant power converter system, and the other with a converter-controlled variable 

resistance [19]. 

A typical configuration of the WRIG-WECS withqa variableqresistanceqin theqcircuit is   

shown in Figure 1.7. In this configuration, the external rotor resistance is controlled by means 

of a power electronic converter which is mounted on therotor shaftqitself. Hence, it is possible 

to adjust the speed range typically at about 10% above the synchronous speed of the generator 

[21]. This system captures more powerqfromqthe wind due toqvariable operation, but it incurs 

power losses due to rotor resistance. This system also requires a capacitor bank and a soft 

starter for reactive power compensation and generator start-up, respectively.  
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WRIG 

Converter controlled 
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Grid 
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Figure 1.7: Variable-speed WECS configuration with variable rotor resistance 

Therefore, the alternative configuration of DFIG based WECS system is shown as in Figure 

1.8. In this type of configuration, the generator rotorq is connectedqto the grid through a back-

to-backqconverter and statorqis directly connected to the grid. The converter employed in this 

system processes only the slip power whichqis approximately 30% ofqthe rated power of the 

generator. This results in reduced converter cost over wind energy system using full converter 

capacity [14].  This concept is mainly motivated by two reasons: 

 Less expensive configuration due to low rated power electronic converter as compared 

to the full rated and 

 Variableq speedq operationq over a wideqspeedqrange. 

Here, the DFIG based WECS operating modes can be classified into two types with respect to 

rotor speed: (1) qsuper-synchronousqmode - inqwhichqtheqgenerator operatesqwith above 

synchronous speed and the converter injects energy back to the grid; and (2) sub-synchronous 

modeq- in whichqthe generatorqoperates with belowqsynchronous speedqand theqconverter 

draws energy from the grid. 

The net power flow from the overall WECS to the grid is always positive. At the above 

ratedqwind speed, the mechanical power is reduced by changing the pitchqangle of the blades.  

 

Reduced capacity 

Power converter 

DFIG 

Gearbox 

Transformer 

Grid 

 

Figure 1.8: Variable-speed configuration with reduced-capacity converters 
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1.3.3 Variable-speed WECS with full-capacity power converters 

Figure 1.9 shows another configuration for the variable speed WECS where the generatorqis 

connectedqtoqtheqgrid through aqfull-capacityqconverterqsystem [177]. This type of 

configuration utilize generators such as wound-rotor synchronous generator (WRSG), 

permanent magnet synchronous generator (PMSG) and squirrel-cage induction generator, 

upto several megawatts. The converter power rating is same as that of the generator power 

rating. The total turbine power goes through the converter that converts varying generator 

frequency (due to the variable wind speed) into a constant grid frequency. Therefore, with the 

help of converter, theq generatorqis fullyqdecoupledqfrom the grid and can be operated in the 

full speed range by making use of the converter. Moreover, theqconverterqalso provides 

reactiveqpowerqcompensationqand smoothqgrid interaction. 

 

Transformer 

SCIG 

WRSG 

PMSG 

Gearbox Full-capacity 

Power converters 

Grid 

 
Figure 1.9: Variable-speed configurations with full-capacity converters 

The main limitation of this configuration is more complexity and cost. The use of full 

rated powerqconverterqbetweenqthe generatorqand grid results in extraqlossesqin theqpower 

conversion. Besides, it will again add to the cost and technical issues such as power quality 

problem. It is observed that this configuration can also operate withoutqa gearboxqif the 

synchronous generatorqemployed is designedqforqlow-speeds withqa largeqnumberqof poles. 

Avoiding of gearbox can improve the efficiency and reduce maintenance and initial costs. 

But, a low-speedq generator consistsqof large numberqof polesqwhere it substantially requires 

larger diameter to accommodate these poles on the perimeter and therefore, results in 

increased generator fabrication and installation costs.  

1.4  Grid integration issues of wind energy system (WES) 

To successfully integrate a wind energy system into the grid, the major issues [8, 15] which 

need to be addressed are as follows:  

 Transient stability  

 Power, frequencyqandqvoltageqfluctuationsq(dueqto windqspeed variation) 

 Gridqcode requirementsq 
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1.4.1 Transient stability 

To understand the transient stability issue of a WES, let us consider a grid-integrated wind 

energy system. When a fault (temporary or transient fault) occurs in the connected power 

grid, the rotorqspeed of theqwindqgenerator becomes very high (as electrical torque decreases 

while mechanical torque  remains constant due to wind flow) and as a result, active power 

output depressed to very low value, and terminal voltage collapses or drops to a low value. If 

thisq voltage dropqcondition continues, it mayqcause wind turbine rotorqto accelerate and 

make rotor speedqunstable and finally the WES may get disconnected from the grid. But, with 

increasing penetrationqof windqenergy, the powerqsystem needqthat the WES must be able to 

stay connected (ride-through) to the transientqfaults and thus,qcontribute to the important 

system services such as momentary reserves and short circuit capacity during faults. In other 

words, the wind generator should have good fault ride-through (FRT) capability. This clearly 

indicates that wind generator stabilization is necessary during the network faults. 

1.4.2 Power, frequency and voltage fluctuations (due to wind speed variation) 

Wind speed is intermittent as well as stochastic in nature. So, as the wind speed varies, the 

output power of wind generator fluctuates (asqwindqturbineqoutput power isqproportional to 

theqcube of the windqspeed), resulting in fluctuations in frequency and terminal voltage. In 

other words, power quality of the wind generator deteriorates [62, 64] and it is becoming 

major concern as the wind power installations are increasing in number. Thus, grid voltage, 

frequency, and transmission line power should be maintained constant. To this end, some 

control means are necessary [6, 7, 63]. 

1.4.3 Grid code requirements 

With theq increasingqpenetration ofqwind generators in a powerqsystem, it is necessary to 

operate wind farms as much as like synchronous generator plants to support the grid 

frequencyqand voltageqduring theqnetwork disturbances asqwell asqduring steady-state 

conditions. This requirement leads many countries to develop and establish a new grid codes 

for wind farms’ operation in the power grid. Generally, gridqcode incorporates allqtechnical 

aspects relating to connection, operation and power transmission. It lays down the rules that 

defineqthe ways that the generatingqstations connectingqto theqsystemqmust operateqso as to 

maintainqgridqstability. The objective of grid codes is to ensure that the increased penetration 

of windqpower doesqnot compromise the security, reliability and power quality of the electric 

power system [159]. 
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Although, the grid code technical requirements change from system to system, the typical 

requirements for the generators normally concern tolerance, power quality, protective devices, 

and control of active and reactive power. The manufactures of wind turbine, therefore, must 

include these grid code requirements and to meet these requirements, research has been 

conducted to develop solutions and technologies. The typical grid code requirements for grid 

connection and operation of wind turbines are summarized as follows: 

1. Voltageqrange:  Theqwindqturbinesqare requiredqto operateqwithinqthe acceptable 

gridqvoltageqvariations. 

2. Frequencyqrange:  Theqwindqturbinesqare requiredqto operateqwithinqtypicalqgrid 

frequencyqvariations [127]. 

3. Activeqpowerqcontrol:  Active power control is another requirement of grid code to 

ensure frequency stability of the system. 

 4. Frequency control:  In this grid code requirement, the wind farm needs to provide 

frequencyqregulationqcapabilityqin order to maintainqtheqdesired 

gridqfrequency. 

5. Voltageqcontrol:  Wind turbines are required to controlqtheirqterminalqvoltageqto a      

constantqvalueqby using a voltage regulator. 

6. Reactive power control: In this gridqcodeqrequirement, the reactiveqpowerqand power 

factor must be maintained in the desired range for which wind 

farms need dynamic reactive power control. 

7. Low-voltage ride-through (LVRT): In this grid code condition, theqwind turbine must 

remainqconnectedqto the power gridqfor specificqtimeqduration 

beforeqbeing allowedqto disconnectqwhenever, it subjected to 

voltage drop or faults at its point-of-common-coupling (PCC). In 

addition, somequtilitiesqrequireqthat windqturbine mustqhelp 

supportqgridqvoltageqduringqfaults. 

Grid code regulations and requirements, significantly, change from systems to system and 

from country to country. In certain regions, the grid codes may cover only a part of these 

requirements. The differences in grid code requirements are caused by different degrees of 

power network robustness and by different wind power penetrations. Figure 1.10 shows 

typical LVRT requirements for the different countries [83]. 
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Figure 1.10: Low voltage ride through (LVRT) requirement for various grid codes 

In general, LVRT can be defined as “theqmaximumqvoltage dropq(eitherqinqterms of 

magnitudeqorqin termsqof time) for whichqa windqturbineqis ableqto withstandqwithout 

sufferingqfromq rotorqspeedq instability”. The fault ride-through characteristic specified by 

the Germany grid operator for the wind turbine is as shown in Figure 1.11. According to this 

grid code requirement, a FSIG is expected to ride-through zero voltage (at the PCC) for 0.15s 

due to solid fault, but once the fault is cleared, the connection point voltage must recover to 

90% of its nominal value within 1.5s from the occurrence of fault. 
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Figure 1.11: Fault ride-through characteristic specified by the Germany grid operator 
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1.5  Research background 

There exist two types of wind turbine generator systems which are commercially available 

– Fixed-speed and variable-speed WESs. In theq early stageqof wind energy market, the most 

of wind power systems were employed with fixedqspeed inductionqgenerators (FSIGs) and, 

still exist due to their low cost, low maintenance and robustness. At present, 20% of the 

installedqwind powerqis still beingqproduced by Squirrel CageqInductionqGenerator (SCIG) 

based fixed speed WES. Respectively, in Australia, Germany and Denmark about 87MW, 

48MW and 47.1MW of installed wind turbines (rated 1.5MW) are SCIG based wind turbines 

[163]. Among the many variable concepts, Doubly-Fed Induction Generator (DFIG) based 

variable speed WES has become most popular nowadays as the converterqrating canqbe kept 

fairlyqlow (approximately 25% of theqtotal machineqpower). Currently, DFIG based WES 

occupies close to 50% among the total wind power generation. Due to its clean technology, 

the whole world shows interest towards the wind energy generation, consequently, in the very 

near future huge amount of wind energy systems are going to be installed. Therefore, it is 

necessary to investigate the performance of wind energy systems subjected to the disturbances 

such as wind speed variations and network faults which cause grid integration issues. 

Theqpitch-angleqcontrollerqis generally used to limit the aerodynamic power to its rated 

value [141] when the wind speed crosses the above rated wind speed. In some previous work 

[42, 70, 76, 103, 104, 131, 138, 143, 171], different methods have been proposed to design the 

pitch control system to regulate the generator output power at rated level and improved the 

output power quality with frequent wind speed changes. Beside this, pitch-angle controller is 

also employed to stabilize the WES during transient faults [28, 29]. Therefore, it is important 

to carry out the transient stability analysis so as to investigate the impact of WES into utility 

grid. In this regard, some of the researchers have designed rotor speed control based pitch-

angle controller to enhance the transient stability [10, 112, 151, 161, 176]. In the above works 

- in [42, 70, 76, 103, 104, 131, 138, 171], they designed pitch angle controller for above rated 

wind speed where it regulate the generator output power to its rated value, and in [10, 112, 

151,161, 176], they investigated the pitch angle controller for transient stability enhancement. 

However, none of them suggested use of the pitch-angle controller for both purposes (i.e. 

maintaining the power output at its rated value for above rated wind speed and transient-

stability during network faults). Therefore, references [35, 36, 113, 114], have designed pitch-

angle control strategy to improve the power quality and transient stability using traditional 

fuzzy logic controller (called as Type-1 FLC). Fuzzy logic based pitch-angle controller is best 

suited as it provides improved performance in tracking reference, in comparison to other 
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controllers. In general, based on expert knowledge and experience, membership functions 

(MFs) are defined and fuzzy rules are framed, accordingly. Once the MFs have been defined 

for designing the FLC, the uncertainties in actual degree of MFs cannot be modelled or 

account for. As a result, the controller (FLC) may not be robust for all types of operating 

conditions. Therefore, there is a need to look for the new methodology to model the 

uncertainties in the MFs. Moreover, the effort was made in the past [46] on stability 

enhancement of wind turbine driven induction generators assuming the mechanical torque 

constant during and after the fault which may notqbeqaccurateqas the mechanicalqtorque 

depends on the powerqcoefficient andqpitch angleqof windqturbineqsystem. Therefore, the 

accurate mechanical torque versus rotor speed characteristic required to be achieved and how 

these can be improved by pitch angle controller, needs to be investigated. 

The next issue is power smoothing of wind energy system using a pitch angle controller. 

Thoughqwind energy is consideredqto be very prospectiveqsource of powerqgeneration, 

randomly varying wind speed causes wind power to fluctuate which is still a serious issue for 

power grids, especially for fixed speed WESs. Depending on the wind condition, the wind 

power fluctuations usually occur on the timescale of a few seconds to several hours. But in 

case of wind farm, these power fluctuations are smaller as compared to a single WES. 

However, for isolated systems or future energy system with huge penetration of WESs, it is 

important to draw attention towards wind power smoothing. Many researchers have focused 

their attention and provided new methods for smoothing the power fluctuations of a wind 

power system. In [44], smoothing the output power of wind farm has been employed using 

fly-wheel energy storage system, but it involves a complicated control approach. In [60, 115], 

power storage system is studied for smoothing the output power of the WES. Though, this 

method is very effective when the power quality is targeted, but economically not feasible. In 

[68, 86], a battery energy storage system (BESS) is employed to mitigate the wind power 

fluctuations. However, BESS involve issues like chemical process, short life and slow 

response. The superconducting magnetic energy storage (SMES), for their fast response and 

efficiency, is best choice for wind energy system [149, 189]. However, with huge operating 

cost involved, its application is still critical from a practical point-of-view. On the other hand, 

the WT equipped with pitch-angleq controller has become very popular method for smoothing 

the output power fluctuations. Various techniques like H-∞ controller [140], adaptive control 

[139], and predictive control [146] have been proposed for output power smoothing to ensure 

thatqthe generatedqoutput power followsqa commandqvalue determined by theqmoving 

average. The main limitations of these controllers are that H-∞ controllers are monolithic and 

their complexity/order tends to be very high as compared to other controllers, the adaptive 
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controller requires a model formation in order to design the controller, and in the case of 

predictive controller, there is no industrial development due to implementation issues. 

Therefore, intelligentqcontrol techniques suchqas fuzzy-logic controller (FLC) andqfuzzy-NN 

are being implemented in WT pitch-angle controller [35, 114, 128, 147]. These modern 

techniques have numerousqadvantagesqas theyqdo notqrequire the mathematicalqmodel of 

theqsystemqand are capable of handlingqnon-linearity. But, neural network algorithms are 

complicated and require more intensive computation due to online training of the system 

parameters. Therefore, in recent studies [26, 71], fuzzy logic controller (called as type-1 FLC) 

based pitch-angle controller is best suited as it provides improved performance in tracking 

reference in comparison to other controllers but, it has limitations such as uncertainties in the 

rules and MFs cannot be accounted for. Therefore, an improved and appropriate control 

technique needs to be adopted. 

Inqcase of fixed-speedq wind farms, the reactive power compensation is a major problem 

[142] in both, transient and steady-state operating conditions. Usually, a capacitorqis 

connectedq toqtheq low voltage terminalqof the windqturbine generatorqto provide the 

required amount of reactiveqpowerqduring the normal operating condition. But, it fails (under 

severe faults conditions) to supply adequate reactive power demanded by the WES leading to 

stability issue. Therefore, various studies have been reported for stability improvement of 

fixedqspeedqwind farms. Usually, a pitch-angle controller is employed to limit the 

aerodynamic power at rated level which in addition, canqalso improveq the transientqstability 

of theqwindqgenerator [114, 164]. According to some reports, Breaking Resistors (BR) can be 

employed for stabilization of induction generator [22, 41, 43]. References [2, 162] employed 

SVC for voltage support and for transient stability improvement by providing sufficient 

reactive power to the generator during its acceleration. However, STATCOM performs better 

than the SVC for a given contingency if the same rating devices are assumed [108]. Recently, 

Superconducting Magnetic Energy System (SMES) has also been employed for grid 

connected wind generator stabilization [150]. Moreover, in the event of faults, the 

Superconducting Fault Current Limiter (SFCL) can suppress short-circuit current thereby, it 

can improve transient stability of induction generator [123]. Table 1.3 provides the 

comparative analysis of wind generator stabilization methods discussed above. However, in 

all aspects (principle functions), STATCOM suits well for fixed-speed wind farm, in 

comparison to other methods. Therefore, in recent time STATCOM has been employed to 

enhance the transient stability of induction generator [37, 134, 137,157, 174] by recovering 

the voltage effectively. 
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Table 1.3: Comparative analysis of all fixed speed wind farm stabilization techniques 

Principle 

functions 

Pitch angle 

control 

(PAC) 

Breaking 

resistor 

(BR) 

SVC STATCOM SMES SFCL 

Control of 

both active 

and reactive 

power 

Able to 

control only 

active power 

Consume 

and 

dissipates 

only active 

power 

Can only 

controls 

reactive 

power 

Only 

controls 

reactive 

power 

Active 

and 

reactive 

power can 

be 

controlled 

Control 

active 

power 

Voltage and 

active power 

fluctuations 

minimization 

Minimize 

only active 

power 

fluctuations 

Not able to 

minimize 

the voltage 

and active 

power 

fluctuations 

Minimize 

only 

voltage 

fluctuations 

Minimize 

voltage 

fluctuations 

better than 

SVC 

Can 

minimize 

the 

fluctuation

s in 

voltage 

and active 

power 

Not able to 

minimize 

the voltage 

and active 

power 

fluctuations 

Complexity of 

controller 

Little 

complex 

than BR 

Simplest 

More 

complex 

than PAC 

Complex 

than SVC 

Most 

complex 

More 

complex 

than BR 

Enhancement 

of transient 

stability 

during 

successful 

reclosing 

Stabilize the 

overall 

system, but 

slower than 

the BR, 

SVC and 

STATCOM 

Stabilize 

overall 

system 

Stabilize 

overall 

system 

Stabilize 

overall 

system and 

effective 

Most 

effectively 

stabilize 

the overall 

system 

Effectively 

stabilize 

the overall 

system 

Enhancement 

of transient 

stability 

during 

unsuccessful 

reclosing 

Cannot 

stabilize the 

conventiona

l generator, 

but stabilize 

the wind 

generator 

Stabilize 

overall 

system 

Stabilize 

overall 

system 

Stabilize 

overall 

system and 

effective 

Most 

effectively 

stabilize 

the overall 

system 

Cannot 

stabilize 

the wind 

generator 

Cost of 

manufacturing 
Economical 

Expensive 

than PAC 

Expensive 

than BR 

Costlier than 

SVC 

Most 

Costly 
Costly 

 

“The abilityqof a wind farmqto stay connectedqduring disturbanceqis importantqto avoid 

the timeqof reconnection process, which need from 4 to 5 minutes and also to avoid cascading 

disturbance due to lack of generation” [89]. Therefore, it is needed to investigate the 

responses of FSIG-wind farm during the faults and possible impacts on the system stability, in 

order to handle the faults without disconnecting the wind farm from power network. In this 
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trend, literature [89] has done interesting work in which, different types of faults were 

considered and their impact on the stability of FSIG-wind farm has been investigated. This 

approach has a prominent importance so as to explore and extend the operating limitations of 

wind farm, in orderqto, stayqconnected to the gridqduring the faults. However, the analysis 

reported by authors [89] has not been completely explored (they have only considered limited 

types of faults) for the stability analysis of wind farms and hence, a partial solution is 

presented. 

Moreover, FSIG-wind farm extremelyqsensitiveqto network faultsqas its statorqwinding is 

directlyqconnectedqto power grid leads to wind farm power fluctuations. These inherent 

power fluctuations have adverse impacts on the power system to which wind-farm connected. 

Much of the literature addressed the stability enhancement of wind farm using STATCOM 

[37, 134, 137,157, 174]. However, STATCOM with damping controller exhibits better 

transient response [193].  Therefore, in recent study STATCOM with damping controller 

strategy is proposedqto improveqthe transientqstability of wind power systemqby damp the 

powerqoscillations [124, 169, 193], where the damping controller is designed using different 

control techniques such as fuzzy-logic, Neuro-fuzzy and PID-fuzzy. However, these control 

techniques have limitations such as uncertainties in the rules and MFs as they incorporating 

type-1 fuzzy logic. Therefore, need to look for the appropriate control technique for damping 

controller of the STATCOM in orderqto improve the transient stability of wind power system.  

The grid codes are originally defined keeping in mind conventional generators. But 

increasing penetration level of wind energy into power system has forced wind farm operators 

to set new grid code requirements, in orderq to ensureqthe security of power system. Different 

countries have the different grid codes, and the performance behaviour of wind turbines are 

monitored. For the wind turbines, the network grid codes have incorporated the requirements 

such as power quality, voltage control, LVRT and protection related requirements. During 

contingencies, a critical issue that arises in the power system is voltage collapse, due to weak 

support of reactive power. Closely related to this issue is - lowqvoltage rideqthrough (LVRT) 

of wind energy systems, which is the most important requirement, incorporated in the grid 

codes. Therefore, for ride-through severe faults, these wind farms need dynamic reactive 

power support. 

In order to provide adequate amount of reactive power to the induction generators, the 

power compensator devices such as FACTS are employed consequently, they can enhance the 

rotor stability margin or increases the critical clearing time of fault. Therefore, in recent time 

STATCOM has been employed for reactive power compensation of induction generators [34, 
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122, 153, 158]. In addition, itqcan also improveqthe transientqstability of the wind generator 

by reducing the mechanical torque with suitable pitch-angle generation as discussed above 

[10, 112, 151, 161, 176]. In the above literature, some of them [34, 122, 153, 158] proposed 

STATCOM to improve wind generator stability and some [10, 112, 151, 161, 176] employed 

pitch-angle controller as it can control the mechanical torque and thus, enhances the transient 

stability of IG. But the effectiveness of the simultaneous control of STATCOM and pitch-

angle controller was not explored. In [23], though the unified voltage source inverter (VSI) 

and pitch-angle control has been proposed to reach effective voltage control and the generator 

rotorqspeedqstability, but the study did not evaluate the effect of transient fault condition 

which is a severe concern to the fixed-speed induction generators. A STATCOM and pitch-

angle control [57, 192] is proposed to improve LVRT capability of wind farm subjected to 

three-phase-to-ground fault. The idea of mixing electrical (e.g. STATCOM) and mechanical 

(e.g. pitch control system) parts seems to be interesting. But, it does not provide the 

coordination control of STATCOM in combination with pitch-angle controller for successful 

LVRT. 

Moreover, theqreactiveqpower absorption by the inductionqgeneratorqis coupled with its 

active power generation, thus any variation of wind speed also causes fluctuations in the 

reactiveqpowerqrequirement of theqgenerator. These fluctuating active and reactive power 

interactions with power network leads to fluctuations in the grid voltage and frequency [75]. 

The main purpose of STATCOM connected at the wind farms is to improve the transient 

stability as well as fault ride-through capability but in addition, it is well suited for reducing 

voltage fluctuations at the generator terminal due to wind speed variations and thus, providing 

voltage flicker mitigation atqthe windqfarm connectionqpoint. In this regard, a lot of research 

work on STATCOM with wind energy systems has been reported [39, 109, 116, 132, 165, 

175, 180]. Since the classical STATCOM are operated in lagging and leading mode, its role in 

the wind power system is limited to reactive power support. As a result, since it does not have 

an active power control capability, the wind generatorqoutput powerqfluctuations dueqto 

wind speed variations cannot be smoothen out by using STATCOM only. On the other hand, 

STATCOM with the pitch-angle controller is the best choice for controlling the activeqand 

reactiveqpower of theqwindqfarm. Although studies made in the past employed the 

simultaneous control of STATCOM and pitch-angle control to enhance the wind farm low 

voltage ride-through capability when subjected to network faults [57, 192], they have not been 

explored in respect of wind speed variations, due to which the output power and voltage of the 

windqgeneratorqfluctuates.  
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Theqvariableqspeedqwindqenergyqsystems (especially using DFIG) have become more 

popular as DFIG has decoupled activeqandqreactiveqpower controls. However, the DFIG is 

sensitiveqto voltageqvariationsqwhich were caused by the disturbancesqsuch as load changes, 

network faults and wind speed variations. The voltageqdipqoccurs at the generator connection 

point due to grid faults resulting in the stator current to increase. As there is a magnetic 

coupling between the rotor and stator circuits, the statorqcurrentqreflects in theqrotorqcircuit 

whichqmay damageqtheqrotorqsideqconverter [51]. When the penetrationqlevels ofqwind 

farms areqvery high, theqlarge voltage drops occurring during the network disturbances, such 

as shortqcircuitqfaults, mayqtrigger a sequenceqof other events inqthe powerqnetwork. 

Moreover, after the fault is cleared, the oscillations (voltage and power/frequency) in the 

power network are also matter of concerns. The windqfarms in general locatedqfar from the 

demand centres, where they operated with low short circuit levels known as weak grid. 

Therefore, the uncertain wind speedqcauses generatorqoutput to fluctuate which poses another 

challengeqto maintainqthe steady-state voltage levels. In order to operate the grid reliably and 

keeping it stable, the WES must stay connected and withstand the network disturbances which 

are transient in nature and successfullyqeliminated. The recentqgrid code also demands LVRT 

capability from the wind farms for power transfer toqthe grid.  

Inqtheqexistingqliterature, various control schemesqare proposed for variable speed 

induction generators (VSIGs) for grid operation [1, 166] after their integration in the grid. For 

their reliableqgridqoperation, the converters are controlledqby directqpower and direct torque 

techniques with the objectives of supplying adequate active power together with the reactive 

power, and electromagnetic torque together with rotor flux, respectively [11, 24, 144]. 

Meanwhile, the vector control schemes are employed to control the electromagnetic torque 

and excitation current, independently [9, 59]. Compared to vector control, the direct control 

(torque and power) may have advantages such as robust, easy-implementation and fast 

response, but they cause fluctuations in the generator current, flux and electromagnetic torque, 

as their switching frequency is not fixed, resulting in reduction in gearbox reliability [166, 

191]. Therefore, the vector control is more widely employed in industrial applications. Most 

of these control schemes are employing PI controllers to access the referencesqfrom stator and 

rotorqvariables. The performance of the aboveqtechniques greatly depends on tuning of PI 

controller gains, since the plantqis highly nonlinear with uncertainties in operating conditions. 

For determined operating point, the fixed gain of PI controller provides an acceptableqsteady-

stateqperformance, butqpoor transientqperformance is oftenqobtained when the converter 

operating point varies continuously due to changing of plant dynamics. Moreover, grid 
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specifications such as grid frequency and voltage might change during the converter operation 

[117]. Therefore, the performance of the linear controllers (PIs) with fixed gains is limited. 

Moreover for severeqdisturbances, suchqas short circuitqfaults and wind speed variations, 

with the fixed gains PI controller does not predictqthe systemqbehaviour correctly. Therefore, 

converter control schemes with adaptive nature must be used in these applications to 

overcomeqtheqlimitationsqof PI controllers. The most popular adaptive methodqemployed in 

the literature is fuzzy logic controller (FLC) which exhibits superior performance subjected to 

the plant disturbances [129]. Recent studies show tuning of gainsqof PI controllerqusing fuzzy 

logic method is of paramount importance as it improves dynamic and steady-state 

performance of the system [52, 90, 154, 170]. Fuzzy-PI controller is obtained by combining 

the adaptive and detached natures of the FLC and fast response characteristics of PI 

controller. In this method, FLC determine the gains of the PI controller according the system 

operating conditions.  

Since the operating condition of WES is variable with grid disturbances or wind speed 

changes, the adaptive controller (Fuzzy-PI) is most suited for converter control to improveq 

the performanceqof the wind energy system. In thisqregard, converter control schemes are 

switching towards the fuzzy-PI controller [50, 87, 145] so as to obtain better dynamic 

response and good stability, resulting in fulfilling the grid code requirement. However, 

traditional fuzzy logic technique does not fully handle the high level of uncertainties which 

exists in the DFIG based WES, since fuzzy logic method itself incorporates uncertainties in 

the rules. Therefore, there is a need to evolve new methodology which will improve 

performance of the fuzzy-PI controller. 

1.6  Objectives of the thesis and author’s contribution 

In the renewable energy sector, electric powerqgeneration fromqthe wind hasqemerged as 

one ofqthe mostqsuccessfulqprogram. It has started makingqmeaningful contributionsqto the 

overallqpower requirementsqin India and worldwide. However, the growing penetration of 

WES equipped with fixed-speed and variable-speed systems in electric network pose 

significant challenges on a wide range of issues, namely, wind speed disturbances and 

network fault disturbances. From the gaps in the literature review, the following objectives 

have been suggested for the present work. 
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 Transient stability improvement of a WES using pitch-angle controller 

 

In general, pitch-angle controller regulates the generator output power when the wind 

speedqexceeds the rated wind speed. Besides, this it can also be employed to stabilize 

the WES rotor speed during the transient disturbances. Therefore, in this thesis, a 

logical pitch-angle controller strategy (in power and speed control modes) has been 

developed and an interval type-2 fuzzyqlogic methodqis proposed to designqthe 

controller. In orderqto verify the effectiveness of the Type-2 fuzzy logic based pitch-

angle controller, the simulationsqhave been carriedqout for different cases such as 

severe network faults and fluctuating wind conditions and resultsqare comparedqwith 

proportional-integralq(PI) controllerqand traditional fuzzyqlogic controllerq(called as 

type-1 fuzzy logic method).  

Moreover, inqthis, someqkey factors thatqaffect the transientqstability haveqbeen 

investigated byqderiving steady-stateqequivalent modelqof the inductionqgenerator. 

The electrical torque and mechanical torque versus rotor speed results are obtained 

under different pitch-angle conditions and concept of stable and unstable electrical-

mechanical equilibrium points is established. This type of investigation is very 

importantqto expandqthe operating limitations of the windqturbineqdriven induction 

generator under the severe faults to guarantee the wind farm connection to the grid. 

 Output power smoothing of WES using pitch-angle controllerq 

 

In the previous objective, pitch-angle controller is employed to stabilize the WES, but 

inqthisqcase, pitch-angle controllerqis employed to smoothing out the wind generator 

outputqpower when it subjected to windqspeedqvariations. An exponential moving 

average (EMA) concept has been implemented and incorporated to the pitch-angle 

controller to generate reference power. Later on, type-2 fuzzy logic equipped with 

EMA incorporated pitch-angle controller is implemented and designed for good 

reference tracking and therefore, it achieves good output power smoothing. 

Controller performance is evaluated by developing real-time simulations using 

OPAL-RT digital simulator. Different typesqof wind speedqpatterns areqemployed to 

validateqthe effectivenessqof the proposedqcontroller. Moreover, the performance 

indices ofqtheqproposed controller have also been estimated by using power 

smoothing and energy loss functions. 
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 Fixed-speedqwind farm stabilization usingqstaticqsynchronousqcompensator 

(STATCOM) 

 

In this objective, at first, a 36MW fixed-speed wind farm exporting power to 120kV 

grid has been designed using MATLAB/SIMULINK®. Thereafter, a static 

synchronous compensator (STATCOM) model has been developed, designed and 

employed to support the studied wind farm. As a preliminary study, this part of the 

work, therefore, investigatesqthe impactqof the fault ride-throughqon theqstabilityqof 

fixedqspeed windqfarm. The effectqof fault locations and faultqtimeqdurations on the 

stability of fixed speedqwind farm are studied, subjected to different types of faults 

such as lineqtoqground (LG), doubleqlineqtoqgroundq(LLG) and three 

lineqtoqgroundq(LLLG). The simulations are then repeated incorporating a static 

synchronous compensator (STATCOM). The outputs include the affected voltage 

profile, active and reactive power magnitudes. Later on, anqintervalqtype-2 fuzzy 

logicqbasedqdamping controllerqfor STATCOM isqproposed to achieve damping 

improvement, and thus enhances the stability of wind integrated powerqsystem. To 

evaluate the effectiveness of theqproposedqmethodqby comparative analysis, three 

different scenarios (STATCOM-without damping controller, STATCOM-with type-1 

FLC based damping controller and STATCOM-with type-2 FLC based damping 

controller) are considered subjected to different types of faults (LLLG, LLG, and 

LG). 

 

 Lowqvoltageqride-throughqcapability of fixed-speed wind farmqusingqSTATCOM 

and pitch-angle controlq 

 

In this objective, UnifiedqVoltageqand Pitch-angleqControl (UVPC) strategy is 

developed for wind farm to guaranteeing the LVRT grid code requirement when it 

subjected to severe network perturbations. The UVPC consist of STATCOM voltage 

control loops with adequate pitch angle control loops whichqare coordinated to 

enhanceqtheqlow-voltage ride-throughqcapabilityqof the wind generatorsqthereby, 

complying the LVRT grid code requirement as desired by the Germany grid code. 

Specially, anqinterval type-2qfuzzyqlogicqtechnique is incorporated in the fault ride-

through (FRT) scheme of pitch-angle controller as it is very efficient in handling the 

uncertainties in membership functions and rules than their traditional fuzzy logic 
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counterpart. To evaluate the effectiveness of UVPC strategy, the following different 

test cases have been considered:  

 

(a) System without STATCOM and pitch-angle controller  

(b) System with STATCOM only  

and (c) System with STATCOM as well as pitch-angle control (i.e. UVPC) 

 

 Generator outputqpowerqsmoothing andqterminalqvoltageqregulation of a wind 

generatorqusingqUVPC 

 

In this objective, the UVPC (which is developed in the previous objective) is 

employed to smoothing out the outputqpowerqand voltageqregulation of a fixed-

speedqwindqgeneratorqin the partial load (below rated wind speed) region. At first, a 

typical pitch angle control strategy is developed by employing an exponential moving 

average (EMA) concept from which the controller reference power (signal) can be set 

for below-ratedqwindqspeed. Later on, the developed pitch-angleqcontroller together 

with STATCOM, namely, the unifiedqvoltageqand pitch-angle controllerq(UVPC), 

addresses the objective of smoothing out the outputqpowerqandqterminalqvoltage 

regulation ofqa windqgenerator, subjected to below-rated wind speed variations. An 

intervalqtype-2 fuzzyqlogicqtechnique hasqbeenqincorporated in the pitch angle 

controller design, as it offered better performance than its traditional fuzzy logic 

counterparts as discussed above. 

 

 Transient stability improvement of variable speed (DFIG) wind energy system 

In this objective, an adaptive control technique i.e. type-2 fuzzy logic-PI controllerqis 

designed for torque and voltage control schemes of rotor-side converter (RSC). Type-

2 fuzzy-PI controller can be achieved by combining type-2 fuzzy logic controller, 

which is adaptive and PI controller which has a robust response results in superior 

dynamic and steady-state responses from the system. Here, proportionalqand integral 

gainsqof PI controllerqare adjustable and they are computed by using type-2 FLC 

approach according to as system operating condition changes. Thus, it achieves the 

adaptive structure required for RSC converter for smooth interaction of DFIG to the 

grid. The controllerqperformanceqis evaluated by developing the real time simulations 

using OPAL-RT digital simulator. Since many researchers have considered the OPAL-

RT technology as a real time platform for controller prototyping and hardware-in loop 
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simulations. The studied DFIG-WES model developed in MATLAB/SIMULINK
®
 is 

exported to OPAL-RT digital simulator for real time simulation.
 
Differentqoperating 

conditionsqsuch as severeqfault and voltageqsag with referenceqto the varying wind 

speedqare considered. The resultsqof type-2 FLC-PI comparedqwith type-1 FLC-PI in 

order to investigate effectiveness of the proposed controller (i.e type-2 FLC-PI).  

1.7  Organization of the thesis 

The thesis hasqbeenqorganizedqin sevenqchaptersqandqthe workqincludedqin each 

chapterqhasqbeenqpresentedqinqtheqfollowingqsequence: 

Chapter-1 givesqa brief introductionqabout renewable energies and present scenario of wind 

energy generation worldwide. The different typesqof windqenergy systems are discussed in 

short and later on, various issues which arise in the grid integrated WES are elaborated. The 

variousqaspectsqofqtheqtopicqpresentedqin the thesis and research background are discussed. 

Thisqchapterqalso highlightsqthe author’s contributions towards the problem area, and finally, 

outlinesqtheqorganizationqofqtheqthesis. 

Chapter-2 discusses anqinterval type-2 fuzzyqlogicqsystem, which is employedqto design 

the various controllers in the rest of thesis. At first, it provides a brief review on fuzzy logic 

controller (type-1) and mathematical analysis of type-2 fuzzy logic systems. The comparative 

features of type-1 and type-2 fuzzy sets are also elaborated. Theqstructureqofq the type-2 

fuzzyqlogic controller (FLC) is presented and discussed in details. 

Chapter-3 reported two types of pitch-angle controllers (for transient stability and power 

smoothing) where they are equipped with an interval type-2 fuzzy logic technique.  First, 

type-2 FLC based logical pitch-angle controller is presented. This controller maintains the 

generator output power at rated value when speed is above the rated speed. Besides, it also 

improves the transient stability during severe network faults. An analytical method has been 

employed to obtain the electrical equivalent of the induction generator. The performance of 

the proposed interval type-2 fuzzy logic method is compared with PI and type-1 fuzzy logic 

technique. Another contribution of this chapter is the generator output power smoothing using 

pitch-angle controller. EMA concept is incorporated to generate reference power for pitch 

angle controller. An interval type2- FLC is proposed for pitch angle controller for better 

smoothing to achieve. Different types of wind speed patterns are considered and real-time 

simulations are developed which make the controller more practical. 
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Chapter-4 provides the detailed modelling and control strategy of the static synchronous 

compensator (STATCOM) which supports the employed wind farm. A 36MW of fixed-speed 

wind farm exporting power to 120kV grid has been designed using MATLAB/SIMULINK
®

. 

Different faults locations and fault durations have been considered with and without 

STATCOM and fault ride-through capability of the fixed-speed wind farm has been 

investigated. Later on, an interval type-2 fuzzy logic based damping controller is adopted in 

STATCOM to achieve improved damping which enhances the stability of wind integrated 

power system. 

Chapter-5 introduces unified voltage and pitch-angle control (UVPC) strategy which consists 

of STATCOM voltage control and pitch-angle control loops, coordinated in such a way to 

improve the LVRT capability of WES thus compliance the grid code requirement. Moreover, 

UVPC also investigated for voltage regulation and power smoothing under the partial load 

region subjected to wind speed variations. This chapter employs the wind farm which is 

developed in the chapter 4. 

Chapter-6 details the mathematical modelling of the DFIG and the design of the RSC voltage 

and torque controllers using type-2 fuzzy logic-PI controller. The DFIG based WES which is 

integrated to the grid has been developed using MATLAB/SIMULINK
®

 and it is later on 

exported into OPAL-RT simulator for real time environment is elaborated. The performance 

of the real time simulations results are discussed and comparative analysis done using type-2 

fuzzy logic-PI and  type-1 fuzzy logic-PI under disturbances such as three phase short-circuit 

fault and voltage sag with reference to varying wind speed. 

Chapter-7 compiles the salient conclusions of the present study regarding the controller 

designs and control strategies for WESs and recommended directions for further 

investigations. 
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CHAPTER 2: AN INTERVAL TYPE-2 FUZZY LOGIC SYSTEM 

2.1 Introduction 

This chapter discusses an interval type-2 fuzzy logic system, which is employed to design 

the different controllers in the rest of thesis. The conceptqof type-2 fuzzyqset was introduced 

byqZadeh [184] as an extensionqto the traditionalqtype-1 fuzzyqset. In type-1 fuzzyqset, the 

membership grade is a crisp number in [0, 1], whereas in type-2 fuzzy set the membership 

grades themselves are type-1 fuzzyqsets. This feature of type-2 fuzzyqset is very usefulqin 

conditionsqwhere, it is difficultqto determineqexact membershipqgrade for fuzzy setqand also 

for incorporating uncertainties. This chapterqprovides anqoverview of type-2 fuzzyqlogic sets 

and its characteristics. The objective of this chapter is to introduce type-1 fuzzyqlogic 

controllerqand its uncertainties in the membershipqfunctionsqand rules. Later on, it provides a 

background on several aspects related to type-2 fuzzyqsets and mathematical analysis. 

2.2 Type-1fuzzy logic system 

In 1965, Professor Lofti Zadeh proposed the concept of fuzzy logic (FL) [182]. The aim of 

the FL is to develop the output by allowing the set of membership rather than crisp value.  It 

has been found toqbeqan excellentqchoiceqforqmanyqcontrol applicationsq[72, 77, 78, 93, 

94,126, 183, 185, 186], as it mimics the human control logic. The fuzzy rules are framed on 

the basis of the expert knowledge gained upon the performance of the system over a time. The 

well-known block diagram of a conventional FLC (named as type-1 FLC) is as shownqin 

Figure 2.1.  
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Figure 2.1: Schematic diagram of classical (type-1) Fuzzy Logic Controller 

It consists of a fuzzifier, inference engine and a de-fuzzifier [183]. Here, the fuzzifier converts 

the crisp value of the input parameter into fuzzy set and depending upon the fuzzy rules 
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framed based on the membership functions for a given parameter of the system and then, 

fuzzy outputs are obtained with the help of the Inference Engine. In the end, de-fuzzifier 

converts these fuzzy outputs to a crisp output of the FLC to be used for the control purpose. It 

is being assumed that the concept of the type 1 FLC is clear and therefore, this will not be 

discussed further. 

2.3 Uncertainties in type-1 fuzzy logic  

Quite often, the expert knowledgeqthatqis usedqto constructqthe rules inqa type-1 FLC is 

uncertainqas the knowledge possessed by different experts may not be the same. There are 

three ways in which uncertainty involved with the fuzzy rules can occur: 

1) the rules utilize the words in antecedent and consequent, which can mean different 

things to different people [96],  

2) the consequents obtained from the group of experts can be different for the same rule, 

3) due to noisy training data, uncertainty in antecedent and consequent can transfer into 

membership functions (MF).  

In order to understand the uncertainties present in the type-1 fuzzy systems, Jerry M. 

Mendel [96] has performed an experiment as follows: First he established sixteen words that 

would designate the numerical interval from 0-10, and selected engineering undergraduate 

students for this test. The following instructions were given to them: 

1. Belowqare a numberqof labelsq(sixteen) that describeqan intervalqor a rangeqthat 

cover some-where between 0 to 10. 

2. Forqeachqlabel, provide whereqthis rangeqwouldqstartqand whereqit wouldqstop. 

For example, label “quiteqa bit” mightqstartqat 6 andqendqat 8. 

3. It is not necessary that all the ranges or intervals are of the same size. 

After providing these instructions, a table was provided to the students where they only 

had to fill-in two numbers (where to start and where to end) for each label. A survey results 

from the 70 respondents are summarized in Figure 2.2.  Each label identified with solid line 

and mean start and end points marked with circles. The dashed lines to theqrightqof theqright 

hand circle and left of the left hand circle are each terminates in a vertical bar, which 

represents the standard deviation for the mean start and end points. It is observed that the 

standardqdeviationsqare notqtheqsame forqthe startqand endqvalues for each labels. 

It is also noticed from the Figure 2.2 that: (1) there is gap between the labels ‘None’ and 

‘Very little’, it implies that they should be combined or other word should be inserted 

between them. (2) it is commonly agreed that ‘None’ should starts at zero, but there is little 

uncertainty about this, (3) similarly, for the word ‘A maximum amount’, it is seen that the 
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right hand value is 9.7572 instead of 10, (4) there is a small degree of overlap between the 

labels ‘Some’ and ‘A moderate amount’ which seems to be a linguistic gap between them. So, 

the sixteen words do not quite cover the 0-10 interval and the dashed portions of each label 

represent the word’s uncertainty. The uncertainty associated with words in case of type-1 

fuzzy sets can be translated into a foot print of uncertainty (FOU) by employing type-2 fuzzy 

sets [96]. By doing this, uncertainty in the words potentially reduced. 

 

None 
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A little bit 
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A good amount 
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10 9 8 7 6 5 4 3 2 0 1 
 

Figure 2.2: All sixteen labels and their uncertainty bands and intervals  

2.4 Type-2 fuzzy logic system                                    

Generally, type-1 fuzzyqrules and membershipqfunctions (MFs) are defined based on 

experts’ knowledge and experience. However, once the membership functions have been 

defined for designing the controller, the uncertainties in actual degree of MFs cannot be 

modelled [49]. Quite often the knowledge used to design the type-1 FLC ignore the 

uncertainties in spread of MFs, rules and membership grade etc. and such system cannot 

guarantee the optimal performance of the system when it subjected to the disturbances. 

For example: 1) The fuzzy rules are defined by experts, which varies form case to case, 

this causes statisticalquncertainties aboutqlocations and  spread of antecedents and consequent 

fuzzyqsets. Suchquncertainties canqbe easilyqmodelled and accounted for using type-2 

membership functions [5]. 2) The noise in training data is ignored in most of the cases, which 

leads to uncertainties in antecedents and consequents. If the level of uncertainty information is 

known, it is easily accounted by designing the type-2 fuzzy sets [85]. 

In addition, for the same rule-question, the expert often gives different answers. This leads 

to different consequences but have the same antecedents for the given rules. In such a case, it 
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is alsoqpossible toqrepresents the outputqof the fuzzy logicqsystemqbuilt from these rules as a 

fuzzy set ratherqthan a crispqnumber. This canqalso be achieved within the type-2 framework 

[48]. In order to increase the fuzziness of a relation, higher type (i.e type-2) fuzzy relation is 

one way. According to [55], increased fuzziness meansqincreased abilityqto handleqinexact 

informationqin logically correctqmanner. Detailed description of algebraic structure of type-2 

sets are given in [100]. 

From the literature survey, it is found that type-2 fuzzyqsystems haveqbeen successfully 

applied in many science and engineeringqapplications [80, 81, 101, 133]. In data process 

applications, the system with type-2 fuzzy system seems to be more promising method than 

the type-1 counterpart in processing of noisy data with uncertainties [61]. Type-2 fuzzy 

system has been applied in decision making [33], survey processing [79], solving fuzzy 

relation equations [99] and function approximation [178] by comparing the performance with 

its type-1 counterparts. In real world applications which exhibits measurement noise and 

parameters uncertainties, type-2 fuzzy controllers are better option than type-1 FLC [58].  The 

controllers with type-2 FLC have shown to have better tracking capability in real-time mobile 

robots [95]. Recently, many power system applications have adopted type-2 FLC as an 

alternative for handling uncertainties in operating conditions [40, 74, 167, 173].  The type-2 

FLC also offers better performance in automation controller than type-1 FLC [17, 25, 102, 

187]. The type-2 FLC is also applied in network domain, in order to control of video 

transmission across the IP networks, where it provided superior video quality compared to 

existing traditional type-1 FLC counterparts [66, 67, 84, 152]. Type-2 FLC applications are 

also found in health-care and medicine domain due its robust performance than type-1 FLC 

[53, 125]. It is believed that a type-2 fuzzy system performs better than type-1 fuzzy system in 

various areas including communication networks, pattern recognition, mobile 

communications and renewable energy operated systems, in which the frequently supplied 

information to be processed is uncertain. Hence, windqenergy systems, being highly uncertain 

inqoutput, can utilizeqthe special features of type-2 FLSs to improve its operational efficiency 

duringqthe gridqinteraction. 

2.5 Mathematical concept on type-2 fuzzy sets 

In this section, the detailed information about the concept of type-2 fuzzyqset is explained. 

The MF of a standard type-1 fuzzy system is shown in Figure 2.3(a), with a crisp membership 

grade varying in [0 1]. The type-2 MF can be imagined as blurred type-1 MF by shifting the 

points on triangle MF not necessarily by the same amounts either to the right or to the left, as 

shown in Figure 2.3(b). At a specific point of, x say x , the type-1 MF having a value of 
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membership grade uwhereas in type-2 case, it has the values where the blur intersected by 

the vertical line.  These intersect points do not necessarily have the same weights, and hence, 

we can assign an amplitude distribution to all of those points. Doing this for all x X , a three 

dimensional membership function or a type-2 MF can be formed. 
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     Figure 2.3: (a) Type-1 membership function (b) Blurred type-1 membership function 

A type-2 fuzzy set, denoted as ‘ A ’ with a type-2 MF ( , )A x u  can be described as 

   , , ( , ) , [0,1]A xA x u x u x X u J                                            (2.1) 

Where , [0,1]xx X u J   and 0 ( , ) 1A x u  . A  can also be characterized as  
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                                                                    (2.2) 
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                                                                 (2.3) 

Where x X and u U are the primaryqand secondaryqvariables, respectively. The secondary 

variableqhasqdomain xJ at each x X ; xJ is calledqtheqprimaryqmembershipqof x . 

The graphical representation of type-2 fuzzy set with discrete universe is as shown in 

Figure 2.4. The axis u  represents the domain of primary membership function and A

denotes the secondary MF. The secondary MF is also represented as vertical slice of the axis

A . xJ  is the domain of the secondary MF also called as primary membership of x  which 

varies in the range [0 1]. The uncertaintyqin the primaryqmembershipsqof a type-2 fizzy set ‘

A ’ consistsqof a shadedqregion thatqis calledqas footprint-of-uncertainty (FOU) as shown in 

Figure 2.4. 
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                                           x X xFOU A J                                                            (2.4) 

( , )A x u
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Figure 2.4: Three dimensional representation of type-2 fuzzy set 

The footprint of uncertainty draws a special attention towards type-2 FSs, because it is 

framed to represent the uncertaintiesqinherentqin a specificqtype-2 membershipqfunction, 

whoseqshapeqis a directqconsequenceqof the natureqof thesequncertainties. The type-2 FSs, 

represented in three-dimensional, cause difficulties in depicting them graphically.  To this 

effect, the FOU provides two dimensional representation of type-2 FSs, whichqprovidesqa 

convenientqverbalqdescriptionqof the domain of secondary membership grades. The shaded 

FOUs imply that there is a distribution that sits on top of it (known as the thirdqdimensionqof 

type-2 fuzzyqsets) andqits dependsqon theqspecificqchoiceqof theqsecondaryqgrade. 

2.5.1 Structure of type-2 FLS 

The structural diagram of type-2 FLC is as shown in Figure 2.5. Itqis veryqsimilar toqthe 

structureqof aqtype-1 fuzzy logic system (FLS) [97]. In case of type-1 FLS, the outputqfuzzy 

setsqare processed through the de-fuzzifier and obtain the crisp output. Here we discuss the 

type 2 FLS in detail as follows:  
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Figure 2.5: The structure of type-2 FLS 
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A. Fuzzifier 

Theqfuzzifierqmaps theqcrispqinput into a type-2 fuzzyqset. This operation canqbe done 

by choosing the appropriate type-2 FSs in the range of the input variable. The challenge lies 

here inqtheqdefinitionqof membershipqgradeqfuzziness. Therefore, the secondary and 

primary membership functions should be developed in such wayqthatqit reducesqtheqproblem 

of complexityqas muchqas possible. 

B. Rules 

The rules are generally framed based on “IF-THEN” logic, where the thn rule has the form 

  nR : IF 1x  is 
1
nF and 2x  is 

2
nF ....and 

px  is 
n
pF  THEN y  is nG  

where, ix  are inputs: n
iF are antecedent sets ( 1,2.....i n ); y is the output; nG  are consequent 

sets. 

The difference betweenqtype-2 andqtype-1 fuzzy methods is theqnatureqof MFs 

associated with them and it is not important whileqformingqthe rules. Hence, theqtype-2 rules 

structure remainsqexactlyqsame as that of theqtype-1 and theqonlyqdifference is that - allqof 

theqsets involvedqareqof type-2 [88]. 

C. Inference Engine 

In the type-2 FLCs, the union and intersection functions are defined by join and meet 

operations to map the inputqand outputqsets with fired rules. Therefore, the inference engine 

utilizes min-method and max-method for meet and join operations, respectively. Using the 

extension principle, a detailed mathematical relation between the meet and join operations is 

presented in [107]. Toqdoqthis, oneqneeds to findqunionsqandqintersectionsqof type-2 sets, 

asqwellqasqcompositionsqof type-2 relations. 

D. Type reduction 

In a type-1 FLS, the outputqcorrespondingqto eachqfired rule is a type-1 setqin the output 

space. The crisp output is obtained by combining all the fired rules through a de-fuzzifier 

using some fuzzy relations. Most of the de-fuzzifiers use centroid method for obtaining the 

crisp output. In contrast, in type-2 FLS, the outputqset correspondingqto the each firedqrules 

is a type-2 set. On which the centroid method cannot be applied directly. In orderqto calculate 

the crisp output, the type-2 sets are combined in some way to get the type-1 form knownqas 

typeqreduction (TR) operation. The type reduction method, in the type-2 FLC system, convert 
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type-2 outputqfuzzy setsqto type-1 fuzzyqsets. A detailed description on type reduction can be 

found in [121]. 

For example, anqembeddedqtype-2 fuzzy set eA  hasq‘N’ elements, whereq eA contains 

exactlyqoneqelementqfromq 1 2, ,.......,x x xNJ J J  namely 1, 2, ,....., Nu u u , eachqwithqitsqassociated 

secondaryqgrade, namelyq 1 1 2 2( ), ( ),..... ( )x x xN Nf u f u f u , i.e 

             
1

( ) / / [0,1]
N

e xi i i i i xi

i

A f u u x u J U


                                      (2.5) 

Height, center-of-sets,qcenter-of-sumsqandqmodified-heightqare the most accepted TR 

methods. 

E. Defuzzification 

The outputqof inferenceqengine is convertedqto type-1 under type reduction operation and 

then, the type reducedqsets are convertedqback to crisp value usingqvarious de-fuzzification 

techniques as done in the type-1 FLC. The simple way to get a crisp value is through finding 

the centroid of all the type-1 sets embedded in type-2 FLS. The other way of doing this 

operation is by choosingqthe highestqmembership pointqin the type-reduced set. For example, 

if the type reduced set y  for an input x is discredited into ‘N’ points, then the centroid is 

expressed as 
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                                                                  (2.6) 

where ( )Y ky represents the membership grade. 

2.5.2 Centroid type reduction methods 

Type reduction (TR) method is suggested in theqtype-2 FLC systemqto convert type-2 

output fuzzy sets to type-1 fuzzy sets first and thereafter, the normal de-fuzzification 

techniques are applied. Height, center-of-sets, center-of-sumsqand modified-heightqare the 

most accepted TR methods [73], in which centroids of the embedded type-2 sets are 

calculated. If larger is the FOU width, the number of embedded fuzzy sets increasesqandqthis 

leadsqtoqincreaseqin the computational time of TR method.   In the present work, ‘height’ TR 

method has been used for the calculation of the centroid of Type-2 FLCs as it involves 

simpler computations as compared to other methods [73]. 
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2.6 Interval type-2 fuzzy sets 

As explained in [98], if all the distribution points which sit on the FOU is uniform, then 

the resulting type-2 fuzzy sets are called interval type-2 fuzzy sets [97]. These fuzzy sets have 

less computational complexity with secondary memberships, made either zero or one. Such 

Suchqsets are theqmostqwidelyq usedqtype-2 fuzzyqsetsqtoqdate [101]. 

 An interval type-2 fuzzy set (denoted ) can be characterized as: 
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                                                               (2.7) 
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                                                                    (2.8) 

: { , :0 1}A X a b a b      . Structurally, the membership qfunctions qof qboth qtype-2 FSs 

and interval type-2 FSs (IT-2FSs) are three dimensional, with only difference of secondary 

membership grades of IT-2FSs are either zero or one. Figure 2.6 shows the IT-2 Gaussian 

membership function in which the secondary membership grade is highlighted.  The union 

qof all qthe qprimary qmemberships is called qthe footprint-of-uncertainty (FOU) of A  and 

is shown qas the qshaded qregion qof Figure 2.7. Uncertainty qabout A  is conveyed qby 

union qof all qprimary qmemberships, called FOU, can be expressed as: 

   { , : [0,1]}x X x xFOU A J x u u J                                                  (2.9) 

As shown in Figure 2.7, the FOU of type-2 fuzzy set ( ) has bounded by two type-1MFs 

called as lower membershipqfunction (LMF) and the upperqmembership function (UMF). 

The UMF andqLMF areqdenoted as  A
x  and  A

x , respectively, and are defined as follow: 

  ( ) x XA
x FOU A                                            (2.10) 

  ( ) x XA
x FOU A                                                       (2.11) 

Note that xJ is an interval set; i.e. 

     { , : , }x AA
J x u u x x   

 
                                          (2.12) 

An embedded fuzzy set (FS) 
eA  for a continuous universe of discourse X  and   is 

expressed as 
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 1/ / ,e x
x X

A u x u J


                                                          (2.13) 

The set 
eA  is embedded in A in suchqa way thatqthe secondaryqMF is alwaysqone at each 

value of x . A large number of such embedded type-1 fuzzy set (FS) are combined to form 

the type-2 FS. According to [133], the type-2 FS can be considered as a combination of many 

differentqtype-1 FSs where each qtype-1 FS is embeddedqto form the FOU. The detailed 

analysis of embedded interval type-2 FSs are given in [82]. 
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Figure 2.6: Type-2 FS with FOU and Embedded FS 
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Figure 2.7: Type-2 Fuzzy Sets with FOU and Embedded Fuzzy Set (FS) 

2.7 Conclusion 

This chapter gives an overview of the interval qtype-2 fuzzyqlogic system. Firstly, 

traditional fuzzy concept has been discussed, later on type-2 fuzzyqsets areqintroduced by 

brief explanation on interval qtype-2 fuzzyqlogic system. The structure of the interval qtype-2 

fuzzy logic controller is presented and the roles of individual blocks used in the structure are 

discussed in detail. 
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CHAPTER 3: TRANSIENT STABILITY ENHANCEMENT AND 

POWER SMOOTHING OF WES USING PITCH-ANGLE 

CONTROLLER 

3.1 Introduction 

The increasing penetrationqof windqenergy systemqinto the utilityqgrid has forced wind 

farmqoperators to perform the transient stability analysis of the wind turbine generator 

(WTG). Moreover, the wind energy system (WES) has anqundesirableqcharacteristic thatqits 

output fluctuatesqwith wind speedqvariation, resulting in fluctuations in the grid frequency 

and voltage. Therefore, the objective of this chapter is to design the pitch-angle controller 

with an appropriate control technique for achieving improved transient stability and effective 

generator output power smoothing. 

In this chapter, an interval Type-2 fuzzy logic controller (Type-2 FLC) based pitch-angle 

control system (in power and speed control modes) has been proposed, which can enhance the 

transient stability performance of the WTG (in speed control mode) subjected to severe 

network disturbances and maintain theqIG outputqpower whenqthe wind speedqis higher than 

rated speed (in power control mode). Moreover, some key factors thatqaffect theqtransient 

stabilityqhave been investigatedqby derivingqsteady-state equivalentqmodel of the induction 

generator. 

This chapter also proposes an interval Type-2 fuzzy logicqbased pitch-angleqcontroller 

thatqcan smoothen the WES output power more effectively. Differentqtypes of wind speed 

patterns are employed to validateqthe effectivenessqof the proposedqcontroller. Real time 

simulations are developed to show the applicability of the proposed controller using the 

OPAL-RT digital simulator. The performance of the proposed controller has been estimated 

using power smoothing and energy loss functions to validate its application for WES.  

The major contributions of this chapter are as follows: 

 A steady-state equivalentqmodel ofqthe induction generatorqhas been developed using 

analytical approach. The electrical torque and mechanicalqtorque versusqrotor speed 

performance were obtained under different pitch-angle conditions and concept of 

stable and unstable electrical-mechanical equilibrium points were presented. 

 An interval Type-2 FLC based pitch-angle controller was designed and developed to 

enhance the transient stability of the WES subjected to transient fault. 
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 Anqinterval Type-2 FLC based fuzzyqlogic controllerqis also incorporated in order to 

smoothing out the wind generatorqoutput powerqmore effectively when it subjected to 

varying wind speed. 

 In order to validate the proposed control strategy for power smoothing, real-time 

simulation is developed using OPAL-RT technology digital simulator. 

3.2 Aerodynamic conversion 

The mechanical power developed by a typical windqturbine is directly proportionalqto the 

cube of windqspeed as  

31
( , ) ( , )

2
m r p w p wP A C V C P                                                                      (3.1) 

where, wP  is available wind power,  is the air-density [kg/m
3
], rA  is the turbine swept area 

[m
2
] and can be written as 

2

rA R , wV  is the wind speed [m/s] and pC  is the power 

coefficient. 

 The typical wind turbine is characterized by the power coefficient ( pC ) which depends 

upon the ratio of rotor-tip speed (  ) and blade pitch-angle (  ). The power coefficient ( pC ) 

employed in this study is as follows [3]:  

 5 /

6 4 3 2 1( , ) /ic

p iC c e c c c c


    


                                                  (3.2) 

                    where 

                                           3

1 1 0.035

0.008 1i   
 

 
                                                            (3.3) 

The coefficients 6 1c c  are: 6 0.0068c  , 5 21c  , 4 5c  , 3 0.4c  , 2 116c  and 1 0.5176c   and the 

tip-speed ratio (  ) can be defined as:   

tip speed of the blade 

wind speed w

r
R

V


                                                         (3.4) 

where, R is the radius of turbine rotor [m] and r  is rotor speed [rad/s]  
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 According to equations (3.1) - (3.4), for different values of pitch-angle (  ), the power 

coefficientqversus tip-speedqratio (
pC  ) curve for the studied system has been obtained as 

shown in Figure 3.1. For different values of wind speed ( wV ), the turbine output power versus 

turbine speed characteristics is as shown in Figure 3.2. 

  

         Figure 3.1: Wind turbine pC   curve Figure 3.2: Turbine Power characteristics 

The mechanical power ( mP ) shown in equation (1) can be expressed as: 

3

2 3 2 3

3

1 1
( , ) ( , )

2 2

( , )

m p w p r

p r

R
P R C V R C

C K

      


  

 
   

 



                                       (3.5) 

where,  

3

21

2

R
K R



 
  

 
 

Hence, the mechanical torque output of induction generator (IG) can be derived as [156]: 

    
( , )p wm

m

r r

C PP
T

 

 
                                                                              (3.6)   

The relation between mechanical torque ( mT ) and pitch angle (  ) with respect to rotor speed 

( r ) as shown in  Figure 3.3, which is obtained using information from  Figure 3.1 and 

equation (3.6). As observed from equation (3.6), the mechanical power output ( mP ) of wind 

turbine depends upon power coefficient ( pC ) and the rotor speed ( r ) of wind turbine. 

However, the turbine speed varies very little as the fixed speed squirrel-cage generators have 

a speed variation range as less than 1% [177]. Therefore, variation of mechanical power 

solely depends on power coefficient ( , )pC    which is not constant and varies with tip speed 

ratio ( )  and pitch angle  . However, in transient stability studies, tip-speed ratio variation is 
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very small [168]. As a result, the mechanical torque mostly depends on the pitch angle (  ). 

Figure 3.3 shows the relation between mT  and  as a function of r . It can be noticed from 

Figure 3.3, in particular point onwards of rotor speed, the mechanical torque decreases, when 

the pitch angle is increased. 
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Figure 3.3: Mechanical torque versus rotor speed 

3.3 Induction generator modelling 

 Inqorder toqobtain the induction generatorq(IG) model, the network from IG to PCC of 

the test system (see Figure 3.14) is considered and the corresponding equivalent circuit from 

IG to PCC is as shown in Figure 3.4. In this figure, IG is being represented by its steady-state 

equivalentqcircuitqas shown in Figure 3.4 inside dotted box, and all the variables and 

parameters are referred to stator side. 

 Induction Generator 
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MjX

RjX
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CjX
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mP

RI

ESVPCCV

  

 
MI

 
 

 

A

B

 
 

 

Figure 3.4: Electrical equivalent of the test system 

According to the IG equivalent circuit, the mathematical expression for stator terminal voltage 

( SV ) of fixed speed induction generator (FSIG) is: 

( )S S S SV I R jX E                                                       (3.7) 

where, E is air-gap magnetic field induction electro-magnetic-field (EMF) given by 
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 M ME jI X                                                       (3.8) 

where MX magnetizing reactance and MI is the exciting current of the FSIG.  Now the rotor 

current RI  can be determined from stator current SI after deducting MI  as follows: 

                                                              R S MI I I                                                              (3.9) 

And, then the corresponding mechanical power input to the IG will be given by   

23 R
m R

R
P I

s

 
  

 
                                                      (3.10) 

Where, RR  and SR  are theqrotorqand statorqresistance, respectivelyqand ‘ s ’ is the slip which 

is less than zero for the IG.  

3.4 Concept of critical rotor speed 

 There would be a critical value for the rotor speed of FSIG, after the occurrence of a fault, 

above which the rotor may become unstable and causeqthe disconnectionqof the IG fromqthe 

grid. To understand the rotor stability concept of the studied wind energy system, it is 

required to calculate the electrical torqueqof theqgeneratorqfrom the equivalent circuit of the 

system shownqin Figure 3.4. From Figure 3.4, Thevenin equivalent circuit representing the 

left hand side portion of the equivalent circuit across point A and B, the modified circuit can 

be shown as given in Figure 3.5. Where, Thevenin equivalent voltage is: 

1

( )PCC C
TH

T T C

V jX
V

R jX jX




 
                                                        (3.11) 

and the series parameters are:  

                                                  1TH TR R  and 1TH T CX X X   
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Figure 3.5: Reduced Equivalent circuit of the system 
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 From Figure 3.5, by applying Thevenin concept again at the point P and Q, the further 

reduced equivalentqcircuitqis obtained as shownqin Figure 3.6. The Thevenin equivalent 

voltage obtained as: 

1

1 1

( )TH M
TH

TH S TH S M

V jX
V

R R jX jX jX


   
                                        (3.12) 

and the equivalent Thevenin resistance and reactance can be obtained as: 1TH TH SR R R   and  

1TH TH S MX X X X   . 

THR THjX
RjX

RR

s

RI

THV

 
 

 

Figure 3.6: Complete Reduced Equivalent circuit of the system 

Finally, from the Figure 3.6, the rotor current can be computed as [46]: 

   
2 2

/

TH
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TH R TH R

V
I

R R s X X


  

                                           (3.13) 

From which, the generator electrical toque can be determined as: 

   

2
2

2 2
/

R R TH
e R

TH R TH R

R R V
T I

s s R R s X X
 

  
                                 (3.14) 

Generally, the slip is defined as: 

  
s r

s

s
 




                                                                 (3.15) 

 Whenqtheqinductionqmachine is operatedqas generator, theqsign convention for the 

electrical ( eT ) and mechanical ( mT ) torques are considered as negative. Therefore, the 

mechanical-electrical equilibrium of the IG can be expressed as 

 
1

2

r
e m

d
T T

dt H


                                                            (3.16) 
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Where, H  is theqinertiaqconstantqof WTG. By using equations (3.6) and (3.14) the 

mechanical and electrical torques versus rotor speed can be plotted as shown in Figure 3.7.  

For better visualization, the mechanical and electrical torques were multiplied by -1.  
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Figure 3.7: Characteristics of eT and mT  versus rotor speed 

 

As observed from Figure 3.7, let the IG is being at an operating point K, now the occurrence 

of fault at time 0t , the electrical torque ( eT ) suddenly reduces to zero and operating point of 

the generator shifted from K to M where the rotor speed is 0 . Due to which, the existing 

mechanical torque ( mT ) (with no pitch-angle control (i.e.  =0) shown in Figure 3.7) causes 

the IG rotor to accelerate as governed by the Equation (3.16) and start increasing (during the 

fault).  At the instant Nt , the fault is cleared and operating point of the generator shifted to 

point N where, the eT  is greater than mT  causing the net torque  e mT T  to be negative 

which causes the rotor speed to decrease and therefore, it eventually leads the generator to 

return back to its initial operating point K. This clearly shows that the IG will be stable as 

long as the fault is cleared before a critical speed crit  without making use of the pitch-angle 

control (i.e.   = 0). 

 

3.4.1  Effect of pitch angle control 

 In the absence of pitch-angle control, in case the fault is not cleared before time critt

(corresponding to critical rotor speed crit ), the rotor speed r will increase further. If the fault 
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is cleared at Pt the operating point of generator eT  is shifted to point P where the mT  greater 

than eT  thus, the net torque  e mT T  is positive, which results in increase of rotor speed and 

thus, generator will become unstable. In this condition, it observed from the Figure 3.7 that by 

increasing of pitch angle by 20   , the mechanical torque gets reduced below the electrical 

torque and system retains its stability, thus, the intersection of eT  and mT  at point O provides 

the new critical speed ( critnew ). It clearly shows that by increasing the pitch angle with the 

help of wind turbine pitch-angle controller, the critical speed limit can be raised from crit  to

critnew . Thus, the stable operation of the system can also be maintained at the higher rotor 

speeds (upto critnew ). 

 The critical fault clearance time can be determined, by solving the equations (3.14) and 

(3.16) at the equilibrium points as follows. 

                   
22 2 2 22 / 0TH TH R R TH R TH m RR X X s R R R V T s R                            (3.17) 

which is a second order equation. Now, solving the equation (3.17) and using equation (3.15), 

the steady-state 0  and critical rotor speed crit  can be calculated as: 

0 1
2

b

a


 
                                                                (3.18) 

1
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                                                               (3.19) 

where 2 4b ac   ,  
22

TH TH Ra R X X   , 
22 /R TH R TH mb R R R V T   and 

2

Rc R  

Substitute the equations (3.18) and (3.19) in equation (3.16) and integrate both side, the 

critical clearing time is determined as follows: 
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      (3.20) 

 For improving the dynamic stability of the WES, equations (3.19) and (3.20) show that 

crit  and critt  canqbe improvedqby temporary reduction of mechanical torque ( mT ) which can 
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be achieved by increasing the pitch-angle (  ) of the wind turbine. From the Figure 3.7, it is 

observed that by increasing of the pitch angle by 20   , the mechanical torque reduced and 

crit  changes from its initial value to critnew . Thus, one can understand that stable operating 

point of the system can be improved from crit  to critnew  by make use of pitch-angle 

controller. In other word, the pitch-angle control of the WES can be utilized to extend the 

stable operation over higher wind speeds. So, a pitch-angleqcontroller is designedqfor the 

WES as follows:  

3.5 Pitch angle controller design 

Theqblockqdiagramqof a typicalqpitch-angleqcontrolqsystemqis as shown in Figure 3.8. 

When the wind speed crosses above rated wind speed ( wRV ), the pitch angle controller limit 

the aerodynamic toque to maintain the generator output power at its rated value. The 

difference between the measured power ( gP ) and reference power (
REF

gP ) goes through the 

controller ( )C s , which regulates the output power in accordance with error ( ), by generating 

suitable pitch angle. 

The pitch-angle control strategy mathematically can be expressed as follows             

                                                 REF
g gc iP P

P





  


                                                     (3.21) 

where, P andq   areqsmall-signalqstateqvariables of mechanical powerqandqpitchqangle, 

respectively, and i  is initial pitch-angle. 
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Figure 3.8: The typical pitch-angle control system 

The optimum pitchqangle ( c ) from the controller ( )C s  is used as reference to the pitch 

actuator/servo system. The purpose of the pitch servo is for proper positioning of the blades.  

The first order transfer function of the electric or hydraulic pitch servo is as follows:  

1

1 cT s



                                                                 (3.22) 
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The pitch angle (  ) follows the reference pitch or optimum pitch ( c ) byqa firstqorderqlag 

withqtimeqconstant T , which is depends on the pitch actuator. In order to get the realistic 

response from the pitch control system, the pitch rate and the regulations range of pitch angle 

are set to 2 / sec    and 0 45   , respectively. 

As discussed in the research background of chapter 1, the pitchqangleqcontrollerqis 

mainlyqemployed for above rated wind speed where it regulates the generator output power. 

Besides, itqcanqalso improveqthe transientqstabilityqof theqWES. The following section 

discusses how the pitch angle controller can serve these tasks well. 

3.6 Pitch angle controller in powerqand speedqcontrolqmodes 

The controller shown in Figure 3.9 can be operated in two control modes (power and 

speed) in order to achieve above tasks effectively. The operatingqmodeqof theqcontroller can 

beqdeterminedqusing selection switch. The controller works in power control mode with 

switch set to input 1, whenqthe windqspeedqexceedsqitsqrated speedqto maintain the output 

power of the generator at rated value. However, for below rated wind speed controller not in 

operation where 0   to extract the possible maximum wind power as governed by the 

Figure 3.1. On the other hand, if the rotor speeds of induction generator increases to a 

threshold rotor speed (
TH

r ) due network disturbances the controller input set to 2, as a result, 

it works in speed control mode where the transient stability enhancement is achieved with 

suitable pitch angle generation.  
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Figure 3.9: A typical pitch angle controller in power and speed control modes 

In order to achieve the effective performance of the wind energy system, the controller 

C(s) of pitch control system need to be designed with an effective control method. 
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3.6.1 Proportional Integral (PI) controller 

A PI controller based pitch angle control system is as shown in Figure 3.10. The PI 

controller has designed using linearized model of the WES where Ziegler-Nichols method is 

employed to determine the controller gains in an appropriate way. During the above rated 

wind speed the PI controller is used to regulate the output power at its rated value by 

generating suitable pitch angle. Though, this method has a simple structure, better steady-state 

response and easy to implement, but exhibit poor transient response due to fixed controller 

gains. Therefore, the alternative method for controller design is fuzzy logic. It has numerous 

advantages as they do not require the mathematical model of the system and are capable of 

handling nonlinearity. In addition, they achieve excellent dynamic responses. 
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Figure 3.10: Proportional-Integral (PI) based pitch angle controller 

3.6.2 Design of fuzzy logic controller (Type-1FLC) 

In 1965, Professor Lofti Zadeh has proposed the concept of fuzzy logic. It consists of 

fuzzifier, inference engine and de-fuzzifier. Here, the fuzzifier converts the crisp value of the 

input parameter into fuzzy set and depending upon the fuzzy rules framed based on the 

membership functions for a given parameter of the system and then, fuzzy outputs are 

obtained with the help of the inference engine. In the end, de-fuzzifier converts these fuzzy 

inputs to a crisp output of the FLC to be used for the control purpose. 

The employed fuzzy logic based pitch angle controller is shown in Figure 3.11. 
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Figure 3.11: Fuzzy logic (Type-1) based pitch angle controller 
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3.6.3 Type-2 FLC based pitch angle controller  

The Figure 3.12 shows the proposed Type 2 FLC based pitch angle controller. According 

to selection switch as discussed above the error ( ) signal of power or speed control modes 

passes through the Type-2 FLC algorithm from where it generate the suitable pitch angle.  
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Figure 3.12: Proposed Type-2 FLC based pitch angle controller 

The MFs and rules framed for the Type-1 and Type-2 FLCs as given in Figure 3.13 and Table 

3.1, respectively. 

 

 

 

(a)Type-1FLC 

 

 

 

(b) Type-2 FLC 

Figure 3.13: The designed input and output MFs (a) Type-1 FLC (b) Type-2 FLC 
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Table 3.1: Fuzzy rules table for pitch angle generation 

 

Change in 

Error ( c ) 

Error ( ) 

N ZE XSP SP MP LP XLP 

NB ZE ZE ZE XS S M L 

NS ZE ZE XS S M L XL 

ZE ZE ZE XS S M L XL 

PS ZE ZE XS S M L XL 

PB ZE ZE S M L XL XL 

 

The triangular membership functions (MFs) employed for design the input and output 

variables of Type-1qand Type-2qFLCsqare depicted in Figure 3.13. The fuzzy sets for error (

 ) have been defined as: XLP(Extra LargeqPositive), LP(LargeqPositive), MP(Medium 

Positive), SP(SmallqPositive), XSP(Extra SmallqPositive), ZEq(Zero) and N(Negative). For 

the change-in-error ( c ) the fuzzy sets chosen as ZEq(Zero), NB (NegativeqBig), PB 

(PositiveqBig), NS (NegativeqSmall), and PS (PositiveqSmall). While for the output pitch-

angle control, six membership functions have been defined and notation as XL (ExtraqLarge), 

Lq(Large), Mq(Medium), S (Small), XS (ExtraqSmall) and ZE (Zero). The MFs are selected 

based on prior knowledge and observations from the various simulation results. 

The major function in the inference engine is the rules’ implementation, aggregation and 

type reduction. With help of the experts’ knowledge on the pitch-angle control of the wind 

energy system, a control strategy is framed as set of IF-THEN rules and are: 

If ( is 1x ) and ( c  is 1y ) then ( c is 1w ) 

Similarly, 35 rules have been defined for all input-output MFs as shown in Table 3.1. 

The common defuzzification methods used for the Type-2 FLC are the first (or last) of 

maxima, centroid-of-area and mean-of-max methods. In this study, centroid-of-area method 

has been utilized which is the most reasonable and popular method among the others. The 

centroidqof the Type-2 fuzzyqsetqis theqcollectionqof centroids of allqof itsqembeddedqsets. 

The defuzzification method converts the output fuzzy to crisp value. Therefore, the output (for 

example power control mode) of pitch angle controller can be obtained as: 
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1

1 cT s





                                                             (3.23) 

Where  REF
g gc iP P

P


 


  


  

The starred value is the final output of the pitch controller, whereas the prime term is the 

outputs of the Type-2 fuzzy controller. 

3.6.4  Configuration of the System 

 A typical wind energy system consisting of a wind turbine driven induction generator (IG) 

is asqshown in Figure 3.14. Theqstator winding of the IG is connectedqto the point-of-

common-coupling (PCC) through a step-up transformer (0.69/25kV) which exports power to 

the 120kV grid through step-up transformer (25/120kV) and a transmission line (
TL TLR jX ) 

operating at 120kV. The rotor of the IG is driven by a variable pitch wind turbine. The power 

factor correction capacitor(C)qis connectedqto theqlowqvoltage terminalqof theqwindqturbine 

generator. It provides required amount of reactive power to the IG for reasonable terminal 

voltage. The design parameters of the generator and the wind turbine are presented in 

Appendix. 
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Figure 3.14: Single-line diagram of the studied grid-connected WES 

3.6.5 Steady-state operating characteristics of the studied WES 

In this sub-section, the WES has been analyzed under steady-state operating conditions at 

different wind speeds. The Figure 3.15(a)-(c) illustrate the steady-state operating conditions of 

the studied system where the wind speed is varied from cut-in wind speedq( wCIV  of 4 m/s) to 

the cut-out wind speedq( wCOV  of 24 m/s). Whereas the rated wind speedq( wRV ) is 14 m/s. The 

various quantities of the wind energy system such as real, reactive power, voltage, current, 

rotor speed and the variation in pitch-angleqof the windqturbine are shown in Figure 3.15(a)-

(c).  
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(a) 

 

(b) 

 

(c) 

Figure 3.15: Studied system operating conditions under various values of wind speed (a) 

Wind Generator active (P), reactive power (Q) and voltage (V). (b) Wind Generator rotor 

speed and current (I) (c) Wind turbine pitch angle profile 
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It is seen from the Figure 3.15 that as the wind speed ( wV  ) is varied from wRV  to wCOV , all 

quantities of wind energy system are maintained at steady values except the pitch angle.  

(i) Itqcanqbe observed fromqFigure 3.15(a) thatqthe wind generator (WG) outputqvoltage      

(V ) is maintained around 1.0 p.u. for all values of wind speed ( wV ).  

(ii) When the wind speed varies from wCIV  to wRV , both wind energy system real power 

output ( P ) shown in Figure 3.15(a) and the current ( I ) shown in Figure 3.15(b) 

increase almost linearly with the increase of wV . Thereafter, both P and I are 

maintained at rated values when wV  exceeds wRV , but the wind turbine pitch-angle (  ) 

shown in Figure 3.15(c) increases almost linearly so as to control the active power as 

well as generator current within their rated values. 

(iii) The WG reactive power output ( Q ) increases slowly in negative direction, asqshown 

inqFigure 3.15(a), for theqwindqspeed wV  below wRV  and then maintainedqat a constant 

valueqby the capacitorqbankqwhenq wV  exceeds wRV . With this, the power factor of the 

wind energy system can be maintained at a reasonable value. 

(iv) It can be observed from Figure 3.15(b) that as wV  varies from wCIV  to wRV , the rotor 

speed ( r ) of the generator increases slowly from 1.0001 p.u. to 1.0045 p.u whereas, 

as the wind speed wV  exceeds wRV , rotor speed remains almost constant at 1.0045 p.u. 

It has accomplished with the help of pitch-angleqcontrol of the windqturbine as shown 

in Figure 3.15 (c). It is observed that as the wind speed wV  exceeds the rated value wRV , 

the pitch-angle continuously increases from 0
0
 (at rated wind speed wRV ,) to  around 35

0
 

(at cut-out wind speed wCOV ).
  
 

    

3.6.6 Results and Discussions 

Inqorder toqobserve the applicability of the proposedqType-2 FLC based pitch-angle 

controller, a test system as shown in Figure 3.14 has been employed. Two cases (case 1: 

windy condition and case 2: a transient fault in the grid) have been considered to analyse the 

performance of the proposed controller. To showqthe efficacy of the proposedqcontroller, the 

simulationqresults obtainedqare compared with conventional PI, and Type-1 FLC. 
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3.6.6.1  Case 1: Windy condition 

In this case, the effectiveness of the proposed controller has been investigated for a given 

wind speed pattern as shown in Figure 3.16 which consists of variation of wind speed in the 

ranges - above, below and rated wind speeds. It can be observed from wind speed pattern that 

the wind speed varies at randomly – some time goes below rated value, sometime attains rated 

value of 14 m/s and sometime even blows with speeds above rated value. With this wind 

speed variation, a solid three-phase-to-ground fault is initiated to occur on the PCC at 30s for 

the duration 150s where the wind speed is below. The results of the WES with all the 

controllers have been presented in Figure 3.17 to Figure 3.20. 

When the fault occurred at 30s, at which the wind speed is below rated. Itq  is seenq that 

the generator rotor speedq did not cross the thresholdq rotor speed and therefore, theq pitch 

angleqcontroller did not operate in speed control mode. Moreover, in belowqrated 

windqspeedqregion, all the controllers are able to extract maximum energy and hence, no 

generations of pitch-angle till 50s (see Figure 3.20). Therefore, it can be observed from Figure 

3.16 and 3.17, response of WES in terms of its real power output follows the same trend as 

the wind speed pattern in the absence of pitch-angle control (no role of pitch control system) 

whenever the windqspeedqis belowqratedqvalue.  

 On the other hand, whenever the wind speed exceeds its rated level, the pitch-angle 

controller operates in power control mode to maintain the power output to its rated value. It is 

observed from the generator output power as shown in Figure 3.17 that during the above rated 

wind speed, though PI controller maintains the power at rated value but it has significant 

oscillations which vary from around 1.38MW to 1.68MW. If this fluctuating power is 

exported to grid, it results in frequency variation. Therefore, the fuzzy logic controller (Type-

1FLC) employed here suppressed power oscillations up to some extent but, when we 

introduced Type-2 FLC the power fluctuations drastically damped out as compared to Type-1 

FLC. Therefore, the pitch-angle controller equipped with Type-2 FLC in power control mode 

offered lower overshoot compared to PI and Type-1 FLC and hence produced quality of 

power output. Almost similar trends are observed in the reactive power and rotor speed as 

depicted in Figure 3.18 and Figure 3.19, respectively. The pitch-angle profile of the wind 

energy system is as shown in Figure 3.20. However as observed from Figure 3.20 that the 

pitch-angle variations with Type-2 FLC are of smaller amplitudes than PI and Type-1 FLC 

and therefore, pitch-actuator system using Type-2 controller utilizes less energy to change the 

blades orientation.  
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Figure 3.16: Wind speed profile 

 

Figure 3.17: Generator active power 

 

Figure 3.18: Generator reactive power 
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Figure 3.19: Generator rotor speed 

 

Figure 3.20: Pitch angle generation by different controllers 

3.6.6.2 Case 2: Transient fault 

In this case, the transient performances of the WES with all the controllers are 

investigated. Here wind speed is assumed as constant and maintained at rated level, the fault 

has been initiated from 10s to 10.15s. Afterqthe faultqoccurs, the generator rotorqspeed start 

increasing rapidly and when the rotor speed surpasses the threshold rotor speed (1.01p.u), the 

pitch-angle controllerqenters into the speedqcontrol modeqto bring WES into stable state as 

shown in Figure 3.21 to Figure 3.23. It is noted from Figure 3.24 thatqthe increase of the pitch 

angle causes the mechanical torque to decrease (as shown in Figure 3.23) resulting in decrease 

in rotor speed (as shown in Figure 3.21). All the controllers (PI, Type-1 and Type-2 FLCs) are 

working well in speed control mode of pitch-angle controller during transient fault condition. 

However, due to effective pitch-angle generation by the type-2 FLC, the mechanical torque 

reduces to around 0.87p.u (see Figure 3.23, whereas with PI and Type-1 FLC it is around 

0.96p.u and 0.945p.u, respectively. As a result, the maximum rotor speed variation with Type-

50 100 150 200 250 300

1

1.002

1.004

1.006

1.008

1.01

1.012

Time (sec)

G
e
n
e
ra

to
r 

s
p
e
e
d
 (

p
.u

)

 

 

Conventional PI Type-1 FLC Type-2 FLC

180 200 220
1.004

1.0045

1.005

 

 

90 100 110
1.004

1.0045

1.005

 

 

Threshold speed

50 100 150 200 250 300

0

2

4

6

8

Time(sec)

P
it
c
h
 a

n
g
le

 (
d
e
g
)

 

 

Conventional PI

Type-1 FLC

Type-2 FLC

5

10

15

20



56 
 

2 FLC limited to about 1.0175p.u only, whereas with PI and Type-1 FLC it is approximately 

1.019p.u and 1.024p.u, respectively. Therefore, the proposed Type-2 FLC offered better 

transient performance than conventional PI and Type-1 FLC. As the pitch-angle controllers 

limit/control the mechanical torque, it control rotor speed and consequently the generator 

power.  Therefore, the active power of generator obtained with all types of controller is as 

shown Figure 3.22. It noticed that active power also damped more effectively with proposed 

Type-2 FLC controller.   

 

 

Figure 3.21: Generator rotor speed 

 

Figure 3.22: Generator active power 
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Figure 3.23: Generator mechanical torque 

 

 

Figure 3.24: Pitch angle generation by different controllers 
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(a)Type-1 FLC 

 

(b) Type-2 FLC 

Figure 3.25: Fuzzy control surfaces for (a) Type-1 FLC (b) Type-2 FLC 

 

3.7 Output power smoothing using pitch angle control 

As discussed, wind generator output power varies with wind speed, resulting in 

fluctuations in the grid frequency and voltage. It is, therefore, becoming a major concern as 

the wind power installations are increasing in number. Hence, in this work, a pitch-angle 

controller has employed to smoothing the generator output power. However, one major 

challenge in wind power smoothing is setting of reference power, specially, when the wind 

speed is below its rated value. Constant reference power is not always a good choice as there 

may be some cases where the wind speed is below the rated wind speed and appropriate 

output power cannot be obtained. As a result, exponential moving average (EMA) is the best 

suited to generate a reference power. Thus, in this thesis, EMA concept has been implemented 

and incorporated to the pitch-angle controller to generate reference power. Later on, Type-2 

FLC technique is proposed for pitch angle controller in order to smoothing out the wind 

generator output power more effectively when it subjected to varying wind speed. 

3.7.1 Computing of reference power command (
REF

gCMDP ) 

In order to obtain the output power smoothing, an essential task is to calculate the 

reference power (
REF

gCMDP ) for the pitch-angle controller. Different approaches [114] have been 

presented to determine the reference power command. However, exponential moving average 

(EMA) method offers better performance. The superiority of the EMA method over other 

approaches is that it follows wind speed quickly [114]. 
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The numerical expression for EMA is given as 

 EMA= C-P ×K +P                                                    (3.24) 

Where  C is the currentqvalue, the previousqperiod’s of EMAqis P, and K is weightingqfactor. 

ForqperiodqbasedqEMA, weighting factor (K) is equalqto 2/ (1+N), whereqN is theqnumber 

ofq periods. Aqdetailed explanation has presented in [114]. For example, for 50 periods EMA 

weighting factor K is calculated as: 2/(1+50)=0.0196. Figure 3.26(a) demonstrates the average 

EMA values calculated for a given wind speed. It can be observed that the EMA starts from 

50secs (each of 1 period) onwards. However, in this work, the average EMA values are 

calculated for generated wind power (not for wind speed). 

The reference power command (
REF

gCMDP ) for the pitch-angle controller is calculated as follows: 

Step 1: The windqturbine capture powerq( WTP ) canqbe obtained from equation (3.1). 

Step 2: The averageqEMA value of captured windqturbineqpower ( WTP ) is calculatedqfrom 

equation (3.24). In this work, 50 periods of average value is used in simulation. 

Therefore, for every 50sec the EMA of the wind power computation has done. The 

EMA calculation are as follows: if the generated wind power is equal to 0.82MW at 

50
th

 period and 0.81MW at 51
st
 period, respectively, the value of EMA at the time 

51sec becomes [(0.81-0.82)*0.0196]+0.82=0.819MW. If wind power generated 

becomes 0.8MW at 52 sec, then the value of EMA at this instant calculated as [(0.8-

0.819)*0.0196] + 0.8=0.799MW and so on. 

Step 3: The standard deviation can be calculated as: 

 
2

0
WT WT

WTstd

t
P P dt

P
t



                                                   (3.25) 

Step 4: Finally, the reference command power of the controller can be obtained as 

 REF

gCMD WT WTstdP P P                                                       (3.26) 

Figure 3.26(b) explains the whole calculation process of reference power command of this 

work. 
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Figure 3.26: Diagram of EMA calculation (a) Comparison of wind speed and EMA (b) 

Computation of controller reference power command 

3.7.2 Pitch-angle control design phase 

In general, the windqturbine pitch-angleqis notqcontrolled untilqthe ratedqpower is 

generated. When theqwind speedqis aboveqthe ratedqspeed, the pitchqcontrollerqis activated 

to keepqthe outputqpowerqat the ratedqlevel. In thisqsection, a newqpitchqcontroller is 

presentedqwhere the turbine bladeqpitch angleqis controlledqeven whenqthe wind speedqis 

below the rated speed. A typical pitch controller employed in this section is as shown in 

Figure 3.27. The controller gains eK  and dK   are used as a scaling gains for input and uK  for 

the output signals. These scaling gains can be variables or constants. During the FLC design 

these can play an important role to achieve suitable steady-state and transient responses. In 

this work, these gains considered to be constant and chosen as 1eK   100dK   and 10uK  . 
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Figure 3.27:  Pitch angle controller with Type-1/Type-2 FLC 

3.7.3 Type-2 FLC design for the studied wind energy system 

The MFs and rules are framed for the Type-1 and Type-2 FLCs as given in Figure 3.28 

and Figure 3.29 and Table 3.2, respectively. The triangular MFs with overlap are used for the 

input and output fuzzy sets. For all the inputs and outputs, the universe of discourse is chosen 

as [-1, +1]. 

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 3.28: Designed MFs ofType-1 FLC (a) Error (b) Change in error (c) Pitch angle 

generation 
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(a) 

 
(b) 

 
(c) 

Figure 3.29: Designed MFs ofType-2 FLC (a) Error (b) Change in error (c) Pitch angle 

generation 

 

 

The inputqand outputqvariablesqused for the controller design are expressed with the 

help of fuzzy sets using seven triangular linguistic variables MFs. Notation for the fuzzy sets 

as: LP (LargeqPositive), MP (MediumqPositive), SP (SmallqPositive), Z (Zero), SN (Small 

Negative), MN (MediumqNegative), LN (LargeqNegative). The MFs are selected based on 

prior knowledge and observations from the various simulation results. The width of the FOU 

is decided by observing its effect on the WES output power oscillations. The similar MFs and 
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With the help of the experts’ knowledge on the pitch-angle control of the wind energy 

system, control strategies are framed as a set of IF-THEN rules, e.g. 

         If ( is 1x ) and ( c is 1y ) then ( c  is 1w ) 

Similarly, 49 rules have been defined for all input-output MFs as shown in Table 3.2. 

Table 3.2: Fuzzy rules for pitch angle generation 

Change in 

Error 

 ( c ) 

Error ( ) 

LN MN SN Z SP MP LP 

LN LNq LNq LNq LNq MNq SNq Zq 

MN LNq LNq LNq LNq SNq Zq SPq 

SN LNq LNq MNq MNq Zq SPq MPq 

Z LNq MNq SNq Zq SPq MPq LPq 

SP MNq SNq Zq MPq MPq LPq LPq 

MP SNq Zq SPq MPq LPq LPq LPq 

LP Zq SPq MPq LPq LPq LPq LPq 

 

3.7.4 Real time simulation  

The real time simulation of the studied system is carried-out on OPAL-RT digital 

simulator. The RT-lab, which is fully integrated with MATLAB/Simulink®, providesqthe 

flexibilityqand scalabilityqto achieveqthe mostqcomplexqreal-time simulationqapplications in 

the power systems, power electronics, automotive, aerospace and industries [105, 135, 172]. 

The simulator uses advanced fixed-time step solvers (ARTEMIS) for strict constraints of real-

time simulation of stiff systems. The sampling time used to realize the system is 50 s . To 

run the models in real-time simulation, the RT-lab allows user to readily converted Simulink 

models through real-time workshop (RTW). The steps involved in implementation of 

MATLAB/Simulink model to real-time have been provided in detail in [106]. The RT-lab can  
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Figure 3.30: Distributed model of the WES for real time simulation 
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Figure 3.31: Real time digital simulator laboratory setup 

separate a complex system into simple sub-systems and performs parallel operation in 

multiple cores. Hence, one needs to separate the model into suitable sub-systems for real time 

simulation [65, 190]. The studied WES as shown in Figure 3.14 can be divided into two sub-

systems as shown in Figure 3.30. The console subsystem denoted as SC_Console which 

contains parameters accessing and displaying blocks. This sub-system runs on the host PC, 

which can receive simulation results and display through the scope. Another sub-system is a 

computing sub-system named as SM_Master which contains all the calculation blocks (of 

studied WES). This sub-system runs on the target machine with real-time condition. 

The real-time digital simulation laboratory setup is as shown in Figure 3.31; it consists of 

host personal computer (Host-PC), target (real-time digital simulator) and oscilloscope. The 

simulator employed here is OP5600 with one processor and four 3.33-GHz dedicated cores to 

perform parallel computations. The work station computer (Host-PC) executes the WES 

model and interacts with the real-time digitalqsimulator (RTDS) to produce the results of real-

time simulation. The digital oscilloscope is also employed to observe the real-time results of 

pitch angle generation.  

The resultsqof Type-2 FLC are comparedqwith Type-1 FLCqandqPI controllerqused, one 

at a time, for the pitch controller designed for the test WES. Toqpresentqthe effectivenessqof 

the proposedqcontroller, theqfollowingqcasesqhaveqbeenqconsidered.  
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3.7.4.1 Case-1: Below rated wind speed 

The wind speed pattern considered for below rated wind speed is as shown in Figure 3.32. 

Under this windqspeed characteristics, the performanceqof the PI, Type-1 FLC and the 

proposedqType-2 FLC was investigatedqandqthe real-time simulation resultsqwereqobtained 

through opcomm block for generator active power, generator rotor speed, power coefficient 

and pitch angle as shownqin Figure 3.33 to Figure 3.36, respectively. When the wind speed is 

below ratedqvalue, thereqis no pitchqangle generated with PI controller which ensures no 

point of limiting the rotor speedqandqtheqwindqturbine operatesqwith its maximum possible 

power extraction. As a result, the generator active and rotor speed followed the wind speed 

disturbances and exhibits huge fluctuations (see Figure 3.33 and Figure 3.34). If these 

fluctuating power exported to grid causes grid frequency to fluctuate.  

 Thus, it is needed to smoothen out these power fluctuations. For smoothing the output 

power fluctuations, at first it is required to determine the reference power command (
REF

gCMDP ) 

as discussed in the previous sub-section 3.7.1 and thereafter, fuzzy logic approaches (Type-1 

and Type-2 FLC) are implemented. These FLCs are good at tracking reference power 

(command power) irrespective of system operating conditions by generating a suitable pitch-

angle. On comparing, it is observed from Figure 3.33 that the active power output of the wind 

energy system follows the command output power with small variations with Type-1 and 

Type-2 controllers but real power fluctuations are being smoothened more effectively by the 

Type-2 FLC pitch-angle controller. The similar results are also seen with generator rotor 

speed too, it has been more efficiently smoothen out by the proposed controller as shown in 

Figure 3.34. The power-coefficient of wind turbine with conventional PI, Type-1 and Type-2 

FLCs controllers are as shown in Figure 3.35. The power-coefficient with PI controller is 

always maintained at its maximum value of 0.48, since there is no pitch angle generation. 

However, with Type-1 and Type-2 FLCs, the power-coefficient varies according to the pitch-

angle variations in order to smoothing the output power. The pitch-angle profiles of the WES 

with all employed controllers are as shown in Figure 3.36. The pitch controller action with 

conventional PI, Type-1 and Type-2 FLCs are also observed in the digital oscilloscope and 

depicted in Figure 3.37(a)-(c). As there is no pitch angle generation with PI controller thus 

straight line (zero) has been observed in oscilloscope (see Figure 3.37(a)). But with Type-1 

and Type-2 FLCs pitch-angle activity has been achieved and recorded in the digital 

oscilloscope as shown in Figure 3.37(b) and (c), respectively. 
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Figure 3.32: Below rated wind speed profile 

 

Figure 3.33: Generator active power 

 

Figure 3.34: Generator rotor speed 
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Figure 3.35:  Power coefficient 

 

Figure 3.36: Pitch angle generation by different controllers 
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(a) 

 

(b) 

 

(c) 

Figure 3.37: Pitch angle profile obtained in oscilloscope (a) PI controller (b) Type-1 FLC (c) 

Type-2 FLC 

3.7.4.2 Performance indices 

To estimate the performance of the proposed technique (Type-2 FLC) with PI and Type-1 

FLC, the output power smoothing smoothP  and maximum energy ( maxW ) functions are 

calculated as [26]: 

       
0

( )T
g

smooth

dP t
P dt

dt
                                                          (3.27) 

max

0

( )

T

gW P t dt                                                          (3.28) 

Where, gP  is the generated output power and T is the total simulation time. In equation 

(3.27), smoothP  is the integral of the absolute value for the differentiation of the generated output 
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power gP . Thus, if smoothP  is small in magnitude, it indicates that the generated power 

fluctuations of the wind energy system are smoothen-out more effectively. The Figure 3.38 

shows that the power smoothing function with Type-2 FLC method has smaller magnitude as 

compared to PI and Type-1 FLC throughout the wind speed pattern considered. 

 

Figure 3.38: Generator output power smoothing index 

 

Using equation (3.28), the maximum energy output of WES over the disturbance period 

was also determined considering all the three controllers but one at a time. The trend is as 

shown in Figure 3.39. The maximum energy has been obtained with conventional PI 

controller, as there is no pitch angle generation it remains fixed at zero degree. But with Type-

1 and Type-2 FLCs there is a drop in the output power due to pitch angle generation. The 

purpose of this work is to smoothing the output power and thus drop cannot be avoided. From 

the Figure 3.39, the percentage of drop during the 600sec for Type-1 and Type-2 FLCs are 

calculated with respect to PI controller. The energy losses of Type-1 and Type-2 FLC (with 

respect to the conventional PI controller) are respectively, 30.02% and 30.31% approximately. 

 

 

Figure 3.39: Generator total energy generation index 
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3.7.4.3 Case-2: Moderate wind speed 

Inqthisqcase, theqmoderateqwindqspeedqpatternqhas been considered i.e wind speed 

consists both below and above rated trends as shown in Figure 3.40. Similar trends have been 

observed from the active power and rotor speed of the WES system as shown in Figure 3.41 

and Figure 3.42. From theqsimulationqresults, it is clear that compared to PI, Type-1 FLC and 

the proposed Type-2 FLC give much better smoothing for the generator outputqpower. The 

power-coefficient andqpitch-angleqresponses of the WES are also presented in Figure 3.43 

and Figure 3.44, respectively. The pitch-angle generations with all the controllers are also 

recorded in the digital oscilloscope as shown in Figure 3.45(a)-(c). 

 

Figure 3.40: Moderate wind speed profile 

 

Figure 3.41: Generator active power 
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Figure 3.42: Generator rotor speed 

 

Figure 3.43: Power coefficient 

 

Figure 3.44: Pitch angle generation by different controllers 
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(a) 

 

(b) 

 

(c) 

Figure 3.45: Pitch angle profile obtained in oscilloscope (a) PI controller (b) Type-1 FLC (c) 

Type-2 FLC 

The smoothness function (performance indices) for this case with all the controllers is 

presented in Figure 3.46. It is seen that lower value denotes better smoothness and hence, the 

proposed Type-2 FLC based pitch angle controller offered smoother results than PI and Type-

1 FLC. The total energy generation of IG with PI, Type-1 and Type-2 FLCs are obtained from 

equation (3.28) are as shown in Figure 3.47. The percentage of energy loss for Type-1 and 

Type-2 FLCs are calculated as approximately 4.32% and 4.51%, respectively with respect to 

PI controller response. 

The obtained control surfaces of the type-1 and type-2 controllers are shown in Figure 

3.48(a) and (b), respectively. It is observed from Figure 3.48 that as its control surface is 

formed with large number of embedded Type-1 FSs, the proposed Type-2 controller surface is 

very smooth as compared to Type-1 FLC. This smooth surface is less sensitive to disturbances 

and therefore, its effect is clearly visible on the responses of the wind generator output power 

as shown in Figure 3.33 and Figure 3.41. 
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Figure 3.46: Generator output power smoothing index 

 

Figure 3.47: Generator total energy generation index 

 

(a) 

 

(b)  

Figure 3.48 Fuzzy control surfaces for (a) Type-1 FLC (b) Type-2 FLC 
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3.8 Conclusions 

Inqthis chapter, a Type-2 fuzzyqlogicqbased pitch-angle controllerqis proposed for wind 

energy system to achieve major objectives such as enhancement of transient stability and 

generator output power smoothing. 

In the first objective, pitch-angle controller implemented in power and speed control 

modes equipped with Type-2 FLC is investigated. Two cases (windy and transient fault) have 

been considered to operate pitch-angle controller in both, powerqand speedqcontrolqmodes. 

Simulation results of the pitch-angle controller equipped with Type-2 FLC comparedqwith 

Type-1 FLCqandq PI controller. The proposed Type-2 FLC based pitch-angle controller out-

perform in power quality and transient stability improvement, which are the main drawbacks 

of this type of IGs. Moreover, an analytical approach has been introduced from which some 

key factors that may affect the transient stability of the IG were investigated. This type of 

investigation is veryqimportantq to expand the operating limitations of theqwindqturbine 

driven IG under the severe faults to guarantee the wind farm connection to the grid. 

Concerning the generator output power smoothing, a Type-2 FLC based pitch-angle 

controller is proposed for WES when it subjected to varying wind speed. At first, reference 

power command based on EMA concept is obtained and then, fuzzy controllers (Type-1 and 

Type-2) are implemented to follow the reference power command. To validate the present 

work, the studied system has designed in MATLAB/Simulink and then exported to RT-lab via 

RTW for real time simulation. Two differentqtypesqof windqspeedqpatternsqare employed to 

study the effectivenessqof theqproposedqcontroller. The simulationqresultsqshowqthe pitch-

angle controller with Type-2 FLC offers better performance in smoothing the output power of 

WES than PI and Type-1 FLC. To estimate the smoothing level of proposed controller, power 

smoothing function (index) has been incorporated. Due to good output power smoothing 

achieved with proposed controller, the system frequency which is affected with power 

fluctuations can be controlled within the acceptable limit.  
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CHAPTER 4: STABILITY ENHANCEMENT OF FIXED SPEED WIND 

FARM USING STATCOM  

4.1 Introduction 

Modern wind energy systems (WES) nowadays utilize variable-speed Doubly-Fed 

Induction Generators (DFIGs) but fixed-speed wind farms still exist in the world in a 

considerable number due to their advantages. These wind farms generally employ Squirrel-

cage Induction Generators (SCIGs) which are directly linked to the grid to export power. 

However, the main drawback of these wind farms is that they need large amount of reactive 

power during the disturbances such as network faults. Under such conditions, the terminal 

voltage and active power drastically decreases resulting in the increase of rotor speed, 

assuming the mechanical torque of SCIG to be constant. Though, the fault is cleared, but a 

large amount of reactive power is drawn by the induction generator during its speedup. If the 

needed amount of reactive power is not available, the machine will cause rotor to accelerate 

and make rotor speed unstable and gets disconnected from the grid. For cases in which fixed-

speed wind farms supplying a large amount of active power to the network, they must stay 

connected to the grid.  Therefore, the stability of wind farm becomes an important issue and 

therefore, has attracted considerable attention recently and hence, it is necessary to examine 

the responses of them during the faults and their possible impact on the system stability. 

 Moreover, these wind farms themselves are very sensitive to the grid faults and wind 

energy is a kind of stochastic energy implying that the output of wind farm can vary in a 

certain range. The inherent power fluctuations of these wind farms have adverse impacts on 

the power system to which they are connected. Therefore, we need to look for a novel 

controller design for wind integrated power system to improve its stability. 

 The contribution of this chapter: As a preliminary study, this chapter investigates the 

impact of fault ride-through on the stability of the fixed speed wind farm connected to power 

grid. The effect of fault locations and fault time durations on stability of fixed-speed wind 

farm, subjected to different types of faults were studied. Thereafter, a static synchronous 

compensator (STATCOM) has been employed to support the studied wind farm and its 

contribution to the different fault locations and durations are investigated.  

Later on, an interval type-2 fuzzy logic based damping controller for STATCOM is 

proposed to achieve damping improvement which enhances the stability of wind integrated 

power system. To evaluate the effectiveness of the proposed method by comparative analysis, 
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three different scenarios (STATCOM-without damping controller, STATCOM-with type-1 

FLC based damping controller and STATCOM-with type-2 FLC based damping controller) 

are considered. The performance of the proposed control scheme is analyzed by considering 

different network faults such as LLLG, LLG and LG. All the simulations are carried out on a 

test system using MATLAB/SIMULINK
®

 software. The behaviour of the SCIG and the 

designing aspects of the STATCOM are discussed in the following sections: 

4.2 SCIG terminal voltage and rotor speed relationship 

From previous chapter 3, during the stable operation of wind power system, variation in slip 

of SCIG is very small and hence voltage equation can be expressed as [188]:  

R
S P

M

I
V K

s X
                                                   (4.1) 

where 2 2

PK X Y  with 

( )R S M S M R S R

R S M S M R R S

X sX R sX R X R X R

Y R R sX X sX X sX X

    

   
                                       (4.2) 

The relation between mechanical to electrical power with efficiency  is: 

.m wP P                                                               (4.3) 

From the equations (3.5) and (3.10) the corresponding rotor current is: 

3( , )

3

P r
R

R

C K s
I

R

   
                                                        (4.4) 

where, the slip (s) is defined as: 

  
s r

s

s
 




                                                           (4.5) 

where, s is the synchronous speed of SCIG. 

From the equations (4.1), (4.4) and (4.5), the stator terminal voltage SV of the SCIG can be 

written as: 

3

r
S R

s r

V K


 



                                                        (4.6) 
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where, 
( , )

3

S s P

R

R M

K C K
K

R X

   
  

From equation (4.6), the behaviour of generator terminal voltage ( SV ) of SCIG is as shown in 

Figure 4.1, by taking the rotor speed as variable. 

 

 
Figure 4.1: IG terminal voltage versus rotor speed characteristics 

From Figure 4.1, it is observed that as the SCIG speeds up, its terminal voltage decreases very 

fast and reduces to a extremely low value. 

4.3 STATCOM working principle 

As described above, as the terminal voltage of the SCIG reduces because of its speeding 

up after the clearing of the network faults which may result in the possible dis-connection of 

SCIG. Therefore, to arrest this fall in the terminal voltage of SCIG and to provide necessary 

fault ride-through capability, an STATCOM is proposed to be installed at the PCC of the 

SCIG. 

 The topology of STATCOM can be classified in to two groups: voltage source converter 

(VSC) and current source converter (CSC). The VSC based STATCOM has efficiency 

relatively higher than CSC based STATCOM; therefore, in large scale wind farm it preferable 

[179]. In this work, we adopt VSC based STATCOM as a dynamic reactive power 

compensator.  

The simplified basic equivalent circuit of STATACOM is as shown in Figure 4.2, where, 

sV  denotes the AC source, cV  is controllable STATCOM output voltage, R  and X  are the 

interfacing resistance and reactance, respectively. XV  represents the voltage drop across the 
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resistance and reactance and 
*I is current flowing through R and X . This current can be 

leading or lagging to the source voltage ( sV ), and the vector diagrams are as shown in Figure 

4.3 and Figure 4.4. 

sV *I
X

R cV

XV
 

  

Figure 4.2: Basic equivalent circuit of STATCOM 
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Figure 4.3:  Capacitive reactive power vector diagram of STATCOM 
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Figure 4.4:  Inductive reactive power vector diagram of STATCOM 

 Assuming the positive direction of power transfer from power network to the STATCOM 

and X R , the active and reactive power expressions can be deduced from Figure 4.3 and 

Figure 4.4 as follows: 

 sinc sV V
P

X
                                                                 (4.7) 

            
 cosc s cV V V

P
X

 
                                                               (4.8) 

Here, the assumptions has been made that voltage generated by VSC ( cV ) is in phase with 

power network voltage ( sV ). Therefore, 0   causes active power 0P  and only reactive 

power ( Q ) is flowing. If the sV  i.e bus voltage is higher than cV , then STATCOM absorb the 

reactive power. On the other hand, if sV  is lower than the cV , STATCOM injects reactive 
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into the grid to maintain the voltage profile of sV . The amount of reactive power exchanged 

by the STATCOM with the grid can be expressed as: 

 
 c s cV V V

Q
X


                                                               (4.9) 

 The voltage regulation mode V-I characteristics of STATCOM is as shown in Figure 4.5 

[54]. This shows that the STATCOM canqbe operatedqover its fullqoutputqcurrentqrating 

even at very low (zero) system voltage level.  As longqas the reactiveqcurrent staysqwithin 

the maximum capacitive and inductive output current ( maxCI , maxLI ) imposedqbyqthe 

converterqrating, the voltage will be regulatedqat the referenceqvoltage ( refV ). The slope (

sX ) or droop is normally employed between 1% and 4%. 
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Figure 4.5: V-I characteristics of STATCOM in voltage regulation mode 

4.4 Employed STATCOM 

The detailed block diagram representation of STATCOM is shown in Figure 4.6. The 

output of inverter is connected to the point of common coupling through an AC filtering 

inductor. It employs PWMqtechniqueqto synthesizeqa sinusoidalqwaveformqfrom a DC 

voltageqsourceqwith a typicalqswitchingqfrequencyqof few kilohertz. The angularqposition (

 ) of the supplyqvoltageqvector is established by a phase-locked-loop (PLL). Thereafter, its 

output ( t  ) is used to computeqthe d-axis and q-axisqcomponentsq( ,pd pqV V and ,d qI I ) 

of the AC three-phaseqvoltageqandqcurrents ( , ,pa pb pcV V V  and ,,a b ci i i ). 
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Figure 4.6:  Block diagram representation of STATCOM 

The current regulator is assisted by feed-forward type regulator which determines the dV  and 

qV from the qrefI and drefI currents (produced by AC voltage controller and DC voltage 

controller, respectively). Therefore, it controls the magnitude and phase of the generated 

voltage ( dV and qV ). The modulation index ( m ) and phase angle of the modulating waveform 

( or  ) can be expressed as shown in Figure 4.6 [181]: 

4.5 The STATCOM Control Scheme 

A schematic diagram of a typical STATCOM is as shown Figure 4.7 which includes a 

voltage source converter (VSC), AC filtering inductor and the associated control system. The 

well-known control scheme [153] is used as a control strategy for the VSC based STATCOM.  
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Figure 4.7: Control Scheme of STATCOM 
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For maintaining the voltage at PCC constant, the AC line voltage (V ) is compared with the 

reference voltage (
refV ) and the error/deviation ( V ) is processed through the controller 

ACPI . The AC voltage error ( V ) at the 
thn instant is 

 
( ) ( )n ref nV V V                                                                       (4.10) 

where, ( )nV  is the magnitude of the three phase voltages sensed at the PCC at 
thn  instant, refV

is the amplitude of the reference voltage.  

The voltage regulation controller ( ACPI ), reacts to a sudden voltage variation and inject 

the appropriate amount of reactive power and therefore, it is well adapted for system 

disturbances. For an AC voltage control loop, the controller ACPI  output (
*

qI ) determines the 

amount of reactive power to be generated by STATCOM. The AC voltage controller ( ACPI ) 

output (
*

( )q nI ) at thn  sampling to regulate the PCC voltage can be expressed as 

* *

( ) ( 1) ( ) ( 1) ( ){ }q n q n Pac n n Iac nI I K V V K V                                               (4.11) 

where, PacK and IacK are the proportional and integral gain constants of the AC voltage 

controller, ( )nV and ( 1)nV   are the error voltages at the thn and ( 1)thn  instants and 
*

( 1)q nI   is 

the quadrature component of the reference current at the ( 1)thn instant. 

At the same time, in order to support the DC bus of STATCOM, DC bus voltage ( dcV ) is 

also compared with the reference DC voltage (
dcrefV ) and the error voltage ( DCV ) is passed 

through another controller DCPI . The output (
*

dI ) of this controller determine the source 

current active power component so that no real power injection is made by STATCOM at the 

PCC. Similarly, the DC bus voltage error ( DCV ) at 
thn sampling is 

( ) ( )DC n dcref dc nV V V                                                      (4.12) 

where, ( )dc nV  is the DC link voltage of the STATCOM sensed at the 
thn instant and dcrefV is 

the reference DC voltage. The output of the DCPI controller is to support the STATCOM DC 

voltage at the 
thn sampling and expressed as 

* *

( ) ( 1) ( ) ( 1) ( ){ }d n d n Pdc DC n DC n Idc DC nI I K V V K V                                        (4.13) 
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Where 
*

( )d nI  and 
*

( 1)d nI   are the active power components of the source current at the 
thn and 

( 1)thn instants. PdcK and IdcK  are the proportional and integral gain constants of the DC 

voltage controller. The gains ( PacK , IacK , PdcK and IdcK ) of two PI controllers of the STATCOM 

are obtained at a specific operating point. 

4.6 Design of STATCOM 

4.6.1 Selection of DC link voltage of STATCOM 

For satisfactory control of pulse-width modulation (PWM), the DC bus voltage ( dcV ) is 

expressed by following relationship [118]. 

 2 2 / 3dc acV V m                                                             (4.14) 

Where, acV is root-mean-square (RMS) value of the line-voltage on the AC side of the 

converter, m  is modulation index which in the range of 0 1m  . The maximum converter 

terminal voltage rating is 2.5kV, so that the DC bus voltage can be computed as: 

 2 2 / 3 2500 0.96

3919.18V

dcV   


                                              (4.15) 

The final value of DC voltage chosen as 4000V. 

4.6.2 Selection of rating of STATCOM converter 

Neglecting the switching and transformer losses, the DC voltage source should be 

constant and STATCOM does not provide active power to the system i.e 0SCP   and the 

maximum amount of reactive power delivered by the STATCOM 15MvarSCQ  , the 

converter rating ( SCVA )  is calculated as [31]: 

2 2 2 20 15 15MVASC SC SCVA P Q                                          (4.16) 

and thus, the maximum converter current is given by 

 / 3 15MVA / 3 2500V 3464.10ASC SC acI VA V                               (4.17) 
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4.6.3 Selection of filtering inductor 

The AC filtering inductor is placed in series on PCC side of the STATCOM for ripple free 

current. The inductance ( fL ) is given as [118]. 

    ( )3 / 2 / 6f dc s r p p SCL mV f aI                                                (4.18) 

where, sf  is the switching frequency which is equal to 4 KHz, a  is the steady state current 

margin, and ( )r p p SCI   is the peak-to-peak ripple current which can be taken as 5% of peak 

current of SCI : 

( ) 0.05 2r p p SC SCI I                                                                (4.19) 

Therefore, the inductance ( fL ) can be calculated as: 

    3 / 2 0.96 4000 / 6 4000 1.2 (0.05 2 3464.10 0.47mHfL                     (4.20) 

For designing purpose, the inductance selected as 0.5mH . Whereas, the resistance ( fR ) of 

the series filtering inductor is chosen as 0.25  so as to account for its losses. 

4.6.4 Selection of DC link STATCOM capacitance 

The design of DC capacitor of STATCOM is paramount importance as it allows the 

STATCOM to provide sufficient reactive power during transient and other power network 

disturbances. The DC capacitance of the STATCOM can be determined with following 

analytical equation [54]. 

  6

2 2 2 2

3 2500 / 3 3464.10 3753
3599.76μF

[ ] [0.05 ] 4000 3800

ac SC
dc

dc dc

eV I t
C

V V

  
  

  
            (4.21) 

Where, the response time 375μst   and DC link voltage dip is 5% of rated DC link voltage. 

Therefore, DC link voltage may vary in between 4000V to 3800V. In order to avoid any DC 

side resonance, it is wise to choose a proper capacitance value [38]. In this work, therefore, 

the capacitance value is chosen as3600μF . 
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4.7 System configuration 

In this work, a fixed-speed wind farm is considered as shown in Figure 4.8 which consists 

of twenty four 1.5MW rated fixed-speed SCIGs and thus 36MW wind farm has been 

connected to 120kV grid. The stator winding of each generator is connected at the point-of-

common-coupling (PCC) through a step-up transformer (0.69/25kV) which thereafter, another 

step-up transformer (25/250kV) is connected at the PCC which helps in exporting power to 

the 120kV grid through a transmission line. The power factor correction capacitors are 

connected to the low voltage terminal of the each wind generators. Under normal operating 

condition, these capacitors provide required amount of reactive power to the FSIGs. But, 

these devices fail to support reactive power demanded by the FSIGs under severe faults 

conditions as discussed earlier. Therefore, to supply the adequate reactive power and voltage 

support at the PCC under fault conditions, the STATCOM has been employed and connected 

at the 25kV bus. The design parameters of the generator and wind turbine are presented in 

Appendix. 
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Figure 4.8: Configuration of the studied system 

 

4.8 Results and Discussions 

In order to investigate the fault ride through impact on the stability of fixed-speed wind 

farm using STATCOM, two cases (case 1: Fault location and Case 2: Fault duration) have 

been considered with different types of faults on the connected transmission line.  
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4.8.1 Fault location 

Two fault locations (X1 and X2) have been defined on the studied system as shown in 

Figure 4.8 in which X1 is close to PCC of the wind farm whereas, another i.e. X2 is at the far 

end of the line. To analyze the effect of fault locations on the stability of wind farm, different 

types of faults have been considered, with and without considering STATCOM at the PCC. 

4.8.1.1 Single line-to-ground (LG) fault  

When a single line-to-ground fault occurs at the locations X1 and X2 without STATCOM, 

the variation of PCC voltage, active and reactive power transfer of wind farm to the grid are 

as shown in Figure 4.9(a), (b) and (c), respectively. During the fault, PCC voltage drops to 

0.7621p.u when the fault occurs at X1 and drops to 0.7925p.u, when the fault occurs at X2. 

Also, the wind farm total active power exported to the grid decreases to 32.5MW when the 

fault occurs at X1 and to 33.01MW, when the fault occurs at X2. After the fault has cleared, 

the maximum amount of reactive power absorbed by the wind farm is 6.812Mvar for the fault 

at X1, whereas it is 6.612Mvar for fault at X2. 

 
 (a) (b) 

 
(c) 

Figure 4.9: Single line-to-ground fault at different fault locations X1 and X2-without 

STATCOM: a) PCC voltage; b) Active power; c) Reactive power  

 

Similarly, Figure 4.10(a)-(c) show the responses of the system when it is subjected to LG 

fault on the locations X1 and X2 with STATCOM. Figure 4.10(a) shows the PCC voltage, 

during the fault period, it drops to 0.8201p.u in when the fault occurs at X1, and to 0.8523p.u 

when the fault occurs at X2. Also, the wind farm total active power exported to the grid 

shown in Figure 4.10(b) decreases to 33.65MW when the fault occurs at X1, and to 33.86MW 
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when the same fault occurs at the location X2. After the fault cleared, the maximum amount 

of reactive power absorbed by the wind farm for different locations X1 and X2, respectively, 

are 4.351Mvar and 4.081Mvar as depicted in Figure 4.10(c). 

 

  
 (a) (b) 

 
(c) 

Figure 4.10: Single line-to-ground fault at different fault locations X1 and X2-with 

STATCOM: a) PCC voltage; b) Active power; c) Reactive power 

 

It may, therefore, concluded that the STATCOM placed at the PCC arrests the fall in the 

PCC voltage and helps in faster restoration, thereby it results in increased amount of real 

power transfer to the grid and decreased amount of reactive power drawn from the grid by 

supplying local reactive support at the PCC itself.  

  

4.8.1.2 Double-line-to-ground (LLG) fault  

In this case instead of LG fault, an LLG fault is considered at the same locations X1 and 

X2 and the PCC voltage, active and reactive power (without STATCOM) measured are as 

shown in the Figure 4.11(a)-(c). As observed from Figure 4.11(a), the PCC voltage drops to 

0.4801p.u during the fault when the fault location is X1, whereas it drops to 0.5521p.u when 

fault occurs at X2.  The active power supply to the grid is reduced to 16.20MW when the fault 

location is at X1, and to 19.MW when the fault occurs at X2. Similarly, the maximum 

reactive power consumption of wind farm increases to 9.52Mvar and 9.451Mvar respectively, 

for the fault locations X1 and X2. 

In the same way, Figure 4.12(a)-(c) show the variations of system parameters with 

STATCOM subjected to LLG fault at X1 and X2. During the fault, the PCC voltage now 

14.5 15 15.5 16 16.5 17 17.5 18
0.6

0.7

0.8

0.9

1

Time (sec)

P
C

C
 V

o
lt
a
g
e
 (

p
.u

)

 

 

Fault at X1

Fault at X2

14.5 15 15.5 16 16.5 17 17.5 18
32

34

36

38

40

Time (sec)

A
c
ti
v
e
 p

o
w

e
r 

(M
W

)

 

 

Fault at X1

Fault at X2

14.5 15 15.5 16 16.5 17 17.5 18
-5

-4

-3

-2

-1

0

Time (sec)

R
e
a
c
ti
v
e
 p

o
w

e
r 

(M
v
a
r)

 

 

Fault at X1

Fault at X2



89 
 

decreases to 0.5410p.u and 0.5981p.u; when the fault occurs at X1 and X2, respectively as 

opposed to 0.4801p.u. and 0.5521p.u (see Figure 4.11(a)) respectively when STATCOM was 

not present. Similarly, the active power transferred to the power network is reduced to 

16.532MW only when the fault initiated at X1, and reduced to 22.13MW when the fault 

occurs at X2. The amount of reactive power absorption by the wind farm is 5.98Mvar and 

5.723Mvar; respectively, when the fault occurs at X1 and X2.  

  
 (a) (b) 

 
(b) 

Figure 4.11: Double Line-to-ground fault at different fault locations X1 and X2-without 

STATCOM: a) PCC voltage; b) Active power; c) Reactive power  

 

   
 (a) (b) 

 
(c) 

Figure 4.12: Double Line-to-ground fault at different fault locations X1 and X2-with 

STATCOM: a) PCC voltage; b) Active power; c) Reactive power  
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Again in case of LLG faults too, the STATCOM placed at the PCC arrests the fall in the 

PCC voltage and helps in faster restoration, resulting in the increased amount of real power 

transferred to the grid and ample reduction in the reactive power drawn from the grid.  

 

4.8.1.3 Three line-to-ground (LLLG) fault 

Since a three-phase fault is the most severe fault among all, a LLLG fault as considered 

again at locations X1 and X2 and results shown in Figure 4.13(a)-(c) reveal the variations in 

voltage, active and reactive power of the studied system (without STATCOM). Now, during 

the fault period, the PCC voltage and active power are reduced zero when fault occurs at X1; 

while voltage reduces to 0.2050p.u and active power is zero again when the fault occurs at 

X2. The maximum amount of reactive power consumption by the wind farm is 12.85Mvar 

when the fault initiated at X1, and 9.85Mvar when the fault occurs at X2. It is clear that when 

the LLLG fault occurs at X1, the system parameters failed to return to their post-fault 

condition; whereas, if the fault occurs at X2, all the responses are return back to their post-

fault condition. 

 

             
 (a) (b) 

 
(c) 

Figure 4.13: Three Line-to-ground fault at different fault locations X1 and X2-without 

STATCOM: a) PCC voltage; b) Active power; c) Reactive power  

Figure 4.14(a), (b) and (c) show the effect of different fault locations on the system with 

STATCOM connected when the system is subjected to LLLG fault at X1 and X2. It is clear 

from Figure 4.14(a) that during the LLLG fault, the voltage becomes zero when the fault 
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initiates at X1 whereas, it is 0.2355p.u whenqthe faultqoccursqat X2. Also, theqactiveqpower 

injected into the grid becomes zero when theqfaultqoccurs at X1, and decreasesqto 4.5MW if 

the same faultqoccurs at X2 (during fault). Afterqthe faultqcleared, the maximum amount of 

reactive power absorbed is 8.32Mvar and 7.232Mvar respectively; when the fault occurs at 

X1 and X2. With the STATCOM connection, all the responses returned back to their post-

fault conditions and hence, windqfarm stays connectedqto theqgrid. It is also observed that 

during the low voltage periodqa smallqamountqof the active powerqcanqbe exported toqthe 

grid when the fault occurs at X2. 

    

 (a) (b) 

 

(b) 

Figure 4.14: Three Line-to-ground fault at different fault locations X1 and X2-with 

STATCOM: a) PCC voltage; b) Active power; c) Reactive power  

Table 4.1 shows the results comparison of impact of different fault locations on the wind farm 

stability (with and without STATCOM) subjected to various types of faults. It is observed 

from the Table 4.1, as the fault location distance increases it effect on the wind farm being 

reduces.  The three lines to ground fault is more severe than other faults, since in which 

electrical torque reduces to zero as result active power become zero, consequently, the voltage 

at the wind farm decreases to zero. If this condition present for a long time then wind farm 

would be disconnected from the grid. However, the STATCOM can improve the low-voltage-

ride through capability of the wind farm as shown in Figure 4.14(a). 
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Table 4.1: For different fault locations: variations of system parameters with different types of 

fault with and without STATCOM 

 

Type of 

fault 

Fault location at X1 Fault location at X2 

PCC 

Voltage 

(p.u) 

Active 

power 

(MW) 

Reactive 

power 

(Mvar) 

PCC 

Voltage 

(p.u) 

Active 

power 

(MW) 

Reactive 

power 

(Mvar) 

LG Fault 

without 

STATCOM 

 

0.7621 

 

32.5 

 

6.812 

 

0.7925 

 

33.01 

 

6.612 

LG Fault 

with 

STATCOM 

 

0.8201 

 

33.65 

 

4.351 

 

0.8523 

 

33.86 

 

4.081 

LLG Fault 

without 

STATCOM 

 

0.4801 

 

16.20 

 

9.52 

 

0.5521 

 

19.8 

 

9.451 

LLG Fault 

with 

STATCOM 

 

0.5410 

 

16.532 

 

5.98 

 

0.5981 

 

22.13 

 

5.723 

LLLG 

Fault 

without 

STATCOM 

 

0 

 

0 

 

12.85 

 

0.2050 

 

3.211 

 

9.85 

LLLG 

Fault with 

STATCOM 

 

0 

 

0 

 

8.32 

 

0.2355 

 

4.5 

 

7.232 

 

4.8.2 Fault duration 

In this section, in order to analyse the impact of fault-ride-through capability (FRT) of the 

wind farm on its stability, different fault types of faults are considered at the same location X1 

on the transmission line but with different time durations, with and without STATCOM 

connected at the PCC.  

4.8.2.1 Single line-to-ground (LG) fault 

The behaviour of PCC voltage, active and reactive power of employed system is shown in 

Figure 4.15(a)-(c) subjected to LG fault without STATCOM. During the fault, the voltage 

reduced to 0.7621p.u for the fault durations 100ms and to 0.7316p.u when the fault remains 

for longer duration i.e. 150ms. Furthermore, the active power supplied by the wind farm to the 

grid is decreased to 32.5MW when the fault exists for 100ms whereas it comes down to 

31.5MW when the fault occurs for 150ms. After the fault cleared, the amount of reactive 
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power absorbed by the FSIG-wind farm is 6.812Mvar for the fault duration 100ms, and 

7.251Mvar when the fault occurs for duration 150ms. 

        
 (a) (b) 

 
(c) 

Figure 4.15: Single line-to-ground fault at different fault durations 100ms and 150ms-without 

STATCOM: a) PCC voltage; b) Active power; c) Reactive power 

 

   
 (a) (b) 

 
(c) 

Figure 4.16: Single line-to-ground fault at different fault durations 100ms and 150ms-with 

STATCOM: a) PCC voltage; b) Active power; c) Reactive power  

Figure 4.16(a), (b) and (c) show the variation of PCC voltage, active and reactive power 

of the studied system subjected to LG fault with STATCOM. During the fault, the voltage at 

the PCC becomes 0.8201p.u and 0.8102 respectively, for fault durations of 100ms and 150ms. 

Also, the active power exported to the grid is reduced to 33.65MW and 32.2MW when the 

fault exists for 100ms and 150ms, respectively. The reactive power consumption increases to 

4.351Mvar and 4.489Mvar respectively, when the faults initiated for 100ms and 150ms. It 
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clears that in all conditions the wind farm stayqconnected toqthe gridqwhen the line-to-

ground fault occurs. However, different fault time duration with STATCOM has produced 

improved voltage, activeqpower andqreactive power consumption by IG as compared to 

without STATCOM (see Figure 4.15 and Figure 4.16). 

 

4.8.2.2 Double line-to-ground (LLG) fault  

Figure 4.17(a)-(c) show the effect of fault durations on the voltage, active and reactive 

power of studied system subjected to LLG fault without STATCOM. During the fault time, 

the PCC voltage depressed to 0.4801p.u and 0.4793p.u respectively, when the fault durations 

of 100ms and 125ms are applied. Also, the wind farm active power transferred to grid has 

dropped to 16.20MW when the fault duration of 100ms applied, and it dropped to 12.5MW 

when the fault time period increased to 125ms. The reactive power absorbed by the wind farm 

after the fault cleared are 9.52Mvar and 14Mvar respectively; for the fault durations 100ms 

and 125ms. For a given LLG fault, the wind farm stay connected to the grid for the fault 

duration of 100ms, but it disconnected when the fault duration exists for 125ms. It is clear that 

even for LLG fault if the fault duration increases the wind farm fails to recover its post-fault 

state results in may be disconnected from grid. 

  

      
 (a) (b) 

 
(c) 

Figure 4.17: Double line-to-ground fault at different fault durations 100ms and 125ms-

without STATCOM: a) PCC voltage; b) Active power; c) Reactive power  
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 (a) (b) 

 
(c) 

Figure 4.18: Double line-to-ground fault at different fault durations 100ms and 125ms-with 

STATCOM: a) PCC voltage; b) Active power; c) Reactive power 

 

Similarly, Figure 4.18(a)-(c) show the responses of wind farm with STATCOM for 

different fault time durations when it subjected to LLG fault. During the fault, the PCC 

voltage shown in Figure 4.18(a) reduced to 0.5410p.u and 0.5123p.u for the fault durations 

100ms and 125ms, respectively. Also the case, where the wind farm generated active power 

exported to grid decreases to 16.532MW and 12.85MW when the fault durations exist for 

100ms and 125ms, respectively. The maximum amount of reactive power absorbed by the 

wind farm after the fault cleared is 5.98Mvar when the fault duration occurs for 100ms, 

whereas it 7.58Mvar when the fault exist for 125ms. In this condition when the STATCOM 

included, the wind farm stability is improved and, therefore, it stay connected to the grid. 

4.8.2.3 Three line-to-ground (LLLG) fault  

The variations in PCC voltage, active and reactive power profiles of the studied system 

are as shown in Figure 4.19(a)-(c) without STATCOM, if the fault durations have been 

considered for 80ms and 100ms, subjected to LLLG fault. During the fault, voltage and active 

power becomes zero for both cases (80ms and 100ms). After the fault cleared, the maximum 

reactive power absorption by the wind farm is 9.75Mvar and 12.85Mvar respectively, for the 

fault durations 80ms and 100ms. In condition where the fault duration occurs for 80ms the 

wind farm remains stay connected to the grid even STATCOM not been incorporated. But, 

when the fault time duration of 100ms is tested for which the wind farm fails to recover its 

steady-state behaviour and may disconnected from the grid. 
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 (a) (b) 

 
(c) 

Figure 4.19: Three line-to-ground fault at different fault durations 80ms and 100ms-without 

STATCOM: a) PCC voltage; b) Active power; c) Reactive power 

 

   
 (a) (b) 

 
(c) 

Figure 4.20: Three line-to-ground fault at different fault durations 80ms and 100ms-with 

STATCOM: a) PCC voltage; b) Active power; c) Reactive power  

Similar analysis also can be done from the Figure 4.20(a)-(c), where it obtained the results 

such as PCC voltage, active and reactive power variations with STATCOM connected.  

During the fault, the active power and voltage at the PCC becomes zero for both fault 

durations. After the fault cleared, the amount of reactive consumed by the wind farm 

respectively, 6.852Mvar and 8.32Mvar for the fault durations 80ms and 100ms. In both cases 

(80ms and 100ms) wind farm maintaining good stability with STATCOM connected. 
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Table 4.2 shows the effect of fault durations on the system stability with and without 

STATCOM under different fault conditions. In case of LG fault with 100ms of fault duration, 

the active power and PCC voltage are become 32.5MW and 0.7621p.u respectively, without 

STATCOM, whereas with STATCOM connected the active power and PCC voltage are 

improved to 33.65MW and 0.8201p.u, respectively. After the fault cleared, the amount of 

reactive consumed by the wind farm is 6.812Mvar without STATCOM and it has improved to 

4.351Mvar with STATCOM connected. Similar analysis has done for all types of fault with 

different fault time durations and with and without STATCOM connected, and the results are 

presented in Table 4.2. It is also noticed from the Table 4.2, as fault time duration increases it 

effect the stability of wind farm more severe as a results, it may disconnect from the power 

grid if compensating devices such as STATCOM not present in case of fixed speed wind 

farm. 

Table 4.2: For different fault durations: variations of system parameters with different types 

of fault with and without STATCOM 

 

Type of 

fault 

Fault duration of 100ms Fault duration of 150ms 

PCC 

Voltage 

(p.u) 

Active 

power 

(MW) 

Reactive 

power 

(Mvar) 

PCC 

Voltage 

(p.u) 

Active 

power 

(MW) 

Reactive 

power 

(Mvar) 

LG Fault 

without 

STATCOM 

 

0.7621 

 

32.5 

 

6.812 

 

0.7313 

 

31.5 

 

7.251 

LG Fault 

with 

STATCOM 

 

0.8201 

 

33.65 

 

4.351 

 

0.8102 

 

32.2 

 

4.489 

 Fault duration of 100ms Fault duration of 125ms 

LLG Fault 

without 

STATCOM 

 

0.4801 

 

16.20 

 

9.52 

 

0.4793 

 

12.5 

 

14 

LLG Fault 

with 

STATCOM 

 

0.5410 

 

16.532 

 

5.98 

 

0.5123 

 

12.85 

 

7.58 

 Fault duration of 80ms Fault duration of 100ms 

LLLG 

Fault 

without 

STATCOM 

 

0 

 

0 

 

9.75 

 

0 

 

0 

 

12.85 

LLLG 

Fault with 

STATCOM 

 

0 

 

0 

 

6.852 

 

0 

 

0 

 

8.32 
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4.9 Type-2 fuzzy logic based damping controller for STATCOM 

Induction generator (IG) type wind farms are extremely sensitive to the grid faults as their 

stator windings are directly connected to the grid, results in wind power fluctuations. When 

delivering largeqamount of powerqto the grid inherentqwind power fluctuationsqhave adverse 

impact on the powerqquality of the power system to whichqthey are connected. Several 

research works have proposed STATCOM with damping controller to reduce the negative 

impact of wind farms on the power system, where the damping controller is designed using 

different control techniques, however, recently employed methods are such as fuzzy neural 

[124], fuzzy [169] and hybrid PID plus fuzzy [193] as they exhibit superior performance. 

Though, these intelligent techniques showing better results, but due to inherent characteristics 

of uncertainties in MFs and rules fuzzy technique (type-1 FLC) is very limiting. 

 This section of thesis, therefore, proposed an interval type-2 FLC based damping 

controller for STATCOM to achieve best damping characteristics and thus improve the 

performance of the wind power system very effectively by overcoming uncertainties in rules 

and MFs. 

4.9.1 Configuration of the system 

To evaluate the proposed control technique for the STATCOM equipped with damping 

controller, a typical wind integrated power system is considered as shown in Figure 4.21. A 

36MW fixed speed wind farm (consisting of twenty four 1.5MW rated wind turbines) is 

exporting power to the grid.  A synchronous generator (SG) of 100 MVA is assumed to be 

connected to the PCC through a transformer (11/25kV).  The design parameters and 

modelling of the synchronous generators is provided in Appendix. A STATCOM which is 

developed in the previous section has employed and connected to the point-of-common 

coupling to provide the necessary amount reactive power to the system. However, this 

STATCOM now possess a damping controller in order to improve the damping characteristics 

of the wind integrated power system subjected to network disturbances. 

4.9.2 STATCOM with damping controller 

The control block diagram of damping controller with STATCOM control scheme is 

shown in Figure 4.22. Here, STATCOM damping controller utilizes synchronous generator 

rotor speed deviation (difference between measured SG speed and reference SG speed) as 

feedback signal to damping controller since it is easier to obtain in practice by measurement 
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and analysis. The structure of the proposed interval type-2 FLC based damping controller is 

shown in  

 

24X1.5MW Wind Farm 
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, ,a b ci i i
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Figure 4.21: Studied wind farm integrated power system 
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Figure 4.22: Control block diagram of STATCOM with damping controller 

 

Figure 4.23. The deviation in SG rotor speed signal is given as input to the Type-2 fuzzy 

damping controller, where initially it passes through the washout filter in order to washout 

(reject) steady-state components while passing transient components of s . Later on, it is 

divided in to two paths: 1x -proportional path and 2x -integral path. Moreover, two input 

gains eK  and  dK are incorporated to make 1 ex K  and 2 dc x K   usually within a proper 

range of [-1, 1] for fuzzifier design. Another gain uK is also employed at the output side of 

the type-2 fuzzy controller where the type-2 fuzzy logic controller computes the proper output 

signal csv  through the defuzzification technique. This output signal applied to the STATCOM 
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for damping oscillation control. eK , dK  and uK are the gains of the controller which are 

chosen based on the expert knowledge and experience so as to get satisfactory performance of 

the type-2 fuzzy controller. 
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Figure 4.23: Proposed Type-2 fuzzy logic based damping controller 
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Figure 4.24: MFs for Type-1 FLC (a) Input1 (b) Input 2 (c) Output 
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For the fuzzy based damping controller, the twoqinputs error ( ) and changeqin error ( c ) 

are fuzzified using seven Gaussian membership functions as it shows better compensation 

capabilities.  The Gaussian membership function is also used to defuzzify the output fuzzy 

sets.  The fuzzy sets for inputs and output are defined as: Big Negativeq(BN), Medium 

Negativeq(MN), SmallqNegativeq(SN), Zeroq(0), SmallqPositiveq(SP), MediumqPositive 

(MP), and BigqPositiveq(BP) and used for the type-1 andqtype-2 FLCs are shownqin Figure 

4.24 and Figure 4.25, respectively. The maximumqand minimumqvalues of the universeqof 

discourseqfor allqinputs and outputs are -1 to +1. The fuzzy mappingqof inputqvariable to 

output is formed with help of the IF-THEN rulesqframedqas: 

IF:    is Ai and c  is Bi THEN iCcsv   

Where   and c  are inputs and Ai and Bi are the fuzzy sets, Ci is the output within the fuzzy 

range, csv is designed parameter for the output of fuzzy. Similarly, 49 rules are formed as 

shown in Table 4.3. 

 
(a) 
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(c) 

Figure 4.25:  MFs for Type-2 FLC (a) Input1 (b) Input 2 (c) Output 
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Table 4.3: Rule base table for csv  

Change in 

Error 

( c ) 

Error ( ) 

BN MN SN 0 SP MP BP 

BP 0 SP MP BP BP BP BP 

MP SN 0 SP MP BP BP BP 

SP MN SN 0 SP MP BP BP 

0 BN MN SN 0 SP MP BP 

SN BN BN MN SN 0 SP MP 

MN BN BN BN MN SN 0 SP 

BN BN BN BN BN MN SN 0 

 

4.9.3 Simulation Results 

To investigate the contribution of the proposed damping controller, this section uses the 

nonlinear simulation test system which is shown in Figure 4.21. Three cases have been 

considered to study the effectiveness of the type-1 and type-2 FLC based damping controllers 

as follows: 

Case 1: Three-line-to-ground fault (LLG) 

Case 2: Two-line-to-ground fault (LLG) 

Case 3: Single-line-to=ground fault (LG) 

In all the cases the faults have been occurs at t=10sec and cleared at t=10.05sec. The 

operating wind speed is assumed to be constant at 14m/sec. The simulation results of studied 

system are obtained for three different scenarios such as STATCOM-without damping 
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controller, STATCOM with type-1 FLC based damping controller and STATCOM with type-

2 FLC based damping controller. 

Figure 4.26(a)-(f) shows the wind integrated power system behavior under the three phase 

short circuit fault (case 1). This figure plots the comparative transient responses of the system 

with STATCOM-without damping controller (gray lines), STATCOM-with designed type-1 

FLC damping controller (red lines) and STATCOM-with proposed type-2 FLC damping 

controller (black lines). The real power oscillation in wind farm is shown in Figure 4.26(c), 

the STATCOM with proposed type-2 FLC based damping controller offers better damping 

effect and quickly return to steady state around 0.5sec. The dynamic response of the SG and 

IG rotor speed are shown in Figure 4.26(b) and (d), respectively. It can found that the 

proposed controller has faster convergence rate than other scenarios and recover more quickly 

to steady state value. Figure 4.26(a) shows the rotor angle of the SG where proposed 

controller exhibits better damping results than STATCOM-without damping controller and 

with type-1 FLC based damping controller. This type of fault also leads to fluctuations in 

voltage as shown in Figure 4.26(e), thus voltage stability is also required. Figure 4.26(e) 

shows that STATCOM with type-2 FLC based damping controller improve the transient 

stability and effective voltage recovery is achieved. The reactive power generation of the 

STATCOM without damping controller and with damping controller (designed with type-1 

and type-2 FLCs) are shown in Figure 4.26(f). The absolute maximum deviations indices for 

all the quantities such as SG rotor-angle, SG rotor-speed, WF active-power and WF rotor-

speed of the studied system are listed in Table 4.4. It is observed from the table that the type-2 

FLC based damping controller showed reduced deviations due to LLLG fault as compared to 

the other two scenarios (without damping controller and type-1 FLC controller). 

Figure 4.27(a)-(f) shows the transient behaviour of the studied system with double line to 

ground fault (case 2). Though, this type of fault is less severe compared to three phase short 

circuit faults, it has negative impact on the system. From the simulation results it is observed 

that STATCOM with external damping controller designed using type-2 FLC offers better 

damping effect and fast convergence rate than other two scenarios. Table 4.5 provided the 

maximum parameters deviation indices for all types of scenarios. It showed that proposed 

damping controller exhibits lesser parameters deviations compared to without and with type-1 

FLC damping controllers. 

The system transient behaviour with single to ground fault (case 3) with different 

scenarios is shown in Figure 4.28(a)-(f). Though, this type of fault is lesser severe compared 

to double line to ground and three line to ground faults, but it is most frequently occurs and 

therefore, need to investigate its impact on the system. From the simulation results it is 
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examined that the fluctuations occur due to LG fault are effectively damped out by the 

proposed controller. The maximum deviation of the system parameters with three different 

scenarios are incorporated in the Table 4.6. In this case as well proposed controller offers 

lesser deviations in the parameters. 

Figure 4.29(a) and (b) shows the control surfaces formed by the Type-1 and Type-2 FLCs, 

respectively. It is observed from Figure 4.29(b) that as its control surface is formed with large 

number of embedded Type-1 FSs, the proposed Type-2 controller surface is very smoothqas 

compared to Type-1 FLC shown in Figure 4.29(a). This smoothqsurface is less sensitive to 

disturbances and therefore, its effectqis clearly visibleqon the responsesqof the studied system 

as shownqin Figure 4.26, Figure 4.27 and Figure 4.28. 
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4.9.3.1 Case 1: Three-line-to-ground fault (LLG) 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 4.26: Responses of the studied system under three-line-to-ground fault (a) SG rotor 

angle (b) SG rotor speed (c) Wind farm active power (d) Wind farm generator rotor speed (e) 

Voltage at the PCC (f) Reactive power supplied by the STATCOM 

Table 4.4: Maximum deviation in the quantities of the studied system under the 3LG fault 

disturbance 

Quantities 

Studied system 

without Damping 

controller 

Studied system with 

Type-1 FLC Damping 

controller 

Studied system with 

Type-2 FLC 

Damping controller 

SG rotor angle 3.9514 3.9016 3.8801 

SG rotor speed 0.0021 0.0013 0.0011 

WF Active power 4.1618 4.1204 4.1003 

WF rotor speed 0.0028 0.0017 0.0014 
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4.9.3.2 Case 2: Two-line-to-ground fault (LLG) 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 4.27: Responses of the studied system under two-line-to-ground fault (a) SG rotor 

angle (b) SG rotor speed (c) Wind farm active power (d) Wind farm generator rotor speed (e) 

Voltage at the PCC (f) Reactive power supplied by the STATCOM 

Table 4.5: Maximum deviation in the quantities of the studied system under the 2LG fault 

disturbance 

Quantities 

Studied system 

without Damping 

controller 

Studied system with 

Type-1 FLC 

Damping controller 

Studied system with 

Type-2 FLC 

Damping controller 

SG rotor angle 3.5853 3.5058 3.3811 

SG rotor speed 0.0019 0.0013 0.0009 

WF Active power 3.7957 3.7274 3.5810 

WF rotor speed 0.0026 0.0014 0.0012 
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4.9.3.3 Case 3: Single-line-to=ground fault (LG) 

 

(a) 

 

(b) 
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(f) 

Figure 4.28: Responses of the studied system under single-line-to-ground fault (a) SG rotor 

angle (b) SG rotor speed (c) Wind farm active power (d) Wind farm generator rotor speed (e) 

Voltage at the PCC (f) Reactive power supplied by the STATCOM 

       

Table 4.6: Maximum deviation in the quantities of the studied system under the LG fault 

disturbance 

Quantities 

Studied system 

without Damping 

controller 

Studied system with 

Type-1 FLC Damping 

controller 

Studied system with 

Type-2 FLC 

Damping controller 

SG rotor angle 2.2851 2.2053 2.0811 

SG rotor speed 0.0007 0.00055 0.00043 

WF Active power 3.5847 3.5629       3.5412 

WF rotor speed 0.0014 0.0008 0.0003 
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(a) 

 

(b) 

Figure 4.29: Control surfaces (a) Type-1 FLC (b) Type-2 FLC 

  

4.10 Conclusions 

Concern to global warming effect with non-renewableqenergy sourcesqand withqever 

increasingqdemand ofqelectricity, it hasqbecome an absoluteqnecessity to integrateqthe wind 

energyqsystems in theqgrid, for which a complete and detailed study of wind farm is required, 

in which simulation studies under various operating conditions expected (such as different 

type of faults, fault locations and durations) are highly needed to prevent any harmfulqimpact 

of the wind farm to the gridqwhere itqis connected. In this chapter, a system which consists of 

36MW wind farm exporting power to 120kV grid has been employed to study the impact of 

fault locations and durations on it, when it subjected to different types of faults. The system 

parameters such as PCC voltage, active and reactive powers are monitored during and after 

faults. Two different fault locations X1 and X2 are considered to study the impact of fault 

locations on the system. It observed, for both locations (X1 and X2) due to occurrence of 

faults (LG and LLG) the windqfarm has anqability to stay connectedqto the system with and 

without STATCOM. Similarly, in case of LLLG faultqthe wind farmqhas remainsqconnected 

to the system when the fault location is at X2 (withqor without STATCOM). But, the wind 

farmqbecomequnstable if LLLG fault occurs at X1 without STATCOM, whereas it return 

back to stable-state and stay connected to the grid, if the STATCOM is connected at the PCC. 

On investigating the effect of fault time durations, the wind farm remains stayqconnected 

toqthe gridqwhen the LG faultqoccurs for durations of 100ms and 150ms, with and without 

STATCOM. In case of LLG fault, wind farm has stay connected to the system for fault 

duration of 100ms with and without STATCOM. But, for the same fault (LLG), if fault 

duration of 125ms then wind farm returns back to its stable-state, if STATCOM is connected. 
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Similar analysis was also done for LLLG fault, with duration of 80ms, the wind farm remains 

in stable-state with and without STATCOM. Whereas it occurs for duration of 100ms the 

wind farm becomes unstable without STATCOM, and when the STATCOM is employed then 

wind farm return back its stable state and stay connected to the grid.   

Furthermore, this chapter also investigated STATCOM with type-2 fuzzy logic based 

damping controller for stability improvement of wind integrated power system. The 

STATCOM equipped with the proposed damping controller suppressed the inherent 

fluctuations of the studied system and thus enhance the stability of the system under different 

disturbances such as LLLG, LLG and LG faults. To examineqthe effectivenessqof the 

proposedqdamping controller, simulationqresults are obtained for three different scenarios. 

From the simulation results, it can be concluded that STATCOM with type-2 FLC based 

damping controller offered best dampingqcharacteristics to improve the performance of the 

studiedqsystem underqdifferent fault conditions. 
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CHAPTER 5: PERFORMANCE IMPROVEMENT OF A FIXED SPEED 

WIND FARM USING UVPC STRATEGY  

5.1 Introduction 

In order to keep the acceptable and reliable operation of power system, the grid engineers 

are setting new grid code requirements for the wind plants. One of the relevant grid code 

requirements is low-voltage-ride -through (LVRT) capability of wind generators. Figure 1.11 

represents the Germany grid code, the admissible operating point of a wind farm during the 

grid fault and subsequent voltage recovery as function of the time. The STATCOM is a 

common solution for LVRT problem in the fixed-speed wind farm. However, STATCOM 

alone may not guarantee grid code compliance [134], which provides the scope for further 

investigation of STATCOM with adequate control strategy in order to fulfil the LVRT grid 

code requirement. 

Moreover, fixed speed WES output power and generator terminal voltage fluctuates with 

wind speed variation resulting in problem of frequency stability and voltage flickering (power 

quality issue). However, the main purpose of STATCOM connected to the wind farm is to 

improve the voltage stability and thus enhances the fault-ride through capability. In addition, 

it is well suited for reduction of voltage fluctuations at the generator terminal due to wind 

speed variations results in voltage flicker mitigation.  As the STATCOM operates in lagging 

and leading modes, its role in the wind power system is limited to reactive power support. 

Therefore, the wind generator output power fluctuations due to wind speed variations cannot 

be smoothened out using STATCOM alone. Thus, it is also needed to investigate and develop 

an appropriate control strategy to smoothen out the generator output power as well as terminal 

voltage regulation subjected to below rated wind speed variation. 

The contribution of this chapter: This chapter proposes a Unified Voltage and Pitch angle 

Control (UVPC) strategy for fixed speed wind farm. The focus put on guaranteeing the LVRT 

grid code requirement when the wind farm subjected to severe faults. The UVPC consist of 

STATCOM voltage control loops with adequate pitch angle control loops which are 

coordinated to enhance the low-voltage ride-through capability of the wind generators 

thereby, complying the LVRT grid code requirement as desired by the Germany grid code. 

Different scenarios such as system without STATCOM and pitch-angle controller, with 

STATCOM only, and system with STATCOM and pitch-angle control (i.e. UVPC) are 

simulated. The simulation results show that the adoption of STATCOM and pitch angle 
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controller fulfilling the LVRT grid code requirement to ensure the continuous operation of 

wind turbines. Furthermore, a concept of critical clearing time (CCT) is discussed and its 

utility has been emphasized. Calculations, simulationsqand measurementsqprovide howqthe 

increasedqSTATCOMqratingqcan offer an enhanced stabilityqmargin. 

Moreover, UVPC strategy is also employed and investigated for outputqpower smoothing 

and terminal voltage regulation of a fixedqspeed windqgenerator, subjected to below-rated 

wind speed variations. Different scenarios as mentioned above are considered to evaluate the 

effectivenessqof the proposedqstrategy. Simulationqresultsqclearly show thatqthe proposed 

UVPC effectively smoothens out the generatorqoutput powerqand also regulates the terminal 

voltageqat constant magnitude. 

The pitch angle control loop of UVPC has been designed using type-2 fuzzy logic 

controller as it is very efficient in handling uncertainties in membership functions and rules 

than their traditional fuzzy logic counterparts and thus, offers robust performance. 

5.2 Enhancement of LVRT capability of a fixed speed wind farm 

In this section, first of all, the STATCOM control and pitch angle control schemes are 

discussed and thereafter proposed UVPC scheme which combines both control schemes is 

elaborated. 

5.2.1 The STATCOM control scheme 

The STATCOM which is employed here is already discussed in the chapter 4 in detail. 

Figure 5.1 depicts the STATCOM operating logic/flow chart. During a fault, there is a sudden 

dip in the voltage at the PCC and if it is below the threshold voltage (below 90 percentage of 

nominal voltage), the STATCOM injects the sufficient amount of reactive power to recover 

the PCC voltage. Besides this, under normal operation, it can compensate or inject quadratic 

current at the PCC according to the system operating condition to maintain the voltage within 

prescribed limits. 

5.2.2 Pitch angle control scheme 

The main purpose of the pitch angle controller is to maintain the output power of the wind 

generator at rated value when the wind speed exceeds the rated speed. In addition, it can also 

improve the transient stability of the wind turbine generator. Specially, for improving the 

fault-ride-through (FRT) capability of wind generators, the pitch-angle is modified with the 

help of pitch angle controller as shown in Figure 5.2(a) based on generator rotor speed, and 

explained in section 0 of chapter 3 in detailed. The inputs to the pitch angle controller are 
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generator rotor speed ( r ) and the reference rotor speed (
REF

r ). The resulting error ( ) 

passes through the controller ( )C s  and thus, can improve the transient stability.  
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Figure 5.1: STATCOM control strategy Flow chart 
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Figure 5.2: Pitch angle controller strategy: (a) Pitch angle control, (b) Flow chart. 

The operating modes (for normal and fault-ride-through operations) of the controller can be 

determined using selection switch as shown in Figure 5.2(b). If the system voltage goes below 



114 
 

threshold (i.e below 90 percentage of nominal voltage) due to severe network faults, the 

switch connects to position ‘2’ and fault ride through (FRT) scheme of pitch angle controller 

(dotted box in Figure 5.2(b)) is activated which generates the pitch angle accordingly to 

reduce the mechanical torque for preventing generator rotor from over speeding and transient 

voltage instability. Under normal operating condition, the switch move from ‘2’ to ‘1’ 

position for activating normal pitch-angle control scheme. 

5.2.3 The proposed UVPC scheme 

Figure 5.3 depicts a proposed unified control scheme (big dotted box) comprising of pitch 

angle and voltage control loops. During the disturbances, the STATCOM voltage control 

loops especially, AC voltage controller provides reactive power compensation whereas, the 

FRT pitch-angle control loop prevents the rotor acceleration by reducing the mechanical 

torque. Therefore, using UVPC coordination control strategy reactive current injected has 

been controlled through pitch angle and STATCOM, which enhances the low-voltage-ride-

through capability of the fixed speed wind farm. 
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Figure 5.3: Block diagram of proposed UVPC 

The major features of the UVPC can be summarized as: 

1) As voltage restoration is essential for the fault-ride-through of a wind generator during 

faults, it is achieved by injecting quadratic current determined by AC voltage control 

loop, into the system.  

2) For the severe faults, the fault-ride-through (FRT) scheme of pitch-angle-control loop 

limits the rotor from over speeding by reducing the wind turbine mechanical power 

through a suitable pitch angle generation. As a result, the AC voltage control loop can 

more effectively restore the PCC voltage to satisfy the grid code compliances. 
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3) After the fault has been cleared (i.e. during normal operating condition), AC voltage 

control loop can effectively regulate the bus voltage fluctuations. Thus, the active 

power imbalance of the IG is minimized and the mechanical power and the rotor speed 

can be more effectively controlled by pitch-angle control with the help of normal 

pitch-angle-controller. 

5.2.4 Coordination of STATCOM and pitch angle flow chart 

The flowchart for simultaneous control of pitch angle and STATCOM (i.e. UVPC) is as 

shown in Figure 5.4. The steps of UVPC coordination control algorithm are as follows: 

Step 1: From the simulation of faulted system, the value of PCC voltage ( PCCV ) is 

determined and checked whether, there exists a severe voltage depression i.e less than 

nominal operating voltage ( NV ). 

Step 2: If the condition ( 0.9PCC NV V ) is satisfied (especially in case of transient faults), both 

AC voltage control loop of STATCOM as well as FRT scheme of pitch-angle control 

loop are activated. The output (
*

qI ) of voltage controller ( ACPI ) determines the 

amount of reactive power injected into the system, at the same time, the error ( ) in 

generator rotor speed passes through the controller ( )C s which generates an 

appropriate pitch-angle ( FRT ) to reduce the mechanical torque.  
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Figure 5.4: Coordination cycle of UVPC 

Step 3: If the condition ( 0.9PCC NV V ) is not satisfied i.e. during normal operating condition, if 

the system voltage and active power fluctuates due to normal disturbances (not 

severe). In that case, normal pitch-angle control loop determines the pitch angle ( N ) 
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to control the mechanical power thereby, reducing the oscillations in the active power. 

Meanwhile, AC voltage control loop also regulate the voltage at the PCC by 

injecting/absorbing the necessary reactive power by an appropriate output (
*

qI ) 

through controller ( ACPI ).  

In order to achieve the successful LVRT capability and transient stability enhancement of 

the wind farm, the pitch angle and voltage control loops of UVPC need to be designed with an 

effective control method. The STATCOM voltage control and normal pitch-angle loops are 

designed using conventional PI controller technique, offering satisfactory performance. But, 

PI controller is not a good choice in fault-ride-through (FRT) scheme of pitch-angle control 

loop, as the controller is required to generate a desired pitch-angle command ( FRT ) so that 

the mechanical power can be reduced in a very efficient manner to limit rotor speed. 

Therefore, fuzzy logic controller (Type-1) is the best choice for FRT scheme of pitch-angle 

controller [36]. However, once the membership functions are defined for designing the 

controller, the uncertainties in membership functions (MFs) cannot be incorporated, 

thereafter. This may degrade the controller performance especially, when the wind farm is 

subjected to severe disturbances. In such conditions, an advanced Type-2 fuzzy logic 

controller is a better choice in comparison of their traditional fuzzy logic counterpart (Type-

1). The following subsections, therefore, discuss the designing of the interval Type-2 FLC for 

the FRT scheme of pitch-angle controller. 

5.2.5 Pitch angle controller design using type-2 FLC 

To achieve fast and accurate mechanical torque control during the network disturbances, 

the FRT scheme of the pitch angle controller which shown in Figure 5.3 is designed using 

type-2 fuzzy logic controller and the proposed structure is as shown in Figure 5.5. 
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Figure 5.5: Proposed structure of type-2 FLC for FRT scheme of UVPC 

Here, the controller gains eK  and dK   are used as a scaling gains for input signals whereas, 

uK  is used for scaling the output signal. These scaling gains can be variables or constants. 
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During the FLC design, these can play an important role to achieve suitable steady-state and 

transient-state responses. In this work these gains are considered to be constant. 

In general as fuzzy type controllers did not handle the crisp input signals, but they needs to be 

defined in fuzzy terms. Therefore, the crisp input signals must be described in terms of fuzzy 

membership sets. The triangular membership functions (MFs) employed for design the input 

as well as output variables of Type-2 FLCs are depicted in Figure 5.6. Seven fuzzy sets for 

rotor speed error ( ) are defined and as: XLP(Extra Large Positive), LP(Large Positive), 

MP(Medium Positive), SP(Small Positive), XSP(Extra Small Positive), ZE (Zero) and 

N(Negative). Similarly, with expert knowledge for the change-in-rotor speed error ( c ) five 

fuzzy sets are chosen as: ZE (Zero), NB (Negative Big), PB (Positive Big), NS (Negative 

Small), and PS (Positive Small). Finally, to generate appropriate output pitch-angle, six 

membership functions are defined and notation as XL (Extra Large), L (Large), M (Medium), 

S (Small), XS (Extra Small) and ZE (Zero). Total, 35 inference rules were defined for all 

input-output MFs as shown in Table 5.1. 
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Figure 5.6: Type-2 FLC Membership functions (a) Error (b) Change in Error (c) Pitch angle 
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Table 5.1: Fuzzy rules table for pitch angle generation 

 

Change in 

Error ( c ) 

Error ( ) 
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NB ZE ZE ZE XS S M L 
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ZE ZE ZE XS S M L XL 

PS ZE ZE XS S M L XL 

PB ZE ZE S M L XL XL 

 

5.2.6 Employed system configuration  

 To evaluate the proposed UVPC control strategy, a typical power system is considered as 

shown in Figure 5.7. In this, 36MW of wind farm is considered (which consists of twenty four 

1.5MW induction generators equipped with fixed speed wind turbines) connected to the 

120kV grid. Each induction generator works at the rated operating point and supply 1.5MW 

of active power. The stator winding of the each induction generator is connected to the point-

of-common-coupling (PCC) through a step-up transformer (0.69/25kV) which exports power 

to the 120kV grid through another step-up transformer T (25/120kV) and a transmission line. 

The employed STATCOM is connected to the 25kV bus (i.e PCC).  
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Figure 5.7: Block diagram of typical FSIG based studied wind farm 
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The additionqof STATCOMqwith appropriateqcontrol strategy is expectedqto increase the 

stabilityqmarginqas well as LVRT capabilityqof the windqturbine. Therefore, in this work 

UVPC strategy has been proposed to control both mechanical torque (resulting in rotor speed 

control) and reactive power (resulting in voltage control) of wind energy system using pitch 

angle controller and STATCOM, respectively. 

5.2.7 Results and Discussions 

In order to observe the LVRT capability improved by the proposed UVPC, a solid three-

phase-fault (with duration of 150ms) is applied at the PCC of the wind farm in the test system 

(as shown in Figure 5.7) at t=10s. To evaluate the effectiveness of UVPC strategy, three cases 

are considered: (1) System without STATCOM and pitch-angle controller (2) System with 

STATCOM only and (3) System with STATCOM as well as pitch-angle control (i.e. UVPC). 

The results are as follows: 

5.2.7.1 Case 1: Without STATCOM and pitch-angle controller  

In this case, the wind power system is considered (without STATCOM and pitch angle 

control) which is subjected to a three-phase fault at the PCC, for duration of 150ms at time 

t=10s. Figure 5.8(a)-(e) shows the various responses of the system.  

It is observed that when the fault occurs, the electrical torque of the generator reduces 

drastically whereas the mechanical-input torque remains constant as shown in Figure 5.8(a), 

due to this difference between the electrical and mechanical torque, the generator rotor speed 

starts increasing (as governed by the equation (3.16)) as shown in Figure 5.8(b). Since the 

electrical torque decreases due to fault, the real power output of the generator also reduces 

accordingly as shown in Figure 5.8(c). Thereafter, it reduces to zero at 13s and becomes 

negative, resulting in the motoring action of the FSIG which can damage the turbine blades, if 

the protection system does not used. As observed from Figure 5.8(d), before the fault (under 

normal operating condition) FSIG draws around 5Mvar from the grid. After the fault is 

cleared, the induction generator absorbs a large amount of reactive power, impeding the 

voltage restoration at PCC. But, due to lack of quick reactive power supply, the PCC voltage 

cannot be fully retrieved (not able to recover upto 90%) as shown in Figure 5.8(e). 

Consequently, it increases rotor speed further as shown in Figure 5.8(b), and wind farm even 

consumes large amount of reactive power (around 22Mvar) as shown in Figure 5.8(d). This 

process may lead to power system instability, and therefore, FSIG may be tripped off from the 

grid by the over-speed protection. Under this condition, the FSIG does not possess sufficient 
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ride-through capability on its own and therefore, installation of STATCOM may be justified 

at the PCC to improve its ride-through capability. 
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(e) 

Figure 5.8: Simulation results without STATCOM and pitch angle controller: (a) Electrical 

and mechanical torques of the generator; (b) Generator rotor speed; (c) Generator active 

power; (d) Reactive power at the PCC; (e) Voltage at the PCC  
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As discussed above, in orderqto improveqsystemqstability, a reactiveqpowerqcompensator 

(i.e. STATCOM) is installed at the PCC and consideringqthe sameqsolid three phase fault as 

before. The system responses obtained are as shown in Figure 5.9(a)-(f). 
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the rotor speed of FSIG increases as shown in Figure 5.9(b). After the fault is cleared, the 
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its initial value as shown in Figure 5.9(b). On comparing Figure 5.9(a) and (c), the real power 

supplied by FSIG varies exactly similar to its electrical torque. 

Regarding the reactive power consumption of the FSIG during normal operating 

condition, it is drawing 4Mvar from the grid whereas the rest i.e. 1Mvar is being supplied by 

the STATCOM. Just after the fault clearance, FSIG withdraws almost 20Mvar from the grid 

but due to the corrective action taken by the STATCOM which suddenly pumps about 

15Mvar into PCC, the amount of reactive power drawn from the grid starts reducing. 

However due to the fault clearance, the grid itself is able to recover the PCC voltage and 

therefore, the reactive power supplied by STATCOM goes on reducing as observed from 

Figure 5.9(d) and (f). The simultaneous reactive support from the grid and the STATCOM 

restores the PCC voltage to its nominal value after 13s as shown in Figure 5.9(e).     
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Figure 5.9: Simulation results with STATCOM: (a) Electrical and mechanical torques of the 

generator; (b) Generator rotor speed; (c) Generator active power; (d) Reactive power at the 

PCC; (e) Voltage at the PCC; (f) STATCOM reactive power injection 
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STATCOM employment is able to improve the low voltage ride-through capability of the 

FSIG to some extent but, alone is not sufficient to meet the grid code requirement which 

provides the scope for further improvement of LVRT capability with the help of pitch-angle 

control of wind turbine as discussed earlier. Moreover as observed from Figure 5.9(b) and (c), 

rotor speed and active power are not free from the oscillations, resulting in grid frequency 

variation (especially in case, large wind farms are connected to power system networks). 

These oscillations also can be damped with the help of pitch-angle controller. 

5.2.7.3 Case 3: System with STATCOM and pitch-angle control (i.e UVPC) 

As explained earlier, in order to further improve the LVRT capability of the wind farm, 

UVPC control strategy is used through which, a simultaneous control of STATCOM and 

pitch-angle control is achieved. During the network disturbances, the proposed strategy injects 

the justified amount of reactive power as required during rotor acceleration. Besides, it can 

vary the mechanical torque by changing the pitch (rotor blade) angle of the wind turbine. The 

simulation results obtained by employing the proposed UVPC strategy to the system are as 

shown in Figure 5.10(a)-(h). 

It is observed from Figure 5.10(a) that during the fault, the pitch-angle control (as shown 

in Figure 5.10(g)) helps in reducing the mechanical torque, which allows the rotor speed to 

reach only about 1.025p.u as shown in Figure 5.10(f) but earlier, it was able to go beyond 

1.025p.u (see Figure 5.9(b)). As a result, the 0.9p.u of PCC voltage recovery has been 

achieved with time duration of 1.4s as shown in Figure 5.10(e) and satisfying the grid code 

compliance (see Figure 1.11), as compared to the previous case where voltage recovery of 

0.9p.u is achieved with time duration of 1.9s. Therefore, the addition of STATCOM with 

pitch angle control (UVPC) is able to satisfy the grid code requirements as desired by 

Germany LVRT grid code.   

After the voltage recover (0.9p.u), the pitch-angle control increases the mechanical torque 

which causes rotor speed to reduce and regain its initial value within 12s whereas it was 

taking about 14s earlier (see Figure 5.9(b)). In addition, the pitch-angle control is able to 

reduce the oscillations in the rotor speed. Similarly, if compare Figure 5.9(a) and(c) with 

Figure 5.10(b) and (c) respectively, there is no major difference but the pitch-angle control is 

effective in decreasing the oscillations in lesser time. 

On comparing Figure 5.10(d) with Figure 5.9(d), it is observed that the pitch-angle control 

also contributes in reducing the reactive power drawn by the FSIG from the grid (after the 

fault clearance) from 20Mvar to 16Mvar. Even the reactive power contribution from the 

STATCOM (as shown in Figure 5.9(f) and Figure 5.10(h)) reduce from about 15Mvar to 
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13Mvar and its duration also get reduced from 12s to 11.5s, which indicates that pitch-angle 

control helps in reducing the size of STATCOM to be installed too. 

    

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 
 

(h) 

Figure 5.10: Simulation results with UVPC strategy: (a) Mechanical torque of the generator;  

(b) Electrical torque of the generator; (c) Generator active power; (d) Reactive power at the 

PCC; (e) Voltage at the PCC; (f) Generator rotor speed (g) Pitch-angle of the wind turbine (h) 

STATCOM reactive power injection 

 

The performance of the UVPC is also compared with respect to criticalqclearing time 

(CCT). For a given system, it is essential to findqthe maximum value of CCT (maximum fault 

duration) for whichqsystemqremains in stable state. In this work, CCTqvalueqis determined 

fromqthe simulation inqwhich, it is obtainedqby increasing the fault time interval for the same 

fault, untilqthe system loses its stability. For example, simulation results in Figure 5.11 shows 

the rotor speed of the FSIG subjected to different faults durations with UVPC.  The solid line 
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represents rotor speed variation for 0.15s fault and dotted line shows rotor speed variation for 

the maximum fault duration of 0.452s. Since the CCT is increased, UVPC is able to increase 

the stability of the wind farm system. 

In order to further investigate the applicability of the proposed UVPC controller, different 

STATCOM capacities are considered. Table 5.2 shows the controllers’ performance 

comparison in terms of CCT with different STATCOM capacities. The CCT of the system 

with a 15Mvar STATCOM is 0.452s with UVPC strategy, compared with 0.445s with 

STATCOM alone. Similar results are also obtained with 20 and 25Mvar STATCOM. This 

shows that the proposed UVPC can provide increased CCT, which consequently enhances the 

LVRT capability. The graphical representation of STATCOM capacity verses CCT with 

different control approaches are as shown in Figure 5.12. It is observed from this figure that 

for suppose maintaining the stability against 0.5s fault duration (CCT), the required 

STATCOM capacity with UVPC controller is 18.9Mvar comparison to 19.7Mvar without 

UVPC controller which is an economical benefit. 

 

Figure 5.11: Rotor speed of generator with UVPC under different faults interval 

  

Table 5.2: Performance comparison 

STATCOM capacity 

(Mvar) 

CCT(s) for the system 

with STATCOM  

CCT(s) for the system 

with UVPC  

15 0.445 0.452 

20 0.503 0.513 

25 0.521 0.543 
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Figure 5.12: System CCT characteristics in terms of STATCOM capacity  

5.3 Output power smoothing and voltage regulation of a fixed speed wind 

farm 

In the above section 5.2, a simultaneous control of STATCOM and pitch angle control is 

used in order to enhance the wind farm low voltage ride through capability when it subjected 

to network faults. The idea of mixing electrical and mechanical parts seems to be interesting 

but, it has not been explored in respect of wind speed variations, due to which the output 

power and voltage of the wind generator fluctuate. It is becoming more concern as the wind 

generator installations are increasing in number. However, the installation of STATCOM can 

regulate the generator terminal voltage with varying wind speed irrespective of the wind 

speed regions (above or below rated). The pitch angle controller limits the aerodynamic 

power at its rated level only when the wind speed surpasses above rated. But in below-rated 

wind speed (partial load region), there is no role of the pitch angle control system to control 

the active power (in this region the maximum power extraction is allowed). As a result, any 

variation in the wind speed causes fluctuations in output power. Therefore, a typical pitch 

angle control strategy is developed by introducing exponential moving average (EMA) 

concept from which, the controller reference power (signal) can be set for below-rated wind 

speed.  As a result, the employed pitch angle controller together with STATCOM named as 

unified voltage and pitch angle controller (UVPC), involved with an objective of power 

smoothing and terminal voltage regulation of a wind generator, subjected to below-rated wind 

speed variations is achieved.  

5.3.1 The employed STATCOM Control Scheme 

The STATCOM control scheme employed here is already discussed in the section 4.5 of 

chapter 4. 
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5.3.2 Pitch angle control scheme 

The typical pitch angle controller scheme employed here is already discussed in detailed 

in the section 3.7 of chapter 3. 

5.3.3  UVPC control scheme 

The reactive power compensator like STATCOM is installed at the wind farm connection 

point can supply the amount of reactive power to the wind generator resulting in voltage 

regulation subjected to above/below rated wind speed disturbances. In the same trend, the 

pitch angle controller which is discussed in section 3.7 of chapter 3 can control the 

mechanical torque of the generator and thus, can smooth the generator output power under 

below-rated wind speed variations. 

 In this study, therefore, simultaneous control of STATCOM and pitch angle controller are 

employed to smoothing the voltage and output power fluctuations of the wind generator 

subjected to below-rated wind speed disturbances. Figure 5.13 shows a proposed UVPC 

control scheme (dotted box) comprising pitch angle and voltage control loops. During the 

wind speed disturbances, the UVPC voltage control loops especially AC voltage controller 

generate a proper quadratic current command (
*

qI ) which decide the amount of reactive power 

to be compensated by STATCOM. Besides, the pitch angle control loop of UVPC can smooth 

the active power of generator by controlling the mechanical torque through suitable pitch 

angle generation.  
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Figure 5.13: Block diagram of proposed UVPC 

In order to achieve the successful reduction in power fluctuations and voltage regulation, the 

pitch angle and voltage controllers of UVPC need to be designed with an effective control 

technique. However, the STATCOM voltage control loops designed by using conventional PI 
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controller offered satisfactory performance, but in pitch angle control loop the PI controller 

design is not a good choice as the controller required to work under below-rated wind speed 

variations. In this trend, an advanced type-2 fuzzy logic controller is the best choice than their 

traditional fuzzy logic counterpart, as it can handle higher uncertainty levels. The following 

subsections discuss the designing part of the interval type-2 FLC for the pitch angle 

controller.  

 

5.3.4  Pitch angle controller design using type-2 FLC 

 

c  

  

  

  

error

c  
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Figure 5.14: Structure of type-2 FLC based pitch angle controller 

The controller gains eK  and dK   are used as a scaling gains for input and uK  for the output 

signals. In this work these gains considered to be constant and chosen as 1eK   100dK   and 

10uK  .  

The difference between gP  and 
REF

gCMDP  goes through the Type-2 FLC as an error ( ) and 

change in error ( c ) signals which are fuzzified by employing seven triangular linguistic 

variables MFs. Notation for the fuzzy sets as: NLq(NegativeqLarge), NM (Negative 

Medium), NS (NegativeqSmall), ZR (Zero), PS (PositiveqSmall), PM (PositiveqMedium), PL 

and (PositiveqLarge). The designed MFs of type-2 FLCs are shown in Figure 5.15. For all the 

inputs and outputs, the universe of discourse is chosen as [-1, +1].  After the successful design 

of degree of membership type-2-fuzzy sets, the rules that are dealing with the control problem 

need to be defined. These rules define what actions are to be taken for all conceivable 

combinations of membership. The Total, 49 rules have been defined for all input-output MFs 

as shown in Table 5.3. 
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Figure 5.15: Type-2 FLC designed membership function 

Table 5.3: Controller rules 

 

Change in 

Error ( c ) 

Error ( ) 

NL NM NS Z PS PM PL 

NL NLq NLq NLq NLq NMq NSq Zq 

NM NLq NLq NLq NLq NSq Zq PSq 

NS NLq NLq NMq NMq Zq PSq PMq 

Z NLq NMq NSq Zq PSq PMq PLq 

PS NMq NSq Zq PMq PMq PLq PLq 

PM NSq Zq PSq PMq PLq PLq PLq 

PL Zq PSq PMq PLq PLq PLq PLq 

 

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1
NL NM NS Z PS PM PL

Error, Change in Error

D
e
g
re

e
 o

f 
m

e
m

b
e
rs

h
ip

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1
NL NM NS Z PS PM PL

Pitch angle generation

D
e
g
re

e
 o

f 
m

e
m

b
e
rs

h
ip



129 
 

5.3.5 Employed system configuration  

The employed and simulated system for this work is as shown in Figure 5.7. 

5.3.6  Results and discussions 

In order to observe the power smoothing and voltage regulation capability contributed by 

the proposed UVPC strategy, three different cases have been considered as case 1: System 

without compensation (i.e without STATCOM and pitch angle controller), case 2: System 

with STATCOM, and case 3: System with STATCOM and pitch angle control i.e UVPC. The 

Figure 5.16 shows the employed below-rated wind speed data for the simulation study. 

 

Figure 5.16: Wind speed profile 

5.3.6.1 Case 1: System without compensation   

In this case, the wind power system without compensation (i.e without STATCOM and 

pitch angle control) has been considered and subjected to below-rated wind speed variations 

as shown in Figure 5.16. The responses of the generator voltage, active power, and rotor 

speed are as shown in Figure 5.17(a-(c). 

 Figure 5.17(a) represents the magnitude of the generator terminal voltage obtained 

without STATCOM. It is clear that the generator voltage fluctuates significantly as there is no 

dynamic reactive power compensation. Thus, it leads to voltage fluctuations at the PCC in a 

reasonable range resulting in flicker problems. Therefore, it (voltage flicker) is a major 

limiting factor with the connection of the wind turbines into weak grids, where the wind 

penetration level is very high. 

 Since there is no pitch angle generation (without pitch angle controller) which ensures no 

point of limiting the rotor speed as shown in Figure 5.17(c) and the wind turbine operates with 

its maximum possible efficiency. As a result, the generator active power followed the wind 

speed disturbances and exhibits huge fluctuations as shown Figure 5.17(b). If a large number 
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of wind farms were realized and connected to power system networks, it leads to grid 

frequency problems. 

 

(a) 

 

(b) 

 

(c) 

Figure 5.17: Dynamic response of the system without compensation subjected to below-rated 

wind speed: (a) Generator terminal voltage; (b) Generator output power; (c) Generator rotor 

speed 

 

5.3.6.2 Case 2: System with STATCOM  

 In this case, the STATCOM has employed and connected to the PCC point from where 

studied wind power system is integrated (see Figure 5.7). The dynamic responses of the 

system, subjected to below-rated wind speed variations are as shown in Figure 5.18(a)-(c). 

Since the STATCOM provides dynamic reactive power compensation, the voltage 

fluctuations caused by the wind speed variations were regulated as shown in Figure 5.18(a). 

Thus, it mitigates the voltage flicker occurred in the wind farm for a smooth grid interaction. 

 Although, the STATCOM improves the voltage fluctuations due to wind speed variations 

by controlling the reactive power, but it does not have a capability to control the active power. 

As a result, the generator output power follows the wind speed variations as no pitch angle 

controller was employed and exhibits fluctuations as shown in Figure 5.18(b). And thus, the 

consequence of power fluctuations leads to network frequency stability problems.  Figure 

5.18(c) shows the amount of reactive power compensation provided by the STATCOM to 

regulate the generator terminal voltage. 
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(a) 

 

(b) 

 

(c) 

Figure 5.18: Dynamic response of the system with STATCOM subjected to below-rated wind 

speed: (a) Generator terminal voltage; (b) Generator output power; (c) STATCOM reactive 

power compensation 

 

5.3.6.3 Case 3: System with STATCOM and pitch angle control (i.e with UVPC) 

In this case, a control strategy (UVPC) has employed through which a simultaneous 

control of STATCOM reactive current and pitch angle were achieved. In addition, to 

compensate reactive power required during wind speed disturbances, the proposed strategy 

can control the mechanical torque by changing the rotor blade angle of the wind turbine 

resulting active power control. The simulation results obtained with proposed UVPC are as 

shown in Figure 5.19(a)-(d).   

As it discussed earlier, to smooth the output power fluctuations under below-rated wind 

speed, first it is required to determine the output command power (
REF

gCMDP ) and thereafter, 

fuzzy logic approach (type-2 FLC) has been implemented to smoothen out power fluctuations. 

From Figure 5.19(b), it is observed that the active power output of the wind energy system 

follows the reference command power and real power fluctuations are being smoothened out 

more effectively compared to the previous case (see Figure 5.18(b)). The pitch angle profile 

generated by the pitch angle controller for output power smoothing is as shown in Figure 

5.19(d). The Figure 5.19(a) shows the generator voltage regulation achieved with STATCOM 

reactive power control. The reactive power compensation provided by the STACOM is shown 
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in Figure 5.19(c). By observing the results, it is clear that by employing UVPC strategy, 

simultaneous control of STATCOM and pitch angle is achieved which leads to reduction in 

fluctuations in generator voltage and active power. Moreover, by employing this control 

strategy the maximum amount of reactive power required for compensation using STATCOM 

is around 7.5Mvar, whereas only with STATCOM (case 2) the amount of reactive power 

required is around10Mvar (see Figure 5.18(c)). Thus, for a given operating condition, the 

proposed strategy can reduce the amount of reactive power supplied by the STATCOM.  

 

(a) 

 

(b) 

 

(c) 
 

(d) 

Figure 5.19: Dynamic response of the system with STATCOM and pitch angle control i.e 

UVPC subjected to below-rated wind speed: (a) Generator terminal voltage; (b) Generator 

output power; (c) STATCOM reactive power compensation; (d) Pitch angle 

 

5.3.6.4 Performance indices 

Figure 5.20(a) shows the output power comparison of without UVPC (i.e case 1) and with 

UVPC (i.e case 3). It is clearly noticed from the figure that the better real output power 

smoothing has been achieved with proposed UVPC strategy. The Figure 5.20(b) shows that 

the power smoothing function (performance index) obtained using equation (3.27) with and 

without UVPC. The proposed method has smaller magnitude for performance index as 

compared to without UVPC throughout the wind speed pattern considered.  

Using equation (3.28), the maximum energy output of WES obtained over the wind speed 

disturbance was also determined considering case 1 (without UVPC) and case 3(with UVPC) 

but one at a time. The plot is as shown in Figure 5.20(c). The maximum energy has been 

obtained without UVPC as there is no pitch angle generation (it remains fixed at zero 
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degrees). But with UVPC, there is a drop in the output power due to pitch angle generation. 

However, the purpose of this work is to IG terminal voltage regulation and smoothing the 

output power and thus drop cannot be avoided.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 5.20: Performance comparison of system without UVPC and with UVPC: (a) 

Generator active power; (b) Generator output power smoothing function; (c) Maximum 

energy function 

Similarly, the voltage regulation function (performance index) for the wind generator can 

also express as equation (5.1). And the corresponding regulation function outcome, with and 

without UVPC is as shown in Figure 5.21. It indicates that the voltage regulation function 

with UVPC possesses smaller magnitude compared to without UVPC throughout the 

simulation and hence, provides good constant voltage magnitude.  
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V dt

dt
                                                              (5.1) 

 

Figure 5.21: Generator terminal voltage regulation function 
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5.4 Conclusions 

In this work, UVPC control strategy is proposed to guarantee satisfying the LVRT grid 

code requirement as well as effective output power smoothing and generator terminal voltage 

regulation for fixed speed wind farm subjected to transient fault and wind speed variations, 

respectively. The UVPC strategy consists of STATCOM control loops in combination with 

adequate pitch angle control. The pitch angle control loop employed in UVPC strategy is 

designed using interval type-2 fuzzy logic technique as it exhibits robust performance than 

any other controllers. 

In this regard, static synchronous compensator (STATCOM) provides dynamic reactive 

power support to assist the fixed-speed induction generator for voltage restoration. Besides, 

the pitch-angle controller of constant speed wind turbines can effectively reduce the wind 

turbine mechanical power, preventing the wind generator from over-speeding. Therefore, 

using STATCOM in combination with pitch angle control, named as unified voltage and 

pitch-angle (UVPC) control strategy, enhances the LVRT capability of the fixed speed wind 

farm as well fulfilling the grid code requirement when it subjected to severe faults. In 

addition, the proposed UVPC helps in reducing the size of the STATCOM to be installed for 

improving the LVRT of such wind farms. 

Furthermore, UVPC strategy is also implemented and investigated for output power 

smoothing and terminal voltage regulation of generator subjected to below-rated wind speed 

variations. It is seen from the simulation results that the voltage fluctuations are drastically 

reduced thereby improve the power quality of the system. As the effective output power 

smoothing achieved with proposed UVPC scheme, the system frequency affected by power 

fluctuations can also controlled within the acceptable limit. It is also noticed from the 

simulation results that by employing pitch angle controller and STATCOM (case 3), the 

maximum amount of reactive power required to regulate the generator voltage is around 

7.5Mvar, whereas only with STATCOM (case 2) the amount of reactive power required is 

around 10Mvar. It reveals that with pitch angle controller, the capacity of the STATCOM can 

be minimized. Moreover, if the power storage systems are employed to minimize the power 

fluctuations by including this type of pitch angle controller, then size of power storage system 

capacity can also be minimized. 
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CHAPTER 6: STABILITY ENHANCEMENT OF VARIABLE SPEED 

WIND ENERGY SYSTEM 

6.1 Introduction 

Until the year 2000s, the fixed speed wind energy systems dominated the market, and still 

exist with a significant amount in the global wind turbine population. However, recently 

variable speed WESs draws an attention of power system engineers due to their advantages. 

The variable speed wind energy system incorporates the power electronics converter [120] 

thereby it can achieve independent control of active and reactive power. Among the many 

variable concepts Doubly-fed Induction Generator (DFIG) based variable speed WES have 

become most popular, since converter rating can be kept fairly low (approximately 25%-30% 

of the total machine power). Currently, DFIG based WES occupies close to 50% among the 

total wind power generation. However, DFIG is very sensitive to the voltage variations in the 

grid, which poses limitations for wind energy system during the grid interaction. When the 

penetration levels of these WES are very high, the large voltage drop occurs during the 

network disturbances such as short circuit faults, which may trigger a sequence of other 

events in the power network. Handling the disturbances which deteriorates the stability of 

DFIG is a major challenge to make it complaint with the modern grid code requirement. 

Therefore, there is need to look for a robust control strategy for DFIG based WES, which 

provides better stability performance thus offers effective grid interaction operation. 

The contribution of this chapter: In this chapter, an advanced interval type-2 fuzzy logic-

proportional integral (PI) controller has been proposed for torque and voltage control loops of 

rotor side converter of DFIG. The gains of PI controller are determined and tuned by interval 

type-2 fuzzy logic method according to system operating condition. Thus, the adaptive nature 

of type-2 fuzzy logic and robust nature of PI controller are combined eventually, which 

exhibits good steady state and dynamic responses. The performance of the proposed controller 

has been evaluated for different operating conditions of DFIG such as severe fault and voltage 

sag with reference to varying wind speed. Real time simulations are developed for DFIG 

based WES to validate the proposed controller using the OPAL-RT digital simulator. The 

performance of the proposed controller is examined through a comparative analysis with its 

traditional fuzzy logic-PI counterpart. The transient analysis of DFIG with interval type-2 

fuzzy-PI shows the improved results subjected to three-phase fault and voltage sag as desired 

by the grid codes. 
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6.2 Maximum-Power-Point-Tracking (MPPT) 

 The extracted mechanical power from the rotor of a wind turbine of variable speed wind 

energy system can be written as: 

31
( , )

2
m r p wP A C V                                                                (6.1) 

where, wV  is wind speed [m/s], 
2

rA R is the rotor swept area [m
2]

, R is the radius of the 

blade [m],  is air density [kg/m
3
], and pC  is the power coefficient which depends upon the 

ratio of blade pitch-angle (  ) and rotor-tip speed (  ). For the commercial wind turbines, 

manufactures were not ready to provide the information regarding power coefficient. As a 

result, different mathematical approximations were derived and several appropriate equations 

that have been developed to describe the power coefficient. The mathematical equation of 

power coefficient ( pC ) used in this study is as follows [3]: 

  5 /

1 2 3 4 6( , ) / ic

p iC c c c c e c


    


                                                 (6.2) 

where 

                    
3

1 1 0.035

0.008 1i   
 

 
                                                             (6.3) 

The maximum power extraction at each wind speed of a typical wind turbine 

characteristic is shown in Figure 6.1(a). The speedqcontrolqof DFIG canqbe achieved by 

drivingqthe generatorqrotor speedqalong with optimumqpower-speed characteristicqwhere 

the power coefficient kept at maximum at each wind speed. The complete generator toque-

speed characteristic is as shown in Figure 6.1(b). The generator operates at almost constant 

rotational speed for very low wind speed (see points A to B). The maximumqenergy can be 

extractedqfrom the turbineqduring low to medium wind speeds (see points B to C). The 

rotationalqspeed is alsoqoften limitedqby aerodynamicqnoise constraints, at whichqpoint the 

controllerqallows the torqueqto increase, at essentiallyqconstant speedq(C to D) untilqrated 

torque. If windqspeed increasesqfurther the torqueqfollows theqpoint D to E, whereqthe 

electromagneticqtoque is constant. Whenqthe turbine characteristicqreaches to point E, pitch 

angle controller takes over from the torque control to limit the aerodynamic power. Therefore, 

for highqwind speedsqthe pitch angle controller regulates the generator output power, until its 

shutdownqlimitqis reached. 
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 (a) (b) 

Figure 6.1: Wind turbine maximum power extraction characteristic: (a) Generator power 

versus rotor speed curve; (c) Generator toque versus rotor speed curve 

6.3 DFIG modelling 

The DFIG is being represented by its steady-state equivalent circuit with injected rotor 

voltage as shown in Figure 6.2. In this figure, RV  and SV  are rotor and stator voltages 

respectively, RI  and  SI  are rotor and stator currents, MI  is exciting current of the DFIG, 

RR  and SR  are the rotor and stator resistance, respectively and S is the slip. SX , RX  and 

MX  are respectively, stator, rotor and magnetizing reactance. Figure 6.2 further simplified by 

transferring the magnetizing branch to the terminal side as shown in Figure 6.3 [160]. 

 

SR SjX

MjX

RjX

RR

s
SI

RI

SV

 

 
MI  

RV

s

 

 

Figure 6.2: Electrical equivalent of DFIG with injected rotor voltage 
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Figure 6.3: Simplified equivalent of DFIG 
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From the Figure 6.3, the rotor current can be determined as: 
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                                                   (6.4) 

The rotor active power (supplied or absorbed by controllable source injecting voltage into 

rotor circuit) calculated as: 

cosR
R R

V
P I

s
                                                               (6.5) 

By neglecting the stator and rotor loss stator active power SP  can be expressed as 

S m RP P P                                                                   (6.6) 

Finally the total power delivered to the grid can be obtained as  

g S RP P P                                                                 (6.7) 

6.3.1 Operating modes of DFIG 

DFIG based WES can be operated in two modes of operation with respect to the rotor 

speed: (1) If the generator rotor rotates with above synchronous speed called as super-

synchronous mode of operation and, 

 2) If the generator operated with below synchronous speed called as sub-synchronous mode 

of operation. 

Figure 6.4 depicts the power flow diagram of a DFIG based wind energy system. 

Depending of the slip convention (negative or positive), the rotor circuit can deliver or receive 

power to or from the grid. In the super-synchronous mode of operation, the mechanical power 

mP  is transferred to the grid through rotor and stator circuits. The stator power SP  is directly 

deliver to the grid, whereas the rotor power RP  is transferred to the grid through a power 

electronic converter incorporated in the rotor circuit. By neglecting converter and generator 

losses, the power transferred to the grid 
gP  is equal to mechanical power mP of the generator, 

as shown in Figure 6.4(a). 

Figure 6.4(b) illustrates the power flow process of the DFIG when it operated in sub-

synchronous mode. Here, the rotor receives the power from the grid. Both mechanical and 
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rotor power are transferred to the grid via stator. Although, the stator power SP  is sum of 

mechanical and rotor power m RP P , it will not exceed its power rating since in this mode of 

operation, the mechanical power is lower than that of super-synchronous mode of operation. 
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(a)Super-synchronous mode 
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(b) Sub- synchronous mode 

Figure 6.4: DFIG power flow diagram: (a) Super-synchronous mode (b) Sub- synchronous 

mode 

6.3.2 The d-q reference frame of induction generator 

The a-b-c reference frame of induction generator is transformed into the d-q axis reference 

frame and described as [3]. 

Stator equations  

1

1

ds
ds S ds s qs

b

qs

qs S qs s ds

b

d
v R i

dt

d
v R i

dt


 




 



   

   

                                                     (6.8) 

Rotor equations 

1

1

dr
dr R dr s qr

b

qr

qr R qr s dr

b

d
v R i s

dt

d
v R i s

dt


 




 



  

  

                                                     (6.9) 

The flux linkages can be calculated as: 
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                                                           (6.10) 

The electromagnetic torque is expressed as: 

 dr qs qr dse MT X i i i i                                                              (6.11) 

The mathematical equation for one mass model is given by 

1
( )

2
r

m e

d
T T

dt H


                                                              (6.12) 

where, H  is the equivalent inertia constant of both induction generator rotor and wind 

turbine. 

6.4 DFIG control strategies 

The objective of this work is to improving the dynamic performance of DFIG using torque 

and voltage control loop of RSC converter. Therefore, only the control of RSC is discussed in 

detailed. The most popular control scheme employed for DFIG is PVdq [9], in which the rotor 

currentqis decomposed intoqtwo orthogonalqcomponentsqalong d andqq axis. The d-axis 

componentqof currentqemployed to regulateqthe power factor or terminal voltage of DFIG, 

whereas q-axisqcomponentqof currentqused to regulateqthe torque. 

6.4.1 Torque control scheme 

Theqpurposeqof torqueqcontrol scheme is to regulate the electromagneticqtorque of the 

generatorqwith wind speedqvariations and driveqthe system towards its operatingqreference 

point. For a givenqrotorqspeed ( r ) measurement, the optimal torque ( opT ) is obtained by use 

of wind turbine characteristics as shown in Figure 6.1(b). By making use of determined opT , a 

reference rotor current ( ,qr refi ) is computed. Finally, the required rotor voltage ( qrv ) for 

operating DFIG at the optimal torque is obtained through a summation of the compensation 

term and the term (
'

qrv ) computed by PI1 controller. 

By neglecting the stator transients and rotor resistances from equation (6.8) and use of 

ds  and qs   from equation (6.10) into (6.8), the d and q axis stator voltages are: 
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 ds s M qr SS qsv X i X i                                                            (6.13) 

 qs s M dr SS dsv X i X i                                                              (6.14) 

By using equations (6.13) and (6.14), the d and q axis stator currents can be obtained as: 

1M
qs qr ds

SS s SS

X
i i v

X X
                                                               (6.15) 

1M
ds dr qs

SS s SS

X
i i v

X X
                                                              (6.16) 

This study employs stator flux oriented reference frame, therefore stator voltage 0dsv   then 

the resultant expression from equation (6.15) as: 

M
qs qr

SS

X
i i

X
                                                                          (6.17) 

By substituting equations (6.16) and (6.17) in equation (6.11), the electromagnetic torque can 

be derived as: 

1M M
dr qre M qr dr qs

SS SS s SS

X X
T X i i i i v

X X X

 
 
  
 

   
     

   

                                             (6.18) 

The reference q-axis rotor current that can be obtained with help of optimal torque/reference 

set point torque is as: 

,
s SS

qr ref op

M qs

X
i T

X V


                                                                          (6.19) 

After neglecting the transient term from equation (6.9), using dr  from equation (6.10) and 

dsi  from equation (6.16), the final equation of q-axis rotor voltage can be obtained as: 

2

M M
qr R qr s RR dr qs

SS s SS

X X
v R i s X i v

X X




 
    

 
                                                   (6.20) 

From the above equation, the second and third terms on right hand side denotes compensation 

term. 

The complete torque control scheme of RSC is shown in Figure 6.5.  The rotor current qri

and reference rotor current ,qr refi  forms the error signal   which is processed through PI1 

controller to generate rotor voltage (
'

qrv ). Finally, q-axis rotor voltage is obtained by adding 

compensation term to the PI1 controller output. This minimize the cross coupling between 

torque and voltage control loops. 
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Figure 6.5: Torque control strategy of DFIG 

6.4.2 Voltage control scheme 

The powerqfactorqcontrol or terminalqvoltage of DFIG can be achievedqthroughqthe 

RSC. Although, GSC can be employed to inject reactive power injection, for DFIG voltage 

control RSC is likely to be preferred. The terminalqvoltageqwill decrease or increase with 

changeqin reactiveqpowerqto theqgrid. In this condition, the voltage controller should fulfil 

the following requirements: (i) If the voltageqis tooqhigh or too low comparedqwith reference 

value, the d-axis rotor current ( ,dr refi ) should be adjusted accordingly which can be achieved by 

adjusting the control gain VCK  and (ii) the reactive power consumption by the DFIG should be 

compensated. The rotor d-axis voltage ( drv ) is obtained through PI2 controller output minus 

compensation term. The complete block diagram of DFIG voltage control scheme is as shown 

in Figure 6.6. 
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Figure 6.6: Voltage control scheme of DFIG 

The controllers PI1 and PI2 of torque and voltage control schemes, respectively, are chosen as 

symmetric [50, 160]. Therefore, the gains can be considered as: 

1 2

1 2

P P P

I I I

K K K

K K K

 


 
                                                                      (6.21) 
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6.5 Proposed type-2 fuzzy-PI controller for RSC control scheme 

As the wind speed and grid conditions are variable, the adaptive controlled converter (for 

RSC) is important for DFIG to fulfil the grid code requirements. In this work a Type-2 FLC-

PI controller is proposed for torque and voltage control schemes of RSC. Type-2 fuzzy-PI 

controller can be achieved by combining Type-2 FLC which is adaptive and PI controller 

results in superior dynamic and steady state response from the system. Here, proportional and 

integral gains of PI controller are adjustable and they are computed by Type-2 FLC approach 

according to the system operating condition changes. Thus, it achieves the adaptive structure 

required for RSC converter for smooth interaction of DFIG with the grid.  Figure 6.7(a) and 

(b) depicts the torque and voltage control strategies of RSC respectively, designed with Type-

2 fuzzy-PI controllers. Moreover, the control gain VCK (shown in Figure 6.7(b)) is also tuned 

using Type-2 fuzzy logic method because by adjusting the d-axis rotor current ( ,dr refi ), voltage 

regulation can be achieved. 
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Figure 6.7: Proposed Type-2 FLC-PI controlled RSC schemes: (a) Torque control (b) Voltage 

control 
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6.6 Design of adaptive type-2 fuzzy-PI controller 

This approach employs the type-2 fuzzy logic rules to determine the control gains ( PK ,

IK  and VCK ) of RSC schemes. The range of each parameter was computed by observations 

from various simulation results. The range of parameters obtained for this study are

   min max, 0.1,1P P PK K K  ,   min max, 5,12I IK K  , and    min max, 2,9VC VCK K  . Therefore, 

they can be calibrated into the range between zero and one as follows: 

min

max min

0.1
, 0.9 0.1

1 0.1

P P P
p P p

P P

K K K
k K k

K K

 
     

 
                                 (6.22) 
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                                (6.24) 

For the fuzzy methods, input, output and fuzzy membership functions are defined based 

on experts’ knowledge and experience. Similar rules and membership functions have been 

considered for both Type-1 and Type-2 FLCs and therefore linguistic variables of input and 

output are as shown in Figure 6.8 and Figure 6.9, respectively. The schematic diagrams of 

proposed Type-2 FLC are shown in Figure 6.7(a) and (b). In this work, error ( ) and change 

in error ( c ) are defined as input variable to the Type-2 FLCs. The input error signals are 

fuzzified using five triangular memberships functions and defined as: LN-Large Negative, N-

Negative, Z-Zero, P-Positive, LP-Large Positive. Most of researchersqchooseqthe MFs with 

equalqspanqand equalqwidth of FOUqwhich doqnotqoffer bestqperformance. In thisqwork, 

by varying the FOU in an appropriate way the optimal performance of the system is achieved 

from various simulation results. The universe of discourse for error and change in error are 

obtained in between the +1 to -1. Similarly, the output of fuzzy type’s controller are defined 

with five triangular membership functions and donated as: XLP-Extra LargeqPositive, LP-

LargeqPositive, MP-MediumqPositive, SP-SmallqPositive, and XSP-Extra SmallqPositive. 
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Figure 6.8: MFs of Type-1 FLC: (a) Inputs 

(b) Outputs 

Figure 6.9: MFs of Type-2 FLC: (a) Inputs 

(b) Outputs 

 

The major function in the inference engine is the rules’ implementation, aggregation and 

Type reduction. In this work, with help of an expert’ knowledge and experience, a control 

strategy is framed as a set of IF-THEN rules and are containing two antecedences and one 

consequence, expressed as: 

 IF ( is 1x ) and ( c  is 1y ) THEN (
pk is 1w ) 

Similarly, 25 rules have been defined for output variables pk , ik and vck

respectively, in Table 6.1, Table 6.2 and Table 6.3.  In the Type-2 FLCs, the union and 

intersection functions are defined by join and meet operations to map the input and output sets 

with fired rules. Therefore, the inference engine utilizes respectively, min-method and max-

method for meet and join operations. However, due to computational limitations the output of 

inference engine cannot be converted directly to crisp value as discussed in Chapter 2. Thus, 

type reduction (TR) method has been suggested in the type-2 FLC system to obtain type-1 

fuzzy sets from type-2 output fuzzy sets, and later the normal defuzzification techniques can 

be applied. Height, center-of-sets, center-of-sums and modified-height are the most accepted 

TR methods, in which centroids of the embedded type-2 sets are calculated. In the present 

work ‘height’ TR method has been used for the calculation of the centroid of type-2 FLCs as 

it involves much lesser computations as compared to other methods [73].   
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Table 6.1: Tuning rules for pk  

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.2: Tuning rules for ik  

 

 

 

 

 

 

 

 

 

 

 

 

Change in 

Error 

( c ) 

Error ( ) 

LN N Z P LP 

LN XSP XSP XSP SP MP 

N XSP SP SP SP MP 

Z XSP SP MP LP XLP 

P MP LP LP LP XLP 

LP MP LP XLP XLP XLP 

Change in 

Error 

( c ) 

Error ( ) 

LN N Z P LP 

LN XLP XLP XLP SP XSP 

N XLP LP LP MP XSP 

Z LP LP MP SP XSP 

P MP LP SP SP XSP 

LP MP SP XSP XSP XSP 
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Table 6.3: Tuning rules for vck  

 

 

 

 

 

 

 

 

 

 

 

The common defuzzification methods used for the Type-2 FLC are the first (or last) of 

maxima, centroid-of-area and mean-of-max methods. In this study, centroid-of-area method 

has been utilized which is the most reasonable and popular method among the others. The 

centroid of the Type-2 fuzzy set is the collection of centroids of all of its embedded sets. The 

defuzzification method converts the output fuzzy to crisp value. 

6.7 Employed system configuration  

Figure 6.10 shows the schematic diagram of vector controlled DFIG connected to an 

infinite bus through transformers. Simulation data used for this system is provided in the 

Appendix. The DFIG rotor circuit is connected to the grid through back to back connected 

power electronic converters, while the stator circuit is directly connected to the power grid. 

Due to their connection positions, they are named as grid side converter (GSC) and rotor-side 

converter (RSC). The RSC controls the electromagnetic toque by controlling the injected rotor 

current, whichqmust follow theqreference speedqprovided by theqcontrol system. Addition, it 

can offer reactiveqpower controlqand power factorqor voltage control of the system. This 

ensures the variableqspeed operationqof DFIG withqmaximumqpower point tracking 

characteristics. Regarding GSC, this is connectedqto the power grid throughqa filter and used 

Change in 

Error 

( c ) 

Error ( ) 

LN N Z P LP 
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N XSP SP SP SP MP 

Z XSP SP MP LP XLP 

P MP LP LP LP XLP 
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to controlqdc-link voltageqand reactiveqpower exchange withqtheqgrid. During the transient 

operating condition of DFIG, GSC may offer additional voltage support capabilities as RSC 

provide reactive power control. 
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Figure 6.10: One line diagram of DFIG integrated with power network 

The major advantage of DFIG is that it has decoupled active and reactive power control 

by making use of different control strategies for rotor side and grid side converters. With this 

feature, DFIG has the various controls namely refP (maintain the maximum power tracking), 

srefV (stator terminal voltage), dcrefV (dc voltage level), and crefQ (GSC reactive power 

level).  

6.8 Real time( RT) simulation 

In this work, to study the performance of the WES system shown in Figure 6.10:, a real 

time digital simulation using RT-Lab software package is used. RT-Lab is fully integrated 

with MATLAB
TM

/Simulink and therefore, it uses MATLAB
TM

/Simulink as a front-end 

interface for editing graphic models in block diagram format, which are later used by RT-

Simulator. Real time is achieved by running on separate processors (targets) and in parallel, 

each part of the system (the sub-systems).  

The WES as shown in Figure 6.10 is divided into two subsystems as shown in Figure 

6.11. For the real time simulation, the model is built in Simulink with Sim-power system and 

Artemis blocks. The console subsystem denoted as SC_Console which contains parameters 

accessing and displaying blocks, runs on the host PC, which can receive simulation results 

and display through the scope. Another subsystem is a computing subsystem named as 

SM_Master which contains all the calculation blocks (studied WES). This subsystem runs on 

the target machine with real time condition. The simulation time step fixed as 50 s for both 
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real time simulation and simulation in simulink. A detailed explanation about OPAL-RT has 

been provided Appendix. 
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Figure 6.11: Distributed model of the DFIG based WES for real time simulation 
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The real time digital simulation laboratory setup is as shown in Figure 6.12; The simulator 

employed here is OP5600 with one processor and four 3.33-GHz dedicated cores to perform 

parallel computations. The work station computer (Host-PC) executes the WES model and 

interacts with the real time digital simulator (RTDS) to produce the results of real time 

simulation. Real time simulation results were observed through the Opcomm block. The 

digital oscilloscope is also employed to observe the real time results of controller error inputs.  

 

 

Figure 6.12: Real time digital simulator laboratory setup 

6.9 Results and Discussions 

As theqpenetrationqof wind energyqsystems in power network increasing in number, the 

performance of wind turbines subjected to severe faults, voltageqsag and other disturbances 

are becomesqimportant, especiallyqthe wind energy systems equipped with power electronic 

converters. The severe disturbances (transient faults and voltage sag) results in DFIG rotor 

current to increase, which may damage the RSC. Due to large rotor current and oscillations 

occurring in torque dueqto faultsqare harmfulqto the DFIG equipped wind turbines. In these 

conditions, eitherqthe DFIG mayqbe disconnected from the grid or by using crowbar resistors, 

RSC must be deactivated. A sudden loss of wind power will results in considerable amount of 

rate of change of frequency in the electrical system. In addition, when the RSC deactivated 
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using crowbar resistor, DFIG will behaves like squirrel cage induction generator and absorbs 

huge amount of reactive power which causes the voltage instability issues. Thus, it is required 

that wind turbine must be stay connected and actively involved in maintaining system stability 

during and after the disturbances. The low voltage ride through ability is the ability of the 

wind turbines systems must be stay connected to the grid throughout the faults and voltage 

dips [45, 119]. Most of the countries nowadays enforce their grid codes for LVRT capability 

to the wind generation systems in order to ensure the power system security. 

In order to observe the transient performance contributed by the proposed type-2 FLC-PI 

controller, a test system employed has been shown in Figure 6.10. The RSC control strategies 

of DFIG have been designed with type-1 FLC-PI and type-2 FLC-PI for comparative analysis.  

The transient behavior of the DFIG is investigated with both controllers for the subsequent 

rotor speeds taking into account and the following three cases are considered. 

(a) Case A: Rotor speed =0.8p.u 

(b) Case B: Rotor speed=1.1p.u 

(c) Case C: Rotor speed =1.29p.u 

6.9.1 Three phase fault 

The transient behavior of the DFIG has been analyzed by applying three phase short 

circuit fault at the PCC point. The fault is initiated at 25s for duration of 150ms and later 

normal operation is restored. The steady state behavior of the DFIG terminal voltage, 

electrical torque ( eT ), rotor currents ( ,dr qri i ) and stator currents ( ,ds qsi i ) have been obtained. 

Therefore, the comparative analysis of transient performance of the system with type-1 FLC-

PI and type-2 FLC-PI controllers for different rotor speed variations are as shown in from 

Figure 6.13 to Figure 6.15.  

Figure 6.13(a)-(f) shows the various parameters of the DFIG with rotor speed of 0.8p.u 

and subjected to three phase short circuit fault. Figure 6.13(a) represents the terminal voltage 

where sudden loss of voltage occurs from 25s to 25.15s due to fault. The electrical torque of 

the DFIG is as shown in Figure 6.13 (b). Figure 6.13(c) and (d) represent the d-axis and q-axis 

rotor current of DFIG, respectively, initially rotor currents are at their settled value but when 

fault is occurs, these parameters are oscillate and return back to steady-state value after some 

time. However, in comparison of type-1 FLC-PI and type-2 FLC-PI controllers, the d-axis and 

q-axis rotor current of DFIG shows better results with proposed controller design. Similar 



152 
 

analysis also obtained for d-axis and q-axis stator currents of DFIG respectively, as shown in 

Figure 6.13(e) and (f). 

Figure 6.14(a)-(f) shows all the parameters behavior of the DFIG system with rotor speed 

of 1.21p.u with severe fault initiated. Figure 6.14 (b) depicts the electrical torque response of 

the DFIG as it observed that the oscillations are effectively suppressed with type-2 FLC-PI 

than that of type-1 FLC-PI counterparts. Figure 6.14 (c) and (d) show respectively, d-axis and 

q-axis rotor current of DFIG. Moreover, Figure 6.14 (e) and (f) denote DFIG stator currents in  

6.9.1.1 Case A: Rotor speed=0.8p.u 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 6.13: Three phase short circuit fault: (a) DFIG terminal voltage (b) Mechanical torque 

(c) d-axis rotor current (d) q-axis rotor current (e) d-axis stator current (f) q-axis stator 

current. 

d-axis and q-axis, respectively. As the fault is suddenly occurred, all these parameters of 

DFIG experienced significant oscillations in their responses. However, in all the responses of 

DFIG the type-2 FLC-PI controller shows better results in comparison to type-1 FLC-PI. 
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6.9.1.2 Case B: Rotor speed=1.21p.u 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 6.14: Three phase short circuit fault: (a) DFIG terminal voltage (b) Mechanical torque 

(c) d-axis rotor current (d) q-axis rotor current (e) d-axis stator current (f) q-axis stator 

current. 

 

Figure 6.15(a)-(f) shows parameters of DFIG respectively, DFIG terminal voltage, 

electrical torque, d-axis rotorqcurrent, q-axisqrotorqcurrent, d-axis statorqcurrent, and q-axis 

statorqcurrent with rotor speed of 1.29p.u. All the parameters are at their initial settled value 

before the occurrence of the fault. As the fault is initiated suddenly, all the parameters of 

DFIG experienced significant excursions in transient response. The designed controllers limit 

theqpeak valuesqin theseqtransientsqand suppress themqvery quicklyqto their normal 

position. Later on, system comeback to its normal position as quickly as theqfault is removed. 

It is clearly observed from the results that the adaptive type-2 FLC-PI approach offers better 
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transient response as compared to type-1 FLC-PI. Therefore, the proposed control design 

meets the grid code requirement very effectively. 

      

6.9.1.3 Case C: Rotor speed=1.29p.u 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 6.15: Three phase short circuit fault: (a) DFIG terminal voltage (b) Mechanical torque 

(c) d-axis rotor current (d) q-axis rotor current (e) d-axis stator current (f) q-axis stator current 

     

6.9.2 Voltage sag       

As per the LVRT capabilityqstatedqin gridqcodes, windqturbineqgeneratorsqto be ableqto 

operateqat reduced voltageqfor few hundredsqof mille seconds to severalqseconds. The grid-

codeqrequirement specifiedqby the TSO UK [45, 119] according this, the windqturbines 

should ride-through a 50% of fault for 710ms. This condition is established by reducing DFIG 

terminal voltage by 50% for 710ms.  
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6.9.2.1 Case A: Rotor speed =0.8p.u 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 6.16: Voltage sag for 710ms: (a) DFIG terminal voltage (b) Mechanical torque (c) d-

axis rotor current (d) q-axis rotor current (e) d-axis stator current (f) q-axis stator current 

            

Figure 6.16 (a)-(f) shows all the parameters behavior of the DFIG system with rotor speed 

of 0.8p.u and subjected to 50% of voltage sag. Figure 6.16 (a) shows the terminal voltage of 

DFIG where the voltage sag of 50% initiated from 25s to 25.71s. Figure 6.16 (b) depicts the 

electrical torque response of the DFIG, as it observed that oscillations are effectively 

suppressed with type-2 FLC-PI than that of type-1 FLC-PI counterparts due to sudden voltage 

dip. Figure 6.16(c) and (d) show respectively, d-axis and q-axis rotor current of DFIG. 

Moreover, Figure 6.16(e) and (f) denote DFIG stator currents in d-axis and q-axis, 

respectively. As the voltage sag is suddenly occurred, all these parameters of DFIG 
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experienced significant oscillations in their responses. However, in all the responses of DFIG 

the type-2 FLC-PI controller shows better results in comparison to type-1 FLC-PI. 

Similarly, the comparative analysis of the system with type-1 FLC-PI and type-2 FLC-PI 

controllers for rotor speed variations of 1.21p.u and 1.29p.u are as shown Figure 6.17(a)-(f) 

and Figure 6.18(a)-(f), respectively. It clearly observed from the results that the proposed 

adaptive type-2 FLC-PI controller exhibits superior steady state response for the voltage sag 

consideration as compared to type-1 FLC-PI counterparts. 

6.9.2.2 Case B: Rotor speed =1.21p.u 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 6.17: Voltage sag for 710ms: (a) DFIG terminal voltage (b) Mechanical torque (c) d-

axis rotor current (d) q-axis rotor current (e) d-axis stator current (f) q-axis stator current 
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6.9.2.3    Case C: Rotor speed=1.29p.u 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 6.18: Voltage sag for 710ms: (a) DFIG terminal voltage (b) Mechanical torque (c) d-

axis rotor current (d) q-axis rotor current (e) d-axis stator current (f) q-axis stator current 

The controllers error input are also observed in the digital oscilloscope as shown in Figure 

6.19 and Figure 6.20 respectively, for type-1 FLC-PI and type-2 FLC-PI. Figure 6.19(a) 

shows the torque controller error input and Figure 6.19(b) illustrates the voltage controller 

error input for type-1 FLC-PI, whereas Figure 6.20(a) and (b) repeat same but with type-2 

FLC-PI. It is observed that controller error increases at the time of fault in order to bring the 

generator parameters to their normal value. Moreover, the error signal generated by the 

proposed method lasts few seconds as compared to that of type-1 FLC-PI. As a result, the 

proposed type-2 FLC-PI is able to improve the performance of the wind generator during 

disturbances very effectively. 
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( )a

( )b

 

Figure 6.19: Error input of type-1 FLC-PI: (a) Torque controller (b) Voltage controller 

( )a

( )b

 

Figure 6.20: Error input of type-2 FLC-PI: (a) Torque controller (b) Voltage controller 

6.10 Conclusions 

In this chapter, an interval type-2 fuzzy-PI is proposed and implemented for RSC of 

DFIG. The gains of PI controller were determined by the type-2 fuzzy logic method according 

to the changes in system operating condition. Thus, an adaptive structure, which is important 

for DFIG rotor side converter control is obtained. To validate the proposed control method, 

real time simulations are developed for studied system using digital real-time simulator of 

OPAL-RT platform. The performance of the proposed approach has been investigated for 

different operating conditions of DFIG such as severe fault and voltage sag with reference to 

varying wind speed. The results of type-2 FLC-PI are compared with that of type-1 FLC-PI 

controller, one at a time. It is observed from simulation results that the proposed controller 

offers better performance than its type-1 fuzzy-PI counterpart. Finally, it concluded that the 

adaptive nature of proposed type-2FLC-PI controller played vital role to enhance the LVRT 

capability of DFIG. 
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CHAPTER 7: CONCLUSIONS AND FUTURE SCOPE 

7.1 Conclusions 

The work presented in this thesis mainly focused on controller design and control strategies to 

improve the performance of the wind energy systems (fixed speed and variable speed) 

subjected to the grid integrated issues such as varying wind speed, transient fault and grid 

code requirements. A special focus on interval type-2 fuzzy logic method is concentrated as it 

addresses the issues related to uncertainties in the membership functions and rules thus, 

counter the effects of nonlinearities in the model and uncertainties in the operating conditions 

of the WESs. 

 An effort has been made to design the type-2 fuzzy logic controller by exploring the 

properties of interval type-2 fuzzy sets, for pitch angle controller of fixed speed WES, 

damping controller of fixed speed wind farm and RSC controllers of the variable speed WES. 

Furthermore, the proposed control technique is also validated by developing the real time 

simulations using OPAL-RT technology RTDS simulator for power smoothing of WES using 

pitch angle controller; and torque and voltage control of rotor side converter of DFIG. 

The following conclusions are drawn on the accomplishments of this thesis: 

 In this work the electrical equivalent circuit of the IG from the PCC has derived and 

mathematical relation between the pitch angle, rotor speed, mechanical and electrical 

torques were obtained and some key factors that may affect the transient stability of the 

fixed-speed IG has been investigated using analytical approach. This type of investigation 

is very important in order to expand the operating limitations of the wind turbine driven 

IG under the severe faults to guarantee the wind farm connection to the grid. 

 A typical pitch angle controller is developed which works well in power control mode to 

regulate the IG output power subjected to varying wind speed and, in speed control mode 

to enhance the transient stability during network fault. This type of pitch angle 

configuration with well designed (using Type-2 FLC) controller is an effective solution 

for WES transient stability enhancement as well as output power regulation. A grid 

connected fixed speed WES model is implemented in MATLLAB
TM

/Simulink platform 

and a type-2 FLC is designed for the pitch angle controller of WES and tested for 

frequently varying wind speed and network faults. 

 In the section 3.7, an interval Type-2 FLC based pitch-angle controller is proposed for 

smoothening out the output power fluctuations of a wind energy system. At first, 
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command reference power based on EMA concept is obtained and then interval Type-2 

FLC is implemented to follow the reference command power more effectively. To 

validate the proposed technique, the system designed in MATLAB
TM

/Simulink was 

exported to RT-lab via RTW for real time simulation. Real time digital simulator is a 

suitable platform for real time analysis of renewable energy resources for controller 

prototyping, real time simulations and hardware in loop tests. Two different types of wind 

speed patterns are employed to study the effectiveness of the proposed controller. The 

results show the pitch-angle controller with Type-2 FLC offer better performance in 

smoothing the output power of WES than PI and Type-1 FLC. To estimate the smoothing 

level of proposed controller, power smoothing function has been incorporated as 

performance index.  

 Taking into considerationqof the restraintsqdue to the limitedqnon-renewableqenergy 

sourcesqand withqthe ever increasingqdemand ofqelectricity, it hasqbecomeqan absolute 

necessityqto integrateqthe windqenergy systemsqin the grid, for whichqa completeqand 

detailedqstudy of windqfarm is required, in which, simulationqstudiesqunderqvarious 

expected operating conditions (such as different type of faults, fault locations and 

durations) are highlyqneededqto prevent anyqharmfulqimpact of the wind farm to the 

grid. Therefore, in this work, a system consists of 36MW fixed speed wind farm exporting 

power to 120kV grid has been designed using MATLAB
TM

/Simulink. As a preliminary 

study, it investigatesqthe impact of faultqride through onqthe stabilityqof the fixed speed 

wind farm connected to power grid. The effect of fault locations and fault time durations 

on stability of fixed speed wind farm, subjected to different types of faults were studied. 

Moreover, a STATCOM is included to investigate its effect on the system stability during 

different fault durations and locations. The system parameters such as PCC voltage, active 

and reactive powers are monitored in steady-state as well as fault conditions. Later on, we 

investigated STATCOM with type-2 fuzzy logic based damping controller design for 

stability improvement of wind integrated power system. The STATCOM with proposed 

damping controller suppresses the inherent power fluctuations of the studied system and 

thus enhance the stability of the system subjected to disturbances. Different scenarios have 

been considered to demonstrate the effectiveness of the proposed controller. 

 This work also investigates the role of control system based on simultaneous control of 

STATCOM reactive power and pitch angle control rotor blades. Therefore, in this thesis, 

unified voltage and pitch-angle (UVPC) control strategy has been proposed through which 

the simultaneous control of STATCOM and pitch-angle control has been achieved in 

order to guarantee the compliances of the grid code requirement as well as enhance the 



161 
 

LVRT capability of the fixed speed wind farm. A coordinated control algorithm is 

implemented for successful control of STATCOM in combination with pitch angle 

controller. The FRT scheme of pitch-angle controller has been designed using type-2 

fuzzy logic technique as it is capable of effectively stabilizing generator rotor speed than 

their traditional fuzzy logic counterpart. The simulation results show that the simultaneous 

control of STATCOM and pitch-angle control improve the LVRT capability of the FSIG 

wind farm and improving the stability margin of rotor speed of the generator. Moreover, 

the proposed UVPC helps in reducing the size of the STATCOM to be installed for 

improving the LVRT of such wind farms.  

 Another contribution is that by using UVPC, effective generator output power smoothing 

and voltage regulation is achieved. A typical pitch angle control approach has been 

incorporated which works under below-rated wind speed. Moreover, an interval type-2 

fuzzy logic technique has employed to design the pitch angle controller, as it is more 

suitable than their traditional fuzzy logic counterpart. Therefore, a new type of pitch angle 

controller and STATCOM (termed as UVPC) can smoothen out the generator active 

power as well as regulate the generator terminal voltage to a constant magnitude whenever 

wind farm is subjected to below-rated wind speed variations.   

 An interval type-2 fuzzy-PI based adaptive technique is proposed for torque and voltage 

controllers of RSC of variable speed WES. The gains of PI controller were determined by 

using type-2 fuzzy logic method according to the system operating condition changes. 

Thus, an adaptive structure which is important for DFIG rotor side converter control is 

obtained. A 1.5MW DFIG model has been developed using MATLAB
TM

/Simulink and 

then exported to OPAL-RT digital simulator for real time simulations. The performance of 

the proposed approach has been investigated for different operating conditions of DFIG 

such as severe fault, voltage sag with reference to varying wind speed. A comparative 

performance analysis is done with type-1 FLC-PI counterpart. The tracking performance 

of proposed controller is very effective, as a result, type-2 fuzzy-PI controlled RSC 

exhibits effective transient response and it is suitable for grid disturbances such as voltage 

sag and faults. 

 The major part of this thesis incorporated an interval type-2 fuzzy logic method as the 

FLCs based on type-2 fuzzy sets have the potential to give better performance than the 

type-1 FLC with respect to uncertainty. Moreover, due to extra degree of freedom 

provided by the foot print of uncertainty (FOU), a smooth control surface can be 

generated that can enables the controller to handle system disturbances more effectively. 
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This special feature of type-2 FLC offers more robust performance than type-1 FLC 

counterpart. 

7.2 Future Scope of the work 

Research and development is a continuous process. For any research work carried out, there is 

always a better chance for improvement and many opportunities always remains opened for 

future work. As a result of investigation carried out in performance analysis of grid connected 

wind energy systems, the following aspects are identified for future scope of research. 

 Power system stabilization: 

Wind power generation slowly substituting the conventional power plants that commonly 

control and stabilize the power system. The increasing penetration of wind power system 

engaged in performing these tasks. The most common method employs to stabilize the 

power system using WES is pitch-angle controller. If the wind turbines are to take over 

such task, they need to be designed with an effective control technique to perform the 

power system stabilization. Therefore, future work can investigate further the type-2 FLC 

based pitch angle controller for power system stabilization by developing an appropriate 

IEEE standard wind integrated power system. 

 Improvement of micro-grid performance in islanding mode: 

In the present scenario, micro-grid is one of the alternatives for electricity generation and 

also contributes to emission reduction and mitigation of climate change. The micro-grid 

with renewable energy resources (wind and solar) encounter the challenges such as solar 

radiation and wind speed variation. As it discussed earlier, wind speed is an intermittent 

and stochastic in nature, any variation in wind speed will causes generator output power to 

fluctuate resulting in frequency fluctuations inside the micro-grid. During islanding mode 

this condition originates stability problems and provides poor power quality. 

In our work, we have proposed type-2 fuzzy logic based pitch angle controller with 

EMA concept for smoothing the output power of WES where it is penetrated to the utility 

grid. Therefore, future work can be investigates the micro-grid stability problems due to 

wind speed variations by employing proposed concept to limit the frequency oscillations 

in acceptable range. 

 Economical benefit of ESS with EMA Concept: 

Although, the EMA incorporated pitch angle controller offers good smoothing in output 

power of wind generator, but considerable amount of drop in the output power cannot be 

avoided. If we concern with loss of generator output power, then energy storage system 

can solve the problem, however, it may need large energy storage capacity involving in 
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huge cost. The EMA based reference output power generated pitch angle controller can be 

adopted to make the ESS capacity comparatively small.  Therefore, the ESS equipped 

with EMA pitch angle controller may be best suited for power smoothing wind turbine 

generator output power. However, this thesis does not incorporate the ESS for power 

smoothing therefore, ESS adopted with EMA reference command generated-pitch angle 

controller can be investigated for its applicability with optimal reference output power 

point. 

Moreover, photovoltaic (PV) cell systems are also one of the most considerable 

renewable energy. The major dependency of them on irradiance of sun and temperature, 

these two factors are continuously varying and thus results in output power of PV cell 

with considerable amount of fluctuations which may also cause grid frequency and 

voltage fluctuations if they are connected in large number. Therefore, ESS equipped with 

EMA concept also can be investigated in the solar PV systems for its effective 

applicability. 

 Self tuning of FOU of type-2 FLC for more robust performance of an adaptive type-2 

FLC-PI controller for renewable energy systems: 

 It is observed from the chapter 2, the foot print of uncertainty (FOU) can be effect the 

control system performance.  The FOU with equal width do not provide satisfactory 

results, therefore in our work we have varied the width of FOU systematically by 

observing its effect, on the oscillatory system parameters when subjected to the 

disturbances. This is however not an appropriate method to achieve the optimal width of 

the FOU. We need to develop an algorithm or optimal tuning method to compute the 

optimal width of FOU of type-2 memberships to get the more robust performance by 

considering sensitive parameters of the system. As the renewable energy resources such as 

wind and solar are highly uncertain can be effectively utilize this control approach.  
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APPENDIX 

FIXED SPEED WIND ENERGY SYSTEM PARAMETERS FOR SIMULATION 

Table i: Wind turbine parameters  

Parameters Values 

Rated power  1.5 MW 

Rotor  diameter 64m 

Number of blades 3 

Cut-in wind speed (
wCIV ) 4 m/s 

Cut-out wind speed (
RV ) 25 m/s 

Rated wind speed (
wRV ) 14 m/s 

Generator SCIG 

 

Table ii: SCIG generator parameters  

Parameters Values 

ratedP , ratedV  1.5 MW, 0.69 kV 

,s rR R  0.004843 p.u., 0.004377 p.u. 

,s rL L  0.1248 p.u., 0.1791p.u. 

,mL H  6.77 p.u., 5.04s 

C  200 kVAR 
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Table iii: Transformer parameters  

Parameters Values 

MVA   

rated step-upV  

47MVA 

25kV/120kV 

Winding resistance 0.08/30 p.u. 

Winding reactance 0.08 p.u. 

Magnetizing resistance 500 p.u. 

Magnetizing reactance 500 p.u. 
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VARIABLE-SPEED WIND ENERGY SYSTEM PARAMETERS 

Table iv: DFIG studied system parameters 

Parameters Values 

DFIG 1.5MW 

Voltage rating 575V 

Frequency 60Hz 

Stator resistance 0.00706 p.u. 

Stator inductance 0.171 p.u. 

Rotor resistance 0.005 p.u. 

Rotor inductance 0.156 p.u. 

Mutual inductance 2.9 p.u. 

Inertia constant 2.04 s 

Transformer rating 47MVA, 25kV/120kV 

Winding resistance 0.08/30 p.u. 

Winding reactance 0.08 p.u. 

Magnetizing resistance 500 p.u. 

Magnetizing reactance 500 p.u. 
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MODELLING OF SYNCHRONOUS GENERATOR 

Practically, the Park’s “two reaction theory” of synchronousqmachineqmodelqis usedqin 

powerqsystemqstudies. Thus, theqfundamentalqassumptionsqconsideredqforqmodellingqof a 

synchronousqgeneratorq(SG) areqwellqknownqandqareqnotqrepeatedqhere. Theqresulting set 

of machineqdifferentialqalgebraicqequationsq(DAEs) changesqwithqthe dynamicqorderqand 

the detailqof the transferqfunctions. A modularqapproach is providedqin this sectionqto model 

the synchronous machine. Theqsystem model hasqbeen developed byqreducing theqSG 

equationsqin an appropriateqform and thenqcombiningqthem withqthe networkqequations. 

This model is applicableqto the threeqtime frames: sub transient, transientqand steady state. 

The differentialqequations of theqSG are describedqas follows : 
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Where the electromagnetic torque is: 

e d q q di i                                                                      (ii) 

where, b  is the base synchronousqfrequency in rad/s (377 rad/s at 60Hz) and s  is the 

referenceqfrequencyqapproximatedqto the per unitqvalue of s is equal to 1.0 pu. 
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Finallyqthe modelqcompleteqwith the followingqalgebraicqequations: 
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By assuming d-axis additional leakage time constant 0AAT    

 

Table v: synchronous generator parameters 

Parameters Values 

ratedS , ratedV  100 MVA, 11kV 

Inertia H 3.5s 

ar , lx  0.003p.u , 0.15p.u  

dx , '

dx  1.81p.u , 0.30p.u  

''

dx ,
qx  0.23p.u ,1.76p.u  

'

qx , ''

qx  0.65p.u , 0.25p.u  

'

0dT , ''

0dT  8.00s , 0.03s  

'

0qT ,
''

0qT  1.00s , 0.07s  
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REAL TIME SIMULATIONS 

I. REAL TIME DIGITAL SIMULATOR 

OPAL-RT lab, fullyqintegrated withqMATLAB/Simulink, isqthe openqReal-Time 

Simulationqsoftware environmentqthat has revolutionizedqthe way model-basedqdesign is 

performed. RT-LAB’s flexibilityqand scalabilityqallow it to be usedqin virtuallyqany 

simulationqor control systemqapplication, and to addqcomputing power to simulations, where 

and whenqit is needed. Thisqsimulator wasqdevelopedqwith the aimqof meeting theqtransient 

simulationqneeds of electricqsystems whileqsolving the limitationsqof traditional real-time 

simulators. It is basedqon a central principle: the use of widely available, user-friendly, highly 

commercialqproductsq(PC platform, Simulink 
TM

). 

The real-timeqsimulator consistsqof two mainqtools: a real-timeqdistributedqsimulation 

package (RT-LAB) for theqexecution of Simulinkqblock diagramsqon a PC-cluster, and 

algorithmicqtoolboxes designedqfor the fixedqtime- step simulation of stiff electricqcircuits 

and theirqcontrollers. Real-timeqsimulation and Hardware-in-the-Loopq(HIL) applications 

are increasingly recognized as essentialqtools for engineeringqdesign and especially in 

electric power systems and power electronics.  

II. EVOLUTION OF REAL-TIME SIMULATORS 

Simulator technologyqhas evolved fromqphysical/analogue simulatorsq(HVDC simulators 

&TNAs) for EMTqand protectionqand control studies, to hybridqTNA/Analogue/Digital 

simulators capableqof studyingqEMT behavior, to fully digitalqreal-timeqsimulators, as 

illustratedqin Figure i. With the developmentqof microprocessorqand floating-pointqDSP 

technologies, physicalqsimulators haveqbeen graduallyqreplaced with fullyqdigitalqreal-time 

simulators. DSP-based real-timeqsimulators were developedqusing proprietaryqtechnology, 

and usedqfor HIL studies. Theseqare the first newqbreed of digital simulatorqto become 

commerciallyqavailable. However, the limitationsqof using proprietaryqhardware were 

recognizedqquickly, leading to theqdevelopment ofqcommercialqsupercomputer- based 

simulators, suchqas HYPERSIM fromqHydro-Quebec, whichqis no longerqcommercially 

available.  

Attemptsqhave been made by theqresearchers to developqfully digital real-time simulators 

using low-cost standard PCqtechnology, in anqeffort to eliminateqthe highqcostsqassociated 

with the useqof high-endqsupercomputers. Such developmentqwas very difficultqdue to the 

lackqof fast, low cost inter-computerqcommunication links. However, the adventqof low-cost, 

readily available multi-coreqprocessors (from INTEL and AMD) andqrelated COTS computer 
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componentsqhas directlyqaddressed this issue, clearingqthe way forqthe development of 

much lower cost andqeasily scalableqreal-time simulators. In fact, today’s low-costqcomputer 

boardsqequipped with eightqprocessor coresqprovide greaterqperformanceqthan 24-CPU 

supercomputersqthat were availableqonly 10 years ago. Theqavailability of thisqlow-cost, 

high performanceqprocessor technologyqhas also reducedqthe need toqcluster multiple PCs to 

conduct complex parallel simulation, thereby reducing dependence on sometimes-costly inter-

computerqcommunication technology.  

COTS-basedqhigh-end real-timeqsimulators equippedqwith multi-coreqprocessors have 

been usedqin aerospace, robotics, automotiveqand power electronicqsystem design and testing 

for a numberqof years. Recentqadvancements in multi-coreqprocessor technologyqmeans that 

such simulatorsqare now availableqfor the simulationqof EMT expectedqin large-scaleqpower 

grids, microqgrids, wind farmsqand power systemsqinstalled in all-electricqships andqaircraft. 

Theseqsimulators, operating underqWindows, LINUXqand standard real-timeqoperating 

systems, haveqthe potentialqto be compatibleqwith a large numberqof commercially available 

power systemqanalysis softwareqtools, such as PSS/E, EMTP-RVqand PSCAD, as wellqas 

multi domainqsoftware toolsqsuch as SIMULINKqand DYMOLA. The integrationqof multi-

domain simulation tools with electrical simulators enables the analysis of interactions between 

electrical, power electronic,qmechanical andqfluid dynamicqsystems. 

  

Figure i: Evolution of Real-Time Simulation Technologies 

Theqlatest trend in real-time simulationqconsists of exportingqsimulation modelsqto real 

time digitalqsimulator (RTDS). This approachqhas many advantages. First, computationqtime 

within eachqtime step is almost independentqof system sizeqbecause of the parallelqnature of 
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RTDS. Second, overrunsqcannot occur onceqthe model is runningqand timingqconstrains are 

met.  

III. SIMULATOR CONFIGURATION 

Real-timeqsimulators are typicallyqused in threeqdifferent applicationqcategories, as 

illustratedqin Figure ii. 

 

 

Figure ii: Different Real-Time Simulation configurations 

i. Rapid Control Prototyping (RCP): 

In RCPqapplications, a plantqcontrollerqis implementedqusing a real-timeqsimulatorqand 

is connectedqto a physicalqplant. RCP offers manyqadvantages overqimplementingqan actual 

controllerqprototype. A controllerqprototype developedqusing a real-timeqsimulatorqis more 

flexible, fasterqto implementqand easier to debug. The controllerqprototypeqcan be tunedqon 

the fly orqcompletely modifiedqwith just a fewqmouse clicks. In addition, since every internal 

controllerqstate is available, an RCPqcan be debuggedqfasterqwithout having to take its cover 

off. 

ii. Hardware-in-the-Loop (HIL): 

For HILqapplications, a physicalqcontroller is connectedqto a virtual plant executedqon a 

real-time simulator, insteadqof to a physicalqplant. Figure ii illustratesqa small variationqto 

HIL; an implementationqof a controller usingqRCP is connectedqto a virtual plant via HIL. In 

additionqto the advantagesqof RCP, HILqallows for early testing of controllers when physical 

test benches are not available. Virtual plants also usually cost less and are more constant. This 

allows for moreqrepeatable resultsqand provides for testingqconditions that are unavailable on 

realqhardware, such as extremeqeventsqtesting. 

iii. Pure simulation/Software in the loop (SIL): 

SIL representsqthe third logicalqstep beyondqthe combinationqof RCP and HIL. With a 

powerfulqenough simulator, bothqcontroller and plantqcan be simulatedqin real time in the 
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same simulator. SIL has the advantage over RCP and HIL that no inputs and outputs are used, 

therebyqpreserving signalqintegrity. In addition, sinceqboth the controllerqand plantqmodels 

run on the same simulator, timing with the outside world is no longer critical; it can be slower 

or fasterqthan real-time withqno impact on theqvalidity of results, makingqSIL idealqfor a 

class of simulation called accelerated simulation. In accelerated mode, a simulation runs faster 

than real-time, allowing for a large number of tests to be performed in a short period. For this 

reason, SILqis well suitedqfor statisticalqtestingqsuch as Monte-Carloqsimulations.  

IV. THE WORKING PROCESS OF RT-LAB 

RT-LABqallows the userqto readily convertqsimulink models, via Real-timeqworkshop 

(RTW), and then to conduct Real-time simulation of those models executed on multiple target 

computers equipped with multi-core PC processors. This is used particularly for Hardware-in-

loop (HIL) and rapidqcontrol prototyping (RCP) andqSIL applications. RTLABqtransparently 

handles synchronization, user interaction, and real world interfacing using I/O boards and data 

exchangesqfor seamlessqdistributedqexecution. 

V. SIMULATOR SOLVERS 

The RT-LABqelectrical simulatorquses advancedqfixed time step solvers and 

computationalqtechniquesqdesignedqfor the strict constraintsqof real-time simulationqof stiff 

systems. Theyqare implementedqas a Simulinkqtoolboxqcalled ARTEMIS, whichqis used 

with the sim PowerqSystems/ Power SystemqBlock-set (PSB). PSBqis a Simulinkqtoolbox 

thatqenables theqsimulationqof electricqpower circuits withinqthe Simulinkqenvironment. 

WhileqPSB supportsqa fixed-time-step solverqbased on theqTustin method, dynamic 

computationqof circuit matrices, un-dampedqswitchingqoscillations, and theqneedqfor a very 

smallqstep size whichqgreatly slowsqdown theqsimulation. The ARTEMISqsolver uses a 

high-orderqfixedqtime- stepqintegration algorithmqthat is not proneqto numericalq 

oscillations, and advanced computational techniques necessary for the real-time simulation. 

VI. RT-LAB SIMULATION DEVELOPMENT PROCEDURE 

Electricqand power electronicqsystems are createdqon the host personalqcomputer by 

interconnecting: 

• Electricalqcomponents from component model libraries available in the Power System 

Block-set 

• Controllerqcomponents and other componentsqfrom Simulinkqand its toolboxesqthat 

are supportedqby Real- Time-Workshopq 
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• I/O blocksqfrom the simulatorqI/O tool boxes. Theqeasy to- useqdrag-and-drop 

Simulinkqinterface issuedqat all stagesqof the process. 

• These systemsqare then simulatedqand tunedqoff-line in theqMATLAB/Simulink 

environment. ARTEMISqfixed step solversqare used for the electric part and Simulink 

native solversqfor the controllerqand other block-diagramqparts. Finally, the model is 

automaticallyqcompiled and loadedqto the PC-Clusterqwith RTLABqsimulation 

interface. 

 

VII. OP5600 SIMULATOR 

TheqOP5600 is a completeqsimulation systemqcapable of operatingqwith either Spartan 

3 or Vertex 6 FPGAqplatforms. It isqdesignedqto be usedqeither as a desktopq(or shelf top) 

or as a moreqtraditionalqrackqmount. It containsqa powerful TargetqComputerqand a 

flexible, high-speedqFront End Processorqand a signalqconditioning stage. The newqdesign 

makes it easierqto use with standardqconnectorsq(DB37, RJ45 andqmini-BNC) without the 

needqfor input/output adaptorsqand allows quickqconnectionsqfor monitoring. The typical 

diagramqof OP5600 HILqbox is as shownqin Figure iii. 

The frontqof the chassis providesqthe monitoring interfacesqand monitoringqconnectors, 

while the backqof the chassisqprovides accessqto the FPGA monitoringqconnections, all I/O 

connectors, powerqcable andqmain powerqswitch.  

Inside, the mainqhousing is dividedqinto twoqsections, eachqwith a specificqpurpose and 

connectedqonly by a DC powerqcable and a PCIe cable: 

 

Figure iii: OP5600 HIL box 

i. Front view configuration: 

The front view of the OP5600 chassis is shown in Figure iv. 
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Figure iv: OP5600 front connector panels 

 

A. Inactiveqsection. These functionsqare currentlyqin developmentqand unavailable.  

B. 4 panelsqof RJ45 connectorsqprovideqconnectionsqto monitor output from mezzanine 

I/O boards. Eachqconnectorqis linkedqto front and backqmezzaninesqon theqcarrier 

board. Analogqmezzanines (channels 0-15) willquse only the firstqcolumn of 

connectors. Digitalqmezzanines willquse both columnsq(channels 0-15 in the first 

column andqchannels 16-31 on theqsecond columnqof connectors). See “DB37F 

Connections” and “RJ45qconnections” for more detailedqinformation. 

C. MonitoringqRJ45 connectorsqwith mini-BNC terminals: RJ45 cables connect from a 

channel on an RJ45 panel (B) to one of four RJ45 monitoringqconnectors (C). Mini-

BNC connectorsqallow for quick cableqconnections to monitoringqdevices (such as an 

oscilloscope). See “connecting monitoringqdevices” for details. 

D. Target computerqmonitoring interface. Twoqpush buttonsqinclude POWERqin top 

position to startqthe target computerqand RESET in theqbottom positionqto reset the 

target computer. Thereqare 6 LED indicators:  

LED  NAME  Description  

Green  Power  On indicates that the unit is powered up.  

Green  HDD  On indicates that the hard disk drive is 

operating.  

Green  NIC1  On indicates that network port 1 is in use.  

Green  NIC2  On indicates that network port 2 is in use.  

Red  Power Fail  On indicates a power fault.  

Red  Overheat/Fan 

Fail  

On indicates either that unit has overheated or a 

fan fault.  
 

E. OptionalqPCI or PCIe connectorqslots (by default, these spaces willqbe coveredqby 

blank platesqif there are no optionalqPCI cards. If thereqare PCI cardsqinstalled, the 

spaces willqcontain the PCIqconnectors).  
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F. F. Standardqcomputer connectorsq(left to right): mouseqand keyboard, USB ports, 

monitor, networkqports. Althoughquse of these connectors is optional but not required 

to use theqOP5600, one networkqport is requiredqfor networkqconnection. 

ii. Back view configuration: 

Figure v representsqthe back viewqconfigurationqofqthe OP5600 chassis. 

 

Figure v: OP5600 back connector panels 

A. DB37F I/Oqconnectors (see “Table vi and vi: Pin Assignments” for more details). The 

image (opposite) qillustrates theqlinks betweenqthe mezzaninesqand the DB37 I/O 

connectors 

B. Powerqconnector andqpower On/Off switch.  

C. OptionalqPCI or PCIe connectorqslots. 

 

Table vi: OP5600 DB37 pin assignments 
 

Connector A Ch. 0-15  Connector A Ch. 16-31  

DB37  Module 
pin 
assign
ment  

DB37  Module 
pin 
assign
ment  

DB37  Module 
pin 
assign
ment  

DB37  Module 
pin 
assign
ment  

1  +CH00  20  -CH00  1  +CH16  20  -CH16  

2  +CH01  21  -CH01  2  +CH17  21  -CH17  

3  +CH02  22  -CH02  3  +CH08  22  -CH18  

4  +CH03  23  -CH03  4  +CH19  23  -CH19  

5  +CH04  24  -CH04  5  +CH20  24  -CH20  

6  +CH05  25  -CH05  6  +CH21  25  -CH21  

7  +CH06  26  -CH06  7  +CH22  26  -CH22  

7  +CH07  27  -CH07  7  +CH23  27  -CH23  

9  +CH08  28  -CH08  9  +CH24  28  -CH24  

10  +CH09  29  -CH09  10  +CH25  29  -CH25  

11  +CH10  30  -CH10  11  +CH26  30  -CH26  

12  +CH11  31  -CH11  12  +CH27  31  -CH27  

13  +CH12  32  -CH12  13  +CH28  32  -CH28  

14  +CH13  33  -CH13  14  +CH29  33  -CH29  

15  +CH14  34  -CH14  15  +CH30  34  -CH30  

16  +CH15  35  -CH15  16  +CH31  35  -CH31  

17  36  17  36  

18  Vuser 1 
A*  

37  Vrtn 1 A*  18  Vuser 2 
A*  

37  Vrtn 2 A*  

19  19 
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Table vii: OP5600 DB37 pin assignments 
 

Connector B Ch. 0-15  Connector B Ch. 16-31  

DB37  Module 
pin 
assignm
ent  

DB37  Module 
pin 
assignm
ent  

DB37  Module 
pin 
assignm
ent  

DB37  Module 
pin 
assignm
ent  

1  +CH00  20  -CH00  1  +CH16  20  -CH16  

2  +CH01  21  -CH01  2  +CH17  21  -CH17  

3  +CH02  22  -CH02  3  +CH08  22  -CH18  

4  +CH03  23  -CH03  4  +CH19  23  -CH19  

5  +CH04  24  -CH04  5  +CH20  24  -CH20  

6  +CH05  25  -CH05  6  +CH21  25  -CH21  

7  +CH06  26  -CH06  7  +CH22  26  -CH22  

7  +CH07  27  -CH07  7  +CH23  27  -CH23  

9  +CH08  28  -CH08  9  +CH24  28  -CH24  

10  +CH09  29  -CH09  10  +CH25  29  -CH25  

11  +CH10  30  -CH10  11  +CH26  30  -CH26  

12  +CH11  31  -CH11  12  +CH27  31  -CH27  

13  +CH12  32  -CH12  13  +CH28  32  -CH28  

14  +CH13  33  -CH13  14  +CH29  33  -CH29  

15  +CH14  34  -CH14  15  +CH30  34  -CH30  

16  +CH15  35  -CH15  16  +CH31  35  -CH31  

17  36  17  36  

18  Vuser 1 
B*  

37  Vrtn 1 B*  18  Vuser 2 
B*  

37  Vrtn 2 B*  

19  19 

 

iii. RJ45 Channel assignments 

Each mezzanineqis assigned twoqcolumns of RJ45 connectors. Eachqcolumnqrepresents a 

seriesqof channels, dividedqinto 4 channelsqper jack, as shown in Figure vi. 

 

Figure vi:  RJ45 channel assignments 

 

iv. Connecting monitoring devices 

The OP5600 simulatorqoffers quick, single-endedqconnections, throughqRJ45 and mini BNC 

connectors, to anyqmonitoringqdevice (i.e. oscilloscope, etc.). Theseqmini-BNC jacksqlet you 

monitor 4 channels individually. Simply follow these instructions (as illustrated in Figure vii): 
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Figure vii:  How to connect cables for monitoring 

 

1. Connectqone end of the RJ45 cableqto the desiredqchannels (A). SeeqFigure vi 

for RJ45 connectorqpinouts  

2. Connectqthe otherqend of the RJ45 cableqto the monitoringqconnector (B)  

3. Connectqa mini-BNC cable to each BNC jack (C) and connect the other end of 

the cable to the desiredqmonitoringqdevice. The mini-BNC jacksqeach connect 

to one of the 4 channelsqof the RJ45 Connectorq(A). In the exampleqshown in 

Figure vi, the RJ45 cableqis connected to channels 28-31. The mini-BNC cable 

jacks, identifiedqas A, B, C, D, representqeach channelqin the following order;  

A = channel 28, 

B = channel 29,  

C = channel 30  

D = channel 31. 

  

v. OP5330 Digitalqto analog converter 

 The OP5330qdigital to analogqconverter (DAC) providesq16 single-ended digital output 

channels. Eachqchannel usesqa 16-bit resolutionqdigital-to-analogqconverter. It isqa part of 

theqOP5000 series of optionalqmodules forqOPAL-RT’s stateqof the artqHIL (hardware-in-

the-loop) systems, intendedqfor use withqOPAL-RT carrier boards. 

Each OP5330qcan samplequp to 1 MS/s, giving a totalqthroughput of 8 MS/s, all 

channels areqsimultaneouslyqsampled. The onboardqEEPROM providesqoffset and 

gainqdata adjustment writtenqduring the calibrationqprocess, as wellqas over-voltage 

protection.  

By default, the maximumqoutput signalqis set to ±16 volts. 

vi. OP5340 Analog to digital converter 
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 The OP5340qAnalog to Digital converter (ADC) is a part of the OP5000 series of optional 

modules forqOPAL-RT’s stateqof the art HILq(hardware-in-the-loop) systems, intendedqfor 

use with OPAL-RT carrier boards. Designed for OPAL-RT’s simulation systems, the OP5340 

convertsqanalog signalsqto digital. 

 The OP5340 module provides 16 differential analog input channels. Each channel uses a 

16- bit resolution analog-to-digital converter. The OP5340 module also has input signal 

conditioning capabilities that allow the user to apply a signal range from ±20v up to ±120v on 

the inputs. By default, the maximum input signal is set to ±20 volts. 

VIII. PROCEDURE FOR IMPLEMENTATION OF A MODEL FROM MATLAB TO 

REAL-TIME 

Theqexecutionqprocess allowsquser to run the Simulinkqmodel withqOpal-RT’s software 

andqhardware. It is basedqon eight (8) mainqsteps: 

i. Openqaqmodel 

ii. Edit a modelqin MATLABq 

iii. Compilationq 

iv. Assign nodesq 

v. Synchronization Modeq 

vi. Loadingq 

vii. Execution / Pauseq 

viii. Resetq 

i.  Open a Model 

In the MainqControl window, the OpenqModel buttonqallows user toqopen theqmodel. 

Right-clickqbutton is usedqto open a recentlyqusedqmodel. Simulink, System Build & EMTP 

modelsqcan be opened. When a model is open, its path will appear in the top display. Opening 

of a Simulinkqmodel usingqRT-LAB is shownqin Figure viii. 
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Figure viii: OpeningqofqMATLAB model usingqRT-LAB 

ii. Edit a Model 

In the MainqControl window, theqEdit button allowsquser to edit Simulinkqmodel using 

MATLAB. Simulinkqmodel consists of Masterqand Consoleqsubsystems whichqare shown in 

Figure ix. 

 

 

Figure ix: Model consistqofqMaster and Consloeqsub systems 

SM Master Subsystem 

• PrefixqIdentifier: SM_ 

• Numberqof SM subsystemsqallowed in aqmodel: 1 (always) 

• Content: Allqthe computationalqelements ofqthe model, theqmathematical operations, 

the I/Oqblocks, theqsignal generators, etc. 
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• Note: Thisqis the main subsystemqand every modelqmust have oneqSM_subsystem. If 

doubleqclick on theqSM_Master block theqcomputing systemqinside theqSM_Master 

subsystemqis displayqand as shownqin Figure x. 

 

Figure x: SM_Master computing sub system 

SC Console Subsystem 

• PrefixqIdentifier: SC_ 

• Numberqof SC subsystemsqallowedqin a model: 0 or 1q 

• Content: Allquser interfaceqblocks (scopes,qdisplays,qswitches, etc) 

• Note: Thisqis the onlyqsubsystem thatqwill be availableqto us duringqexecution. It 

enablesqus to interact withqthe system whileqit is running. The consoleqruns 

asynchronouslyqfrom the otherqsubsystems. It is also the onlyqsubsystem thatqis not 

linkedqto a computation node (core). Therefore, thereqshould be no signalqgeneration 

or importantqmathematicalqoperations includedqin thisqsubsystem. 

Add the OpComm Block 

RT-LABquses OpCommqblocks toqenable andqsave communicationqsetupqinformation. 

This includesqboth communicationqbetween theqconsole andqthe computationqnodes and 

communicationqbetween the multiple computation nodes in a distributed simulation scenario. 

All subsystemsqinputs must firstqgo through an OpCommqblock before anyqoperations can 

be done on the signals they are associated with. The OpComm block must be inserted after the 

subsystemsqcreation andqrenaming. In general, only one OpComm blockqmust be usedqeven 

if thereqare multipleqinputs in oneqsubsystem. Double-click on the block to select the number 

of inputs required. Theqtypical OpCommqblock for studiedqsystem is shownqin Figure xi. 
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Figure xi: SC_Console sub system 

Set the Real-Time Parameters 

A real-timeqmodel canqonly run in Fixed-Stepqmode as realqtime isqfixed-step. The 

Fixed-Step sizeq(fundamental sample time) mustqbe chosenqcarefully regardingqthe needs of 

theqsimulation, the dynamicsqof the modelqand mustqtake in accountqthe software/hardware 

capability. A typicalqmechanicalqapplicationqmay run aroundq1millisec whileqa typical 

electricalqsystem mayqrun aroundq50microsec. 

 

Figure xii: Settingqof redhat modeqforqMATLAB modelqusingqRT-LAB 

Inqmost cases, weqwant the consoleq(SC) to runqindefinitely. In orderqto doqso, the 

simulation’s stopqtime mustqbe set to ‘‘INF’’. Withqthis parameterqset, the consoleqwill be 
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stoppedqonly whenqus decides toqreset hisqmodel. This parameterqdoes notqapplyqto the 

simulationqduration; only to theqconsole. To developqa modelqin RT-LAB, targetqplatform 

shouldqbe set in Redqhat mode thisqis shown inqFigure xii. 

iii. Compilation 

In the MainqControlqwindow, theqCompileqbuttonqallows us toqcompileqthe Simulink 

model. Right-click buttonqis used to selectqonly specificqsteps of theqcompilation. If for any 

reasonqus wants toqstop the compilationqwhile it isqlaunched, the Compileqbutton is changed 

to ‘‘Abort’’ andqis availableqto stop theqprocess. Compilation of a Simulink model using RT-

LABqis shownqin Figure xiii. 

 

Figure xiii: CompilationqofqSimulink modelqusingqRT-LAB 

iv. Assign nodes 

In theqMain Controlqwindow, the AssignqNodes buttonqallows usqto linkqthe model’s 

subsystemsqto theqtargets. Theqlist of availableqnodes is on the right side. ‘‘Target Info’’ 

willqprovide us very useful information about the target selected. ‘‘Target Info’’ will provide 

us veryquseful informationqabout the targetqselection, whichqis shownqin Figure xiv. 

v. Synchronization Mode 

Thereqare 4 synchronizationqmodes availableqin RT-LAB: 

(a) Simulationq 

(b) Software Synchronizedq 
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(c) HardwareqSynchronizedq 

(d) Simulationqwithqlow priorityq 

Theqsynchronizationqmode can beqset at any time beforeqloading a model. Afterqthe 

loadingqstep, the simulationqmode list willqbe disabledqand the modelqmust be resetqif a 

simulationqmode change is required. Hardware Synchronization of Simulink model using RT-

LABqisqshownqinqFigure xv. 

 

Figure xiv: Assigningqnodesqusing RT-LAB 

 

 

Figure xv: HardwareqsynchronizationqusingqRT-LAB 
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vi.  Load 

In theqMain Controlqwindow, the Loadqbutton allowsqus to loadqthe Simulinkqmodel on 

the target(s). Thisqis the last step beforeqexecuting the model. The consoleqwill open andqbe 

readyqfor execution. There is oneqlog windowqfor each real timeqsubsystem (SM or SS). 

Loading Simulink model and opening of console block using RT-LAB is shown in Figure xvi. 

vii. Execution 

In the Main Controlqwindow, the Executeqbutton allows us toqexecute theqSimulink 

model. Duringqexecution, we canqchange the controlsqfound in theqconsole andqwitness 

changes displayedqin scopes, displays, etc. We canqpause or reset theqmodel at anyqtime. 

Executionqof Simulinkqmodel using RT-LABqis shown inqFigure xvii. 

viii. Reset 

Whenqwe want toqstop definitelyqour modelqfrom running, weqmust useqthe reset button 

foundqin the MainqControl window. Thisqwill stop theqacquisition (software & hardware) 

and theqconsole willqclose. 

IX. RT-LAB APPLICATION FIELD 

 

• Electricalq(Power Electronics & Power Systems) 

• Aerospace & Defenceq 

• Automotiveq 

• Academic & Researchq 

 

 

Figure xvi: LoadingqmodelqusingqRT-LAB 
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•  

• Figure xvii: Executionqof simulinkqmodel usingqRT-LAB 
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