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ABSTRACT 

Large-scale integration of wind farms in transmission networks has led to several 

challenges; one of which is the need for increased transmission capacity to transport a 

bulk amount of wind power. Series compensation is an established means of enhancing 

the power transfer capability of existing transmission lines and is being increasingly 

considered for integrating large wind power plants. However, series compensated 

transmission lines may cause subsynchronous resonance (SSR) in turbine-generators, 

which can lead to electrical instability at subsynchronous frequencies and potential 

turbine-generator shaft failures.  

This thesis deals primarily with the potential of subsynchronous resonance in induction 

generator based wind farms connected to series compensated lines. Two types of 

induction generators - single cage and double cage, are considered to develop a state 

space model of the overall wind farm system. Eigenvalue analyses followed by 

participation factor analysis and sensitivity studies are performed over a wide range of 

operating conditions. These analyses include variations in the size of wind farm, wind 

power output, and series compensation levels. The potential for SSR in a wind farm is 

examined through a comprehensive small signal analysis. A novel equivalent circuit 

analysis is also presented in this thesis for investigating the impact of fault at wind farm 

terminals based on the resonant speeds of wind turbine generators. Both eigenvalue 

analysis and equivalent circuit studies are reasonably validated through electromagnetic 

transient simulations carried out using PSCAD/EMTDC software. These studies are 

conducted for both modified IEEE First SSR Benchmark systems and Second SSR 

Benchmark systems, and with three different commercially available wind turbine 

generators. It is found that induction generator effect based SSR may be experienced with 

large wind farms even at realistic levels of series compensation.  

This thesis proposes a STATCOM to alleviate SSR in such series compensated wind 

farms. Two STATCOM controllers are proposed and their performances compared. A 

detailed SSR study is also conducted to examine the impact of HVDC lines on induction 
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generator based wind farms. However, it is concluded that HVDC converter controller 

may not have the potential for torsional interaction with IG based wind farms. 

This thesis also presents a study of turbine trippings in a large commercially operated 

wind farm in Ontario. Detailed analysis has led to the conclusion that the trippings were 

caused due to harmonic resonances resulting from large transmission capacitor and wind 

park capacitors. Several recommendations are made in this thesis to avoid the future wind 

turbine trippings. 

Keywords 

Wind turbine, Induction generator, Series compensation, Subsynchronous resonance, 

Induction generator effect, Torsional interaction, Torque amplification, Eigenvalue 

analysis, Equivalent circuit analysis, Resonant speed, STATCOM, Line commutated 

converter (LCC) based HVDC, Harmonic resonance, Impedance scanning, Synchronous 

control unit (SCU). 
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Chapter 1  

INTRODUCTION 

1.1 GENERAL 

In the last thirty years the wind energy industry has seen a rapid growth in comparison to 

other renewable energy industries. Enhanced technology and design improvements have 

played a significant role in increasing their penetration levels. The size of the wind 

turbines has increased, the cost has been reduced, and controllability of the wind power 

plants much improved, in recent years. The advancements in power electronics have 

placed wind energy as a serious and competitive alternative to other renewable sources 

[1]-[18]. Particularly North Europe, Germany, Spain, USA, Canada, China, and India 

have shown a strong achievement in expanding the wind energy systems. By the end of 

2011, worldwide installed capacity reached 238 GW [1], [8], [11]. China, with 63 GW 

installed capacity, has become the leader of the international wind industry. Many 

countries have now set the target of generating 20% of their energy from renewable 

energy sources by 2020, of which wind energy is recognized as the prime contributor [5], 

[11]-[14]. 

In a commercially operated wind turbine, the mechanical drive train system transmits the 

rotor torque and feeds it to the electrical generator. Then the electrical generator converts 

the mechanical energy into electrical energy. In modern horizontal axis wind turbines, the 

mechanical system is one of the most complex systems. Based on the speed control of the 

wind turbine, it is operated in two modes: a) fixed speed, and b) variable speed [19]-[24]. 

In the case of a fixed speed wind turbine, the generator rotates at or near constant speed 

regardless of the wind speed. The speed is determined by the supply frequency of the 

network connected to the generator.  These types of wind turbines produce maximum 

power at a particular wind speed and are equipped with squirrel cage induction 

generators, which are cheap, robust, and simple to operate. However, large reactive 
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power consumption and poor power quality are the major disadvantages of this wind 

turbine generator system [19], [22], [23].  

In the case of a variable speed wind turbine maximum aerodynamic efficiency is gained 

by adapting different speeds of the turbine. This is achieved by keeping the tip speed ratio 

fairly constant [19], [20]. The input mechanical torque to the generator remains constant. 

Of the squirrel cage induction generator and synchronous generator, both could be used 

in this type of wind turbine. With the recent developments in power electronics, this 

topology is becoming popular very fast. Most wind farms in Europe and North America 

use Doubly Fed Induction Generators (DFIG) and the most recent trend is to use full 

converter based wind turbine generators [19], [23], [25].  

However, there are large number of wind farms across USA, India, and Australia, etc., 

which utilize fixed speed Induction Generator based wind turbines. Currently many of 

these larger scale wind farms are either in operation or under construction. Brahmanvel 

wind farm in India has a total rating of 549.1 MW. The largest IG based wind farm in 

USA is the Twin Groves wind farm in Illinois with an installed capacity of 396 MW. A 

few of the other large scale IG based wind farms are Maple Ridge wind farm (321.75 

MW) in New York, Fowler Ridge wind farm (300.30 MW) in Indiana, Pioneer Prairie 

wind farm (301.95 MW) in Iowa, and Stateline wind farm (300.96 MW) on the border of 

Washington and Oregon, USA [8], [9], [10], [14]-[18].  

In the last 20 years, transmission technologies have benefited from a new stage of 

innovation. Today over two thirds of new large-scale transmission systems planned or 

under construction are high-voltage direct current (HVDC) systems. HVDC systems are 

an essential component of power systems to meet the growth in demand for electricity. 

Around the world, HVDC is being relied upon to integrate large amounts of intermittent 

renewable energy capacity, as well as the rapid capacity expansion of bulk power 

transmission to meet vibrant economic growth in the developing world [26]-[33].  

Device dependent subsynchronous oscillations have been defined as the interaction 

between the turbine-generator torsional system and the power system components. Such 

interaction with turbine-generators has been found with DC converter controls, variable 
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speed motor controllers and power system stabilizers. There is a potential for such 

interaction for any wide bandwidth controller located near the turbine-generator. From 

the field test carried out in 1977 in North Dakota, it was found that the basic HVDC 

controls created growing torsional oscillations of the turbine-generator. Careful analysis 

of the test results shows that any HVDC converter has the potential for creating 

subsynchronous torsional oscillations in turbine generators that are connected to the same 

bus as the HVDC converter [34]-[41].  

As the application of HVDC for the wind farm interconnection grows, a threat of SSR 

interaction also increases. However, no study has yet been undertaken in detail to address 

the concern of SSR interaction of the wind farm with HVDC current controllers. 

1.2 SUBSYNCHRONOUS RESONANCE 

Subsynchronous resonance is an electrical power system condition where the electric 

network exchanges energy with a turbine generator at one or more of the natural 

frequencies of the combined system below the synchronous frequency of the system [42]-

[45]. Series compensation in the line results in excitation of subsynchronous currents at 

an electrical frequency erf  given by  

 0
c

er
N

X
f f

X
  (1.1) 

where, cX is the reactance of the series capacitor, NX is the reactance of the line 

including that of the generator and transformer, and 0f is the nominal frequency of the 

power system. Typically cX can be up-to 60-70% of NX . Hence, 0erf f . The 

subsynchronous currents result in rotor torques and currents at the complementary 

frequency as rf . 

 r o erf f f   (1.2) 

These rotor currents result in subsynchronous armature voltage components that may 

enhance subsynchronous armature currents to produce SSR. There are two aspects of the 

SSR: i) Self-excitation involving both an induction generator effect and torsional 

interaction, and ii) Transient torque (also called transient SSR). 
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1.2.1 Induction Generator Effect 

Induction generator effect involves only electric system dynamics. Generator armature 

currents at subsynchronous frequency  erf produce a component of rotating mmf in the 

armature air gap of angular velocity 2 erf . This mmf interacts with the main field air gap 

mmf to produce torques at subsynchronous frequency  0 erf f and at super-

synchronous frequency  0 erf f . If the generator rotor torsional mode frequency  nf  is 

different from the subsynchronous torque frequency  0 erf f  then relatively little 

torsional interaction takes place. However, because the rotor circuits are turning more 

rapidly than the rotating mmf, the resistance to the subsynchronous current viewed from 

the armature terminal is negative due to the commonly understood induction machine 

theory. When this negative resistance exceeds the sum of the armature and network 

resistance at the resonant frequency erf , the armature currents can be sustained or grow. 

This phenomenon is called induction generator effect [42]-[45]. 

Wind farm comprising squirrel cage induction generators are also susceptible to the 

induction generator effect. As the rotating MMF produced by the subsynchronous 

frequency armature currents moves at speed s , which is slower than the speed of the 

rotor r , the resistance of the rotor (at the subsynchronous frequency viewed from the 

armature terminals) is negative as the slip ‘s’ of the induction generator is negative.  The 

slip is defined as: 

 s r

s

s
 



  (1.3) 

When self-excitation starts in a network, subsynchronous electrical currents will tend to 

increase rapidly. 

1.2.2 Torsional Interaction 

Torsional interaction involves both the electrical and mechanical system dynamics. When 

the frequency of the subsynchronous component of the armature voltage is close to or 

aligns with the electrical system natural frequency, the resultant subsynchronous current 
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will produce a rotor torque that is phased to sustain rotor oscillation. The torques at rotor 

torsional frequencies may then be amplified and potentially lead to shaft failure. This 

interplay between the electrical and mechanical system is known as torsional interaction 

[42]-[45]. 

1.2.3 Torque Amplification 

System disturbance such as fault and switching of lines in the network may excite the 

oscillatory torque in the shaft of the generator. The shaft torque response is not sinusoidal 

with a single frequency, but contains contributions from many components including 

unidirectional, exponentially decaying, and oscillatory torques from subsynchronous to 

multiples of network frequency. Due to SSR, the subsynchronous frequency component 

may have large amplitude immediately following the disturbance that may be damped out 

subsequently. Each occurrence of the high amplitude transient torques may lead to cyclic 

fatigue in the shaft system [42]-[45]. 

1.3 TECHNIQUES FOR STUDY OF SUBSYNCHRONOUS 
RESONANCE 

There are several techniques available for the study of subsynchronous resonance in 

power systems. The most common techniques are: 

(a) Frequency scanning 

(b) Eigenvalue analysis 

(c) Electromagnetic transient simulation 

1.3.1 Frequency Scanning  

The frequency scanning technique is a fundamental technique for preliminary analysis of 

subsynchronous resonance. It involves the determination of the driving point impedance 

over the frequency range of interest as viewed from the neutral bus of the generator under 

study. In this technique, the equivalent resistance and reactance are computed by looking 

into the network from a point behind the stator winding of a particular generator, as a 

function of the frequency. Should there be a frequency at which the reactance is zero and 

resistance is negative, self-sustaining oscillations at that frequency would be expected 
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due to the induction generator effect. Frequency scanning can sometimes provide 

information regarding the possible problems with torsional interaction and transient 

torques. This method is easy to use and is fast [34], [42]-[49]. 

1.3.2 Eigenvalue Analysis  

Eigenvalue analysis is extensively utilized for the study of torsional interaction and 

induction generator effect. This analysis is studied through the linearized model of the 

power system. The basic procedure of the eigenvalue analysis encompasses: 

(a) Development of a positive sequence model of the power system 

(b) Modeling of generator electrical circuits 

(c) Modeling of turbine-generator spring mass system 

(d) Calculation of eigenvalues of the interconnected systems 

(e) Real component of eigenvalues corresponding to the subsynchronous modes of 

the turbine-generator spring mass system indicates the severity of torsional 

interaction 

(f) Real component of eigenvalues corresponding only to electrical system resonant 

frequencies reveals the severity of the induction generator effects problem 

The real part of the eigenvalue is a direct measure of the positive or negative damping for 

each mode [34]-[46], [50], [51]. 

1.3.3 Transient Torque Analysis 

In order to determine the potential for SSR torque amplification, electromagnetic 

transient analysis is performed to find the peak transient shaft torque that is to be 

expected when a fault or equipment switch takes place in a series compensated line [34], 

[42], [43], [46]. 

In this thesis, SSR analysis is carried out through a comprehensive eigenvalue analysis 

that is then reasonably validated through the electromagnetic transient simulation in 

PSCAD/EMTDC software.  
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1.4 SUBSYNCHRONOUS RESONANCE IN      
SYNCHRONOUS GENERATORS 

After the first series capacitor in the world was installed at Ballston, New York in 1928, 

the applications of series capacitors have increased significantly. A detailed study 

conducted in 1937 found the foundation of the subsynchronous resonance issues to be in 

power systems, as caused by series capacitors [52]. Three case studies are presented in 

this paper. Case-1 shows the response of a lightly loaded transformer connected through a 

series capacitor. It resulted in a large and steady exciting current in the transformer. 

Similarly, the impact of a series capacitor on the hunting of the synchronous generator is 

shown in Case-II. In this case, an interconnected system is considered. In Case-III, self-

excitation of an induction motor operating in series with a series capacitor is discussed.  

Analytical methods are proposed in this paper for the analysis of each case. Details of 

self-excitation of an induction motor operating in series with a fixed capacitor are 

presented in [53]. Until 1970 not much work had been reported on SSR when the shaft 

damage occurred at Mohave generating station due to the subsynchronous interaction 

between the turbine-generator and the series capacitor. Because of the repeated 

occurrence of the incident at the Mohave station, this issue was taken up seriously and the 

very first paper on SSR of synchronous generator connected to series compensated 

transmission line was presented in 1973 [54]. Since then, a multitude of papers have been 

published in various journals and conference proceedings. Many mitigation techniques 

such as bypass switch, passive filter, and FACTS devices have been proposed to mitigate 

the SSR oscillation in the network.  

1.5 SUBSYNCHRONOUS RESONANCE IN WIND FARMS 

Large-scale integration of wind farms in the transmission and distribution networks has 

led to several challenges [55], [56]. One of these challenges is the need for substantial 

upgrading of grid transmission infrastructures including the construction of new 

transmission lines to accommodate the increased power flow from the wind plants [26]-

[28]. It is well known that series compensation is an effective means of enhancing the 

power transfer capability of existing transmission lines. Hence, it is being increasingly 

considered for integrating large wind generation plants [28], [57]. Series capacitors have 
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been known to cause subsynchronous resonance (SSR) as described above. Furthermore, 

the presence of series capacitors in the line may also potentially cause subsynchronous 

resonance (SSR) in induction generator based wind turbine generators [26], [53].   

Two papers [58], [59] presented a detailed analytical and experimental result of 

subsynchronous resonance of a squirrel cage induction motor and a deep bar induction 

motor, respectively, fed by a series compensated feeder.   

In 2003, the impact of a large-scale integration of wind farms into a utility grid was 

studied [26], which focused on major interconnection issues. In this paper, both 

conventional IG based wind farms and DFIG wind farms are considered. Wind farm 

interaction with series compensated transmission line was discussed for the first time in 

this paper. Based on the simulation studies with squirrel cage induction generator based 

wind farms, induction generator effect was detected in the presence of the series 

capacitor.  

In December 2005, Xcel energy released a report on the study of a series capacitor in the 

Wilmarth-Lakefield transmission system [60]. This report specifically discussed the 

impact of the series capacitor on the interconnected network and turbine generators 

connected at various points in the network. Series compensation of 65% was considered 

for the analysis according to this report. A 107 MVA wind farm based on 100 DFIGs was 

proposed at the Lakefield system. Induction generator effect and torsional interaction 

were studied thoroughly using the frequency scanning method. Induction generator effect 

was found to be dependent on the rotor circuit parameter and operating slip of the DFIG. 

For the analysis, the slip was varied between -30% to +30%. From the frequency 

scanning, unstable SSR induction generation effect was detected at 10Hz. Stator 

impedance and rotor impedance were found to be responsible for the resonant frequency 

and equivalent negative resistance, respectively. This study suggested that when a large 

number of wind turbines are aggregated, the SSR issue might become more prominent.  

Different sizes of wind farms and their impact on the SSR were a major contribution of 

the work. However, no small signal analysis or electromagnetic transient studies were 

performed. 
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Five papers published between 2006 and 2008 discussed SSR issues in wind farms and its 

mitigation using Flexible AC Transmission (FACTS) Controllers [61]-[65]. In [61] the 

authors studied the potential of SSR through a frequency domain model of the induction 

generator based wind farm. It was found that torsional modes may be excited by an 

electrical fault in the network but any unstable torsional interaction was not indicated. In 

[62] a double-cage induction generator based 500 MW wind farm was connected to a 

series compensated transmission line. Several electromagnetic transient simulation results 

shown in this paper indicated the potential of induction generator effect in the wind farm 

following a fault in the network. However, it only happened with a high level of series 

compensation.  A FACTS device-static var compensator (SVC) was proposed to mitigate 

the SSR oscillation in the wind farm [63]. The authors proposed a damping controller in 

which speed deviation was considered as the input signal. However, no eigenvalue 

analysis was provided to illustrate the improved stability in a closed loop system. Since 

wind farms are spread over a large geographical area, the specific generator speed that 

was used for the damping of SSR oscillation was not discussed. Another paper [64] 

showed the mitigation of SSR using Thyristor Controlled Series Capacitor (TCSC). A 

damping controller was also proposed in this paper to mitigate the SSR oscillation in the 

wind farm. A further paper [65] presented a comparative study of mitigation of SSR 

oscillation using two FACTS devices: a) SVC and b) TCSC. Several electromagnetic 

transient simulations carried out in PSCAD/EMTDC were shown in this paper for SSR in 

wind farms of size between 100 MW to 500 MW. TCSC with and auxiliary damping 

controller was found to be superior over the SVC with a similar damping controller for 

mitigation of the SSR oscillation in the wind farm following a symmetrical fault in the 

network.  

Two papers were published on the mitigation of SSR in wind farms using static 

synchronous compensators (STATCOM) and static synchronous series compensators 

(SSSC) [66], [67]. In these papers a 100 MW squirrel cage induction generator based 

wind farm was connected to a series compensated transmission line. A shaft monitoring 

system was proposed to monitor the shaft oscillation following the disturbance in the 

network. Several low pass and band pass filters were proposed to achieve the objective of 

monitoring the torsional oscillations. Auxiliary damping controllers were proposed to 
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mitigate the oscillation in the wind turbines. A generator speed feedback signal is used 

for the damping of the torsional interactions. Another damping signal was also derived 

from the active power generated by the wind farm in a fixed time interval. However, in a 

large wind farm, selection of an appropriate speed signal for the damping would be a 

challenging task for the control engineer. In these two papers, no induction generator 

effect was found, rather a torsional interaction was reported following a fault in the 

network. 

Modeling of DFIG based wind farm connected to a series compensated transmission line 

was presented in [68]. Small signal analysis and time domain simulations were carried 

out in this paper. Impact of a series capacitor and control parameters on the SSR 

oscillation were reported. Further studies of SSR with DFIG based wind farms were 

reported in [69]-[72]. A detailed modeling of the DFIG based wind farm connected to a 

series compensated transmission line was reported in these papers. Small signal analysis 

followed by a time-domain simulation was performed to examine the SSR conditions. 

DFIG converter controller design and its interactions with series capacitor were studied. 

Through participation factor analysis, authors established a criterion to detect and 

mitigate the SSR by choosing suitable controller parameters. 

There are two events related to SSR that have already occurred in the wind farms 

connected to a series compensated transmission line. In October 2009 a single line to 

ground fault occurred on a 345 kV series compensated line connected to two large wind 

farms in Texas, of capacity ≈485 MW. After the fault, once the faulted line was cleared, 

the wind farm continued to operate radially with a single 345 kV line with 50% series 

compensation. Then, the SSR interaction between the wind turbine generator control and 

series capacitor initiated and grew sufficiently large to damage the wind turbines as 

voltage exceeded 2 pu before the series capacitor was bypassed. From the priliminary 

analysis it was found that the control interaction of the DFIG based wind turbine 

controller and series capacitor caused the undamped voltage oscillations [73].  

Another incident was witnessed in the Buffalo Ridge area of Minnesota. Many wind 

farms are planned and connected to the 345 kV series compensated transmission line in 
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southwestern Minnesota. In one case, the series compensation level was chosen to be 

60% in a 54 mile line. One end of the line was connected to a 150 MW wind farm. 

During the commissioning process of the series capacitor, one line was taken out before 

the series capacitor was bypassed. During this operation the wind farm output was 15 

MW and only one of the six synchronous generators (46 MW) was connected to line. The 

switching operation resulted in the radial operation of the wind farm with the series 

compensated transmission line. The system tripped due to the flashover in the generator 

bus duct resulting in the bypass of the series capacitor. Generator current recorded during 

the event was analyzed and the presence of DC component along with a low frequency 

component (9-13 Hz) was confirmed. This was later confirmed as the subsynchronous 

resonance that was caused due to the interaction of the DFIG controller and the series 

compensated transmission line [60], [74]. 

A report on the impact of wind farms in SSR in a power system was released in 2011[75]. 

This report was prepared based on the incident witnessed in the Gulf wind farm in Texas. 

Through the frequency scanning method only, an analysis of the SSR was performed. 

The major focus was given to the converter and its control on the basis of practical 

experience. The impact of rotor current controller bandwidth and DC link voltage 

controller bandwidth was tested by performing a time domain simulation in 

PSCAD/EMTDC. The study was later extended to see the impact of the grid side 

converter’s reactive power controller bandwidth and PLL bandwidth. From these 

simulations it was found that rotor side converter current controller and PLL exhibit a 

greater impact on the SSR oscillation. The impact of the DC link controller bandwidth 

was found to be the least. At the same time, the magnitude of power flow was also found 

to impact the SSR oscillations. 

To protect wind farms from SSR oscillations, a relayhas recently been developed by ERL 

phase power technologies [74]. This relay is useful to detect the oscillation of frequency 

band between 5-25 Hz. This development was the result of collaborative research 

between the Xcel energy and ERL phase power technology. A real issue of SSR 

oscillation in a DFIG based wind farm connected to a series compensated transmission 

line was the motivation of this development. 
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1.6 SSR IN WIND FARMS CONNECTED TO HVDC LINES 

As the application of HVDC for the wind farm interconnection grows, the threat of SSR 

interaction between the wind turbines and HVDC controllers also increases. From 

previous research it has been found that the torsional interaction of HVDC controller is 

less dangerous than the series compensated transmission line [34], when connected to a 

large synchronous generator [37], [38], [40],[77], [78]. However, impact study on the IG 

based wind farm has not been done thoroughly. The potential of SSR in wind farms 

connected to HVDC line was first indicated in [26]. In [82], a study of torsional 

interaction of wind turbine and HVDC controller is presented. This is demonstrated only 

through the transient simulations. In addition, the impact of various parameters was not 

studied. In this thesis, a systematic study of the potential SSR in an induction generator 

based wind farm connected to series compensated line and HVDC system is presented. A 

parallel AC-DC system configuration used for the analysis of SSR with synchronous 

generator is utilized in this paper [78]. 

1.7 HARMONIC RESONANCE IN WIND FARMS 

Network resonance issues appear in wind farms due to the presence of power factor 

correction capacitors, bus capacitors, and underground cables. The interaction between 

the network reactances and the above capacitances may result in series and parallel 

resonance. When the harmonic level exceeds the allowable limit it may cause damage to 

the substation equipment and consumer equipment as well [79], [80]. Amplification of 

harmonic over voltage may also result in tripping of the wind turbines.  

Broadly, the harmonic resonance can be of two types: a) series resonance, and b) parallel 

resonance. In the case of series resonance the impedance becomes low at resonant 

frequency that causes the flow of large current in the network. Sometimes this also causes 

high distortion in the voltage at the distant buses.  However, parallel resonance is 

associated with high impedance at resonant frequencies. It causes large distortion in the 

voltage and produces large harmonics current [81]-[84].  

If the harmonic current from the wind farm aligns with the resonant mode, significant 

voltage amplification may occur. Since modern wind farms use power electronics 
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converters for grid interfacing, a significant amount of the characteristic harmonics 

current emission from these converters may cause parallel resonance problem in the 

network at certain resonant frequencies [85], [86].  

There are many papers published on the harmonic resonance issue. In [87] the authors 

considered a DFIG based wind farm and calculated the harmonic emission. Exact 

estimation of harmonic emission is essential as harmonic current injection from a wind 

farm may cause the parallel resonance at the PCC. This paper [87] presented several 

simulated results and real time measurements of an actual commercial wind farm. Impact 

of harmonic emission on the wind farm operation has also been discussed in this paper. In 

[88] a study was carried out for the detection of harmonic current in an 18 MW induction 

generator based wind farm. It is found that lower order harmonics are the most dominant. 

Harmonic distortion in fixed speed wind farms are least influenced by the operating 

condition such as change in wind speed [79].  Recently a 101.2 MW full converter based 

wind farm in Canada suffered from a harmonic resonance issue that caused the tripping 

of several wind turbines. From the preliminary study it was found that the turbine 

tripping was due to the temporary over voltage which was caused by the parallel 

resonance at the PCC. This phenomenon needs further investigation.  

1.8 OBJECTIVES AND SCOPE OF THE THESIS 

The objectives and the scope of the thesis are: 

(a) To develop a comprehensive system model for the study of subsynchronous 

resonance in induction generator based wind farms connected to series 

compensated transmission lines and to validate small signal eigenanalysis study 

results through electromagnetic transient simulation studies. 

(b) To investigate the effect of various factors, such as the level of series 

compensation, power output and rating of wind farms, locations of faults in a 

wind farm radially connected to series compensated network. 

(c) To investigate the mutual interaction between induction generator based wind 

farms connected to series compensated lines. 

(d) To design a STATCOM controller for mitigating subsynchronous resonance in 

the wind farm connected to series compensated line.  
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(e) To examine the potential of subsynchronous resonance in induction generator 

based wind farms connected to HVDC lines together with parallel series 

compensated line. 

(f) To investigate the issue of harmonic resonance and its impact on a commercially 

operated wind farm. 

1.9 OUTLINE OF THESIS 

The chapter wise summary of the work done in this thesis is given below.  

Chapter 2 reports the development of an overall system model for an induction generator 

based wind farm connected to a series compensated transmission line. Models of various 

subsystems including induction generator mechanical drive train, series compensated 

line, STATCOM, lien commutated converter (LCC) based HVDC lines, and full 

converter based commercial wind farms have been developed. The per unit model of 

single-cage and double-cage induction generators were developed by synchronously 

rotating d-q reference frame. To predict the behavior of the induction generators during 

terminal fault, an equivalent circuit modeling is introduced and that predicts the unstable 

resonant speed bands. Dynamic aggregation of wind turbines is also presented in this 

chapter. Finally, the mechanical drive train and induction generator model are reasonably 

validated through an electromagnetic transient simulation carried out using 

PSCAD/EMTDC software. 

Chapter 3 presents the analysis of subsynchronous resonance in a single-cage induction 

generator based wind farm connected to a series compensated transmission line. The 

analysis is carried out over a wide range of operating conditions such as: variation in size 

of the wind farm, variation in power output and series compensation level. The study is 

carried out in two steps. First, a small signal analysis is carried out to determine the 

eigenvalues at different equilibrium points. Then, participation factor and sensitivity 

analysis are done in support of the eigenvalue analysis. Further, to validate the small 

signal analysis, a time domain simulation of the study system is performed in 

PSCAD/EMTDC. 
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Chapter 4 presents a comprehensive analysis of subsynchronous resonance in a double-

cage induction generator wind farm connected to a series compensated transmission line. 

Eigenvalue analysis is carried out for a wide range of variation in wind farm size, power 

output, and series compensation levels. Participation factor analysis followed by the 

sensitivity analysis is performed to examine the SSR phenomenon in the wind farm. 

Validation of the small signal models is performed through the time domain simulations 

in PSCAD/EMTDC. Fault studies are performed at different locations to evaluate the 

potential for the rise in the shaft torque. An equivalent circuit theory analysis technique is 

presented to estimate the resonant speed bands of the wind turbine generators. This 

chapter also shows studies with various other commercially available double-cage 

induction generators to exemplify subsynchronous resonance issues in the induction 

generator based wind farms. 

Chapter 5 is concerned with an analysis of subsynchronous resonance in wind farms 

connected to non-radial series compensated transmission lines. The IEEE second 

benchmark system-I is adapted for the study. A detailed d-q model of the network is 

developed in this chapter that is then utilized for eigenvalue analysis. Small signal 

analysis is then reasonably validated through detail time domain simulation in 

PSCAD/EMTDC. Impact of fault on the wind farm is examined. Potential for SSR during 

normal and contingency operating period are also investigated. 

Chapter 6 deals with mitigation of subsynchronous resonance in double-cage induction 

generator based wind farms connected to a series compensated transmission line using 

STATCOM. Two STATCOM controllers are proposed in this chapter for the mitigation 

of subsynchronous resonance. A comprehensive eigenvalue analysis is carried out to 

prove the effectiveness of the controllers. Eigenvalue analysis is first carried out with the 

controllers and then a time domain simulation is performed in PSCAD/EMTDC. The 

Singular Value Decomposition (SVD) technique is used for the optimal choice of the 

control inputs to damp out the concerned oscillatory mode. Through various fault studies, 

the effectiveness of the STATCOM controllers is reasonably validated. The impact of a 

wind farm collector cable system is also examined.  A case study with a single-cage 
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induction generator is also reported where the proposed STATCOM is utilized for 

damping of subsynchronous oscillations. 

Chapter 7 presents the analysis of subsynchronous resonance in a wind farm connected to 

a HVDC line in parallel with AC transmission line. Two types of AC transmission lines 

are considered. In one case, the line is uncompensated; and in another case the line is 

series compensated. The motivation behind the use of a series compensated line is to 

evaluate the contribution of both systems (series capacitor and HVDC controller) on the 

potential for SSR oscillation in the wind farm. The studies include eigenvalue analysis, 

participation factor analysis, and sensitivity analysis. Electromagnetic transient 

simulations are then carried out to confirm the small signal analysis. 

Chapter 8 deals with the harmonic resonance analysis in an actual commercially operated 

wind farm. A 101.2 MW full converter based wind farm is connected to a 230 kV 

network through overhead lines and underground cables. Due to switching of large grid 

capacitors, several wind turbines were tripped on at least five occasions. This chapter 

presents an in-depth analysis of the harmonic resonance that may be the possible reason 

behind the harmonic over voltage that caused the wind turbines to trip. First, the entire 

wind farm and the network are modeled in PSCAD/EMTDC software. To examine the 

harmonic resonance, impedance scan is performed and compared with the frequency 

spectrum of the recorded voltage and current signals. The capacitor switching event is 

performed in accordance to the field operation. The simulated results are compared with 

the field-recorded data. Since another wind farm is coming up with identical 

configuration in close vicinity, the potential for harmonic resonance is also examined for 

both wind farms. Recommendations are made for the wind farms to operate with specific 

combinations of park capacitors to avoid harmonic resonance issues. 

A brief overview of the major contributions of this thesis and suggestions for the future 

work constitute the ninth and concluding chapter.  
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Chapter 2  

2 MODELING OF WIND TURBINE GENERATOR SYSTEMS 

2.1 INTRODUCTION 

This chapter presents a detailed modeling of various subsystems in an induction generator 

based wind farm connected to a series compensated transmission line. The objective of 

this chapter is to create an overall system model for examining the potential of 

subsynchronous resonance in such a system. 

The wind farm is modeled as two sub-systems. One represents the mechanical drive train, 

whereas the other sub-system accounts for the electrical circuit of the generator. Two 

types of induction generator models are introduced in this chapter, both of which are used 

extensively in this thesis. The wind turbine generator system model is reasonably 

validated in one case by considering a symmetrical fault in the electrical network and also 

a step change in mechanical torque input. Small signal analysis is carried out utilizing the 

user written programs in MATLAB, while all electromagnetic transient simulations are 

carried out with PSCAD/EMTDC software [89], [90]. 

2.2 SYSTEM DESCRIPTION 

The study system is depicted in Figure 2.1, in which an induction generator based wind 

farm is connected to a series compensated transmission line. This system is a modified 

IEEE First SSR Benchmark system [44]. The original benchmark system was proposed to 

facilitate the computer simulation of subsynchronous resonance in a power system that 

was based on the Navajo project 892.4 MVA synchronous generator connected to a 500 

kV transmission system. In this thesis, the conventional synchronous generator is 

replaced with a large induction generator based wind farm. The configuration of a typical 

wind farm is shown in Figure 2.2 [19]. It is assumed that there are ‘n’ numbers of 

identical wind turbines and all are connected to PCC through the collector cables of 

adequate rating. For the modeling purpose, the study system is divided into two sub-
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systems: i) wind farm, and ii) transmission line. The wind farm is subdivided further into 

two sub-systems: i) mechanical drive train, and ii) electrical generator. A detail modeling 

technique of each sub-system is presented in this chapter. While modeling the wind farm, 

no collector cables are considered between the wind turbine generators and interfacing 

transformer shown in Figure 2.1. 

 

Figure 2.1 Series compensated line connected to induction generator based wind farm 

 

Figure 2.2 Typical wind farm connection 

2.3 DRIVE TRAIN SYSTEM 

The drive train system is treated as a sub-system along with a rotating mass and several 

torsionally elastic components. The vibrational modes of a wind turbine can be excited by 

external influences such as stochastic fluctuations of the rotor torque caused by wind 

turbulence and output torque of the electrical generator.  

The vibrational response of a torsional system is determined by three elasto-mechanical 

parameters such as i) the moment of inertia of the rotating masses, ii) the torsional 

stiffness of the elastic shafts and connecting elements, and iii) the torsional damper 
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constants. These three parameters are usually determined from the design and material 

properties of the drive train components involved [20].  

The drive train of a wind turbine generator system typically consists of a blade pitching 

mechanism with a spinner, a hub with three/two blades, a rotor shaft, and a gear box with 

a breaker and electrical generator. Considering it as a three mass drive train system, the 

proportion of the inertial moments of these sub-systems contributing to the overall 

inertial moment of the drive train of wind turbines with widely differing sizes and 

technical concepts can be distributed as follows [21]. The hub with blades comprises 85-

92% of the total polar moment of inertia, whereas the generator rotor constitutes 5-10%, 

and the rest of the drive train system contributes 1-2%. Unlike the moment of inertia, the 

generator represents the largest torsional stiffness, which is approximately 100 times the 

rotor shaft stiffness and approximately 50 times the stiffness of the hub with blades [21]. 

In general, for modal analysis of a multi-mass drive train system the rotor is treated as a 

contribution of discrete masses connected together by springs represented by their 

damping and stiffness coefficient. 

 

Figure 2.3 Torque acting on n-th mass 

For the generic drive train system shown in Figure 2.3, a dynamic equation of the n-th 

mass can be written by a second order differential equation where all the torques are 

calculated at one side of a gear exits. 

      
2

, 1 , 12
2 n n n n n n n n n

d d
H D

dt dt
          (2.1) 

The torque of the shafts can be written as: 
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Substituting (2.2) and (2.3) in (2.1), the motion equation of the n-th mass can be 

expanded as 
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Rearranging (2.4) 
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The above equations can be rewritten as a set of two first order equations:  
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 (2.7) 

where, 

 n  : Torsional angle of n th mass (rad) 

 n  : Angular speed of n th mass (rad/s) 

  nH  : Inertia constant of n th mass (s) 

 n  : External torque applied to n-th mass (pu) 

 1,n n   : Torque between  1n th and n th mass (pu) 

 , 1n n   : Torque between n th and  1n th mass (pu) 

  1,n nK   : Shaft stiffness between  1n th and n th mass (pu) 
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 , 1n nK   : Shaft stiffness between n th and  1n th mass (pu) 

 nD  : Damping coefficient of n th mass (pu) 

 1,n nD   : Damping coefficient between  1n th and n th mass (pu) 

 , 1n nD   : Damping coefficient between n th and  1n th mass (pu) 

Assuming there are N number of discrete masses present in the drive train system, the 

above equations of the drive train are written in the linear state space form as: 

 x Ax Bu   (2.8) 

where, 

 1 2 1 2|
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N Nx               and 
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The state matrix A  is used for the computation of eigenvalues for the modal analysis of 

the drive train system. From the power system analysis point of view, the drive train 

system model of a specific order is therefore developed and presented in the following 

sections.  

2.3.1 Three-mass Drive Train 

Considering the significant impact of bending flexibility of the rotor blades on the 

transient stability of a wind turbine, the blades can be split into two parts. The rigid parts 

of the blades are merged into the hub whose inertia constant can be assumed as hH . The 

flexible part of the blades can be aggregated and the corresponding inertia constant can 

be assumed as bH . The shaft stiffness and damping coefficient between the hub and the 

blade are assumed as bhK and bhD , respectively. Similarly, the shaft stiffness and damping 

coefficient between the hub and the generator rotor can be expressed as hgK and hgD , 

respectively, whereas the inertia constant of the generator rotor mass is taken as gH . The 

equivalent three mass drive train system is shown in Figure 2.4 [20]-[22], [91], [92]. 
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Figure 2.4 Three-mass drive train system 

The three-mass torsional system can be represented as follows: 
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d
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dt
            (2.14) 

where, 

  b  : Torsional angle of blades (rad) 

 h  : Torsional angle of hub (rad) 

 g  : Torsional angle of generator (rad) 

  b  : Angular speed of blades (rad/s) 

 h  : Angular speed of hub (rad/s) 

 g  : Angular speed of generator (rad/s) 

  bH  : Inertia constant of blades (s) 

bD  hD   gD   

bH    hH  gH    hgK  
bhK   

bhD    hgD  

wT gT
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 hH  : Inertia constant of hub (s) 

 gH  : Inertia constant of generator (s) 

  bhK  : Shaft stifness between blades and hub (pu) 

 hgK  : Shaft stifness between hub and generator (pu) 

  bD  : Damping coefficient of blades (pu) 

 hD  : Damping coefficient of hub (pu) 

 gD  : Damping coefficient of generator (pu) 

  bhD  : Damping coefficient between blades and hub (pu) 

 hgD  : Damping coefficient between hub and generator (pu) 

  wT  : Mechanical torque input to wind turbine (pu) 

 gT  : Electromagnetic torque output of generator (pu) 

The above equations are expressed in the linear state space form as: 

 bhg bhg bhg bhg bhgx A x B u       (2.15) 

 bhg bhg bhgy C x    (2.16) 

where, 
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2.3.2 Two-mass Drive Train System 

The three-mass drive train system discussed above can be converted into a two-mass 

drive train system. The two-mass drive train system is widely used for studying the 

power system stability including the wind turbine generators [20]-[22], [91]-[94]. A 

typical two-mass drive train system is shown in Figure 2.5.  

 

Figure 2.5 Two-mass drive train system 

The equivalent shaft stiffness can be obtained from the parallel equivalent shaft stiffness 

given below. The equivalent inertia constant can be expressed as the summation of the 

inertia constant of the blade and the hub.                                                                                                      

 
1 1 1

tg bh hgK K K
   (2.17) 

 t b hH H H   (2.18) 

The differential equations of a two-mass system are written as: 

wT
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Equations (2.19)-(2.22) can be reduced to a third order system as written below. The self-

damping is neglected here. 
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where, 

  tg  : Torsional angle between wind turbine and generator (rad) 

  t  : Angular speed of wind turbine (rad/s) 

 g  : Angular speed of generator (rad/s) 

  tH  : Inertia constant of wind turbine (s) 

 gH  : Inertia constant of generator (s) 

  tD  : Damping coefficient of wind turbine (pu) 

 gD  : Damping coefficient of generator (pu) 

 tgD  : Damping coefficient between wind turbine and generator (pu) 

 tgK  : Shaft stifness between wind turbine and generator (pu) 

  wT  : Mechanical torque input to wind turbine (pu) 

 gT  : Electromagnetic torque output of generator (pu) 
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In practice, the large difference between the speed of the wind turbine and the generator 

makes the gear box an essential part of the system. The gearbox separates the two shaft 

systems. However, the impact of the generator rotor shaft can be neglected being of very 

small size. In the presence of the gearbox, all of the parameters must be transformed to 

either high-speed shaft side or low speed shaft side. In this work since the electrical 

network is present in the high-speed shaft side, all of the turbine parameters are referred 

to the generator rotor side. The low-speed shaft stiffness and inertia constants when 

referred to the high-speed side are:  
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  is the gearbox ratio. 

The motion equations of a two-mass torsional system are now presented in the state space 

form.  
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2.3.3 Single-mass Drive Train System 

In this model all of the components of the torsional system are lumped together to result 

in a single-mass system as shown in Figure 2.6 [20]-[22]. The equivalent inertia constant 

of the single mass-system can be written as: 
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 twt gH H H   (2.30) 

 

Figure 2.6 Single-mass drive train 

The differential equation of the single-mass drive train system is written as: 

  2 gwtg w g g g

d
H T D T

dt
     (2.31) 

where, 

 g  : Angular speed of generator (rad/s) 

  wtgH  : Inertia constant of wind turbine generator system (s) 

  wT  : Mechanical torque input to wind turbine generator system (pu) 

 gT  : Electromagnetic torque output of generator (pu) 

2.3.4 Aggregation of Drive Train System 

Since a large number of wind turbines are connected to a common bus, it is assumed that 

the disturbance originating in the bus affects the performance of all of the individual 

machines identically, and the individual rotor oscillations lie in phase with each other. All 

of the wind turbines are therefore connected in parallel, mechanically [19], [91], [95]. 

The equivalent model variables of a wind farm considering N number of turbines are 

expressed as: 
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2.4 WIND TURBINE GENERATOR 

A wind turbine generator system converts the mechanical energy from the wind into 

electrical energy. Based on the rotational speed, the wind turbine generators are classified 

into two categories: i) fixed speed generator, and ii) variable speed generator. There are 

four types of wind turbine generators that are used in commercial wind farms. These 

include squirrel cage induction generator (SCIG), wound field synchronous generator 

(WFSG), doubly-fed induction generator (DFIG), and permanent magnetic synchronous 

generator (PMSG) [19]-[25]. 

A fixed-speed wind turbine generator consists of a conventional squirrel cage induction 

generator that is directly connected to the grid. The slip of the induction generator varies 

with the power generated. However, the variations are within 1%-2% of the rated 

generator speed. In this type of generator, since the rotor speed cannot be controlled, 

variation in the wind speed causes fluctuation in the input torque that is directly translated 

into variable power output. The fluctuation in the mechanical torque input also puts stress 

on the drive train system of a wind turbine. Since there is large speed difference between 

the wind turbine hub and the generator, a gearbox is used to connect the low-speed shaft 

of the wind turbine with the high-speed wind turbine generator. 

2.4.1 Operating Principle of Fixed Speed Induction Generator  

When the speed of a squirrel cage induction motor exceeds the rated speed, the slip 

becomes negative and the induced torque is reversed. The power produced by the 

induction generator increases with the increase in the torque applied to its shaft by the 

prime mover. However, due to the absence of external excitation, the induction generator 

does not produce reactive power, rather draws it from the grid. In this scenario, to 

maintain the stator magnetic field, an external source of reactive power, capacitor bank, is 
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always connected at the terminal. For a fixed-speed wind turbine generator, properly 

chosen capacitor provides reactive power to maintain unity power factor. 

In an induction machine the stator windings are identical, sinusoidally distributed and 

displaced by 120 degrees. Similarly, the rotor circuit also has three identical sinusoidally 

distributed windings. However, the majority of induction machines are not equipped with 

coiled wound rotor windings. Instead, the current flows in the copper or aluminum bars, 

which are uniformly distributed and all bars are terminated on a common ring at each end 

of the rotor. In practical machines the conductors are not placed in the plane of the axis of 

rotation of the rotor; instead they are skewed slightly with the axis of rotation. This 

reduces the harmonic torques produced due to the harmonic MMF waves. For the 

modeling and analysis purpose, it is assumed that the induction machine is a linear and 

MMF-harmonic free device [96]-[99]. Two types of induction generators are considered 

here. The detailed modeling technique of both type of generators are presented in this 

chapter. Since the mechanical power is directly converted to electrical power by means of 

an induction generator, no controller is involved in the electrical part of a fixed-speed 

wind turbine generator. 

2.4.2 Single-cage Induction Generator 

The rotor of a squirrel cage induction generator is composed of a laminated core and 

rotor slots. The rotor circuit consists of only one winding housed in the rotor slots. The 

equivalent circuit of a single-cage induction generator is shown in Figure 2.7. 

 

Figure 2.7 Equivalent circuit of a single-cage induction generator. 
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The mathematical model of a single-cage induction generator is developed in the 

synchronously rotating d-q reference frame [19], [97], [99]-[101]. The general 

assumptions considered during the modeling are as follows:  

(a) Stator pole does not make any variation in the induction of the rotor circuit 

(b) Rotor slots do not affect the stator inductance 

(c) Magnetic saturation and hysteresis are neglected 

(d) Stator and rotor parameters are symmetrical 

(e) Capacitance of the windings is neglected 

2.4.2.1 Model-I  

This model is based on the generalized flux linkage equation, which is widely used in the 

literature for the stability study of the wind turbine generator system. The Model-I 

expressed by a set of differential equations written in d-q frame of reference is given 

below. 

 
1

ds s ds qs ds
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dt
 


     (2.36) 
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    (2.39) 

where, 

 ds s ds m drX I X I    (2.40) 

 qs s qs m qrX I X I    (2.41) 

 dr r dr m dsX I X I    (2.42) 

 qr r qr m qsX I X I    (2.43) 

 s s mX X X   (2.44) 

 r r mX X X   (2.45) 
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Using (2.40)-(2.43) in (2.36)-(2.39), the dynamic equations can be re-arranged as: 

  s m
ds dr s ds s qs m qr ds

s s

X Xd d
I I R I X I X I V

dt dt 
       (2.46) 

  s m
qs qr s qs s ds m dr qs

s s

X Xd d
I I R I X I X I V

dt dt 
       (2.47) 

  mr
dr ds r dr r qr m qs

s s

XX d d
I I R I s X I X I

dt dt 
       (2.48) 

  mr
qr qs r qr r dr m ds

s s

XX d d
I I R I s X I X I

dt dt 
      (2.49) 

where, 

 s  : Synchronous frequency (376.99 rad/s) 

 sR  : Stator resistance per phase (pu) 

 sX   : Stator leakage reactance per phase (pu) 

 rR  : Rotor resistance per phase (pu) 

 rX   : Rotor leakage reactance per phase (pu) 

 mX  : Mutual reactance between the stator and rotor windings (pu) 

 ,ds qsV V  : d-q axis voltage at generator terminal (pu) 

 ,ds qsI I  : d-q axis stator current (pu) 

 ,dr qrI I  : d-q axis rotor current (pu) 

Linearizing the differential equations (2.46)-(2.49), the induction generator model in 

linear state space form can be written as: 

    G G G G Gx A x B u   (2.50) 

where, 

 t
G ds qs dr qrx I I I I        (2.51) 

 t
G g ds qsu V V       (2.52) 
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2.4.2.2 Model-II 

In this model, the induction generator is represented as a voltage behind the transient 

reactance [22], [99]. The model is essentially derived from the basic flux linkage model 

shown in (2.36)-(2.39). 

From (2.42)and (2.43) the rotor currents can be expressed as: 

 dr m ds
dr

r

X I
I

X

 
  (2.53) 

 qr m qs
qr

r

X I
I

X

 
  (2.54) 

Now substituting drI and qrI in (2.36) and (2.37) 

 dr m ds
ds s ds m
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X I
X I X
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   (2.55) 

 qr m qs
qs s qs m
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X I X
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   (2.56) 

Rearranging (2.55) and (2.56), 
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Now, introducing two induced voltage dE and qE in (2.57)and (2.58) 

 0ds ds qX I E    (2.59) 

 0qs qs dX I E    (2.60) 

where,  
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From (2.62) and (2.63), the rotor fluxes are defined as: 

 r
dr q

m

X
E

X
   (2.64) 

 r
qr d

m

X
E

X
    (2.65) 

Using dE and qE  in (2.53) and (2.54), 
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    0 0
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Rearranging (2.68) and (2.71), 
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where, 0X is the open circuit reactance and 0T is the open circuit time constant. 
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The dynamic equations of the induction generator are now linearized. Arranging in the 

linear state space form, the complete model of the induction generator is represented as: 

    G G G G Gx A x B u   (2.77) 

where t
G ds qs d qx I I E E        (2.78) 

 t
G g ds qsu V V       (2.79) 

2.4.3 Double-Cage Induction Generator 

Most of the time the induction generators are modeled as a simple squirrel cage induction 

machine as in previous section. However, most of the induction generators above 5 kW 

have a double squirrel cage rotor. In comparison to single-cage machines, these 

generators are widely used in the wind farms where slip varies over a wide range. There 

are four types of double-cage induction machines as per NEMA standards: i) class-A, ii) 

class-B, iii) class-C and, iv) class-D. Class-C design is the most widely used type for its 

superior torque-slip characteristic [98]. In the double-cage rotor there are two electrical 

circuits. One circuit is placed at the outer surface of the rotor, very close to the stator 

winding. The other circuit is located in the deeper part of the cage. When the current 

flows in the outer conductor, it is tightly coupled with the stator, thus exhibiting a smaller 

leakage reactance but higher resistance due to a smaller cross section of the copper bar. 

Similarly when the current flows in the deeper bar, being very lightly coupled, it exhibits 

a larger leakage reactance but smaller resistance due to a large cross section of the copper 

bar. The rotor circuit acts as if two separate circuits are connected in parallel to each 

other.  

During rated power output of the wind farm, the rotor reactance remains low due to the 

smaller slip (0-1%). This results in a uniform current flow in the rotor bars. Further, due 

to the large cross section of inner rotor bars the efficiency remains high because of less 

power loss in the rotor. During any transient events in the network, when the speed 

deviates from the rated value, the slip increases significantly. During those high slip 
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conditions the reactance of the inner rotor circuit increases and forces the current to flow 

in the circuit on the surface of the rotor that offers low reactance. Due to a smaller cross 

section of these outer circuit conductors, a high resistance is experienced which offers a 

higher torque in comparison to a single-cage induction generator operating with same slip 

[96], [99], [102]-[105]. 

In literature two types of double-cage induction generator models are available. Figure 

2.8 (a) and (b) represent two models that are equivalent. References [104] and [105] have 

shown the conversion of parameters from the name plate data of a double-cage machine 

to an electromagnetic transient model. Since manufacturers’ data are not readily available 

to the researchers, the constant parameter model of the double-cage is adopted for various 

studies related to the grid integration of fixed-speed wind farms. A new method has been 

proposed to derive different parameters of a double-cage induction generator from the 

manufacturer provided data: nominal mechanical power, nominal power factor, 

maximum torque, starting torque, and current [106]. In [104] and [105] a detailed study 

of the equivalence between different double-cage induction machine models with six, 

seven and eight parameters have been presented. For a fair comparison between the small 

signal model and nonlinear model available in PSCAD/EMTDC software, the model 

shown in Figure 2.8 (b) is adopted in this work. The conversion of parameters from one 

model to another model is presented in Appendix A. 
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(b) Model-II 

Figure 2.8 Equivalent circuit of double-cage induction generator 

The mathematical model of a double-cage induction generator is developed in a manner 

that closely resembles the derivation of the per unit d-q model of a single-cage induction 

generator. Several assumptions are considered which are as follows: 

(a) The core and mechanical losses are neglected. 

(b) The machine is symmetric. 

(c) Both rotor windings are magnetically coupled and the effects of space harmonics 

are neglected. 

(d) Each of the two cages is short circuited by independent end rings. 

(e) No inter-bars current can flow as rotor bars are insulated from the iron. 

(f) Saturation effect and other nonlinearities are neglected. 

2.4.3.1 Model-I 

The basic differential equations of the double-cage induction generators are written in d-q 

reference frame as [105], [106]: 
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    (2.84) 

 2 2 2 2

1
qr r qr dr

s

d
R I s

dt
 


    (2.85) 

The flux linkage equations are: 

 1 2ds s ds m dr m drX I X I X I     (2.86) 

 1 2qs s qs m qr m qrX I X I X I     (2.87) 

 1 1 1 12 2dr m ds r dr drX I X I X I     (2.88) 

 1 1 1 12 2qr m qs r qr qrX I X I X I     (2.89) 

 2 12 1 2 2dr m ds dr r drX I X I X I     (2.90) 

 2 12 1 2 2qr m qs qr r qrX I X I X I     (2.91) 

where, 

 12 m rmX X X   (2.92) 

 s s mX X X   (2.93) 

 1 1 12r rX X X   (2.94) 

 2 2 12r rX X X   (2.95) 

The electromagnetic torque can be expressed as, 

     1 2 1 2g m qr qr ds dr dr qsT X I I I I I I     (2.96) 

where, 

 sR  : Stator resistance per phase (pu) 

 sX   : Stator leakage reactance per phase (pu) 

 1rR  : First-cage rotor resistance per phase (pu) 

 1rX   : First-cage rotor leakage reactance per phase (pu) 

 2rR  : Second-cage rotor resistance per phase (pu) 



38 

 

 

 

 2rX   : Second-cage rotor leakage reactance per phase (pu) 

 mX  : Mutual reactance between the stator and rotor windings (pu) 

 ,ds qsV V  : d-q axis voltage at generator terminal (pu) 

 ,ds qsI I  : d-q axis stator current (pu) 

 1 1,dr qrI I : d-q axis first-cage rotor current (pu) 

 2 2,dr qrI I : d-q axis second-cage rotor current(pu) 

To develop the state space model of the induction generator differential equations 

presented in (2.80)-(2.85) are linearized. The system now can be written in the form of 

    G G G G Gx A x B u   (2.97) 

where, 

 1 1 2 2
t
G ds qs dr qr dr qrx I I I I I I          (2.98) 

 t
G g ds qsu V V       (2.99) 

2.4.3.2 Model-II  

This model is implemented as a voltage source behind the transient reactance, which is 

derived in a similar manner the derivation of the single-cage induction generator Model-

II [22], [99]. The detailed derivations are given below. This model is based on the basic 

flux linkage equations shown in (2.80)-(2.85). 

From (2.88)-(2.91), the rotor currents can be written as: 
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 (2.101) 
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 (2.102) 
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 (2.103) 

Simplifying (2.100)-(2.103), 
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Rewriting (2.104)-(2.107), the rotor currents can be simplified as, 

 22 12
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where, 

 2
1 2 12r r rX X X X   (2.112) 

Replacing (2.108)-(2.111) in (2.86)-(2.87), the stator fluxes are: 

 
2

2 2 12 1 12
1 2

m r m r m m r m
ds s ds dr dr

r r r r r

X X X X X X X X X X
X I

X X X X X
  

     
          
     

 (2.113) 

 
2

2 2 12 1 12
1 2

m r m r m m r m
qs s qs qr qr

r r r r r

X X X X X X X X X X
X I

X X X X X
  

     
          
     

 (2.114) 



40 

 

 

 

Rewriting (2.113) and (2.114) 
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where, 
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Now, introducing new d-q axis voltage components  
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From (2.118)-(2.121), the flux linkages can be expressed as, 

 0 1ds ds qX I E    (2.122) 

 0 1qs qs dX I E    (2.123) 
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Using (2.122)-(2.127) rotor currents can be re arranged as follows: 
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Finally, using the rotor currents and stator flux equations in (2.80)-(2.85), 
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The electromagnetic torque can now be expressed in terms of rotor-induced voltages, as 

 g qs ds ds qsT I I    (2.138) 

  1 1g d ds q qsT E I E I    (2.139) 

In order to perform eigenvalue analysis, the differential equations of the double-cage 

induction generator are linearized and arranged in a liner state space form. 
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    G G G G Gx A x B u   (2.140) 

where, 

 1 1 2 2
t
G ds qs d q d qx I I E E E E          (2.141) 

 t
G g ds qsu V V       (2.142) 

2.4.4 Aggregation of Induction Generators 

Aggregation of wind turbines is an important issue during the planning of grid integration 

of large-scale wind farms and its stability studies. One of the important considerations for 

the aggregation is to understand the potential for mutual interaction between the various 

wind turbines in a wind farm. Reactive power compensation and stability of power 

systems are done typically based upon the aggregated modeling of wind turbine [107]-

[111]. However, aggregation of wind turbine generators is somewhat different from the 

aggregation of simple induction machines for motor application [95]. The oscillation in 

the power output of the induction generator is dominated by the dynamics of the 

mechanical drive train due to the fact that the inertia constant of the wind turbine is much 

higher than that of induction generator.  

In this thesis, the aggregation of the wind turbines has been performed for the 

investigation of subsynchronous resonance. The rating of an aggregated wind farm can be 

expressed as the summation of the rating of each machine: 

 
1

N

eq k
k

S S


  (2.143) 

where kS is the kVA rating of  single machine and eqS is the rating of the equivalent 

machine. This is known as the kVA weighted averaging, one of the most commonly used 

methods of aggregating induction machines for power system stability study. In a wind 

farm, if all the induction machines are not identical then aggregated parameters are 

calculated as the weighted average of the respective parameter of individual machines 

[107], [108]. The generalized method for the calculation of the aggregated parameters 

 aggx of the generator is as follows: 
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where, kx is the parameter of k -th generator and k is a factor, which is calculated as 
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The aggregation of shunt capacitors  gC  at the terminal of an induction generator can be 

done as, 
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   (2.146) 

where, gkC is the shunt capacitance at the k -th generator terminal.  

The aggregated model of a wind farm can thus be represented as shown in Figure 2.9. 

 

Figure 2.9 Circuit representation of aggregated wind farm model 

2.5 SHUNT CAPACITOR AT GENERATOR TERMINAL 

The reactive power demand of the induction generator that is catered by a local capacitor 

bank depends on its terminal voltage and the power output. For a constant voltage at the 

terminal, the reactive power demand of the wind turbine generator increases with 

increase in the power output. However, the reactive power demand is not linearly 

dependent on the active power output of the wind turbine. For wind power application, 

shunt capacitor banks are split into multiple stages. Each stage of the capacitor bank is 

connected based on the active power output. A simple shunt capacitor is shown in Figure 

2.10. For the analysis, the voltage across the capacitor can be written in d-q reference 

frame as given below [34]. 
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 g ds ds d s g qs

d
C V I I C V

dt
    (2.147) 

 g qs qs q s g ds

d
C V I I C V

dt
    (2.148) 

where, 

 gC  : Shunt capacitor at the terminal of induction generator (pu) 

 ,ds qsI I  
: d-q axis current of induction generator (pu) 

 ,d qI I  : d-q axis current of  series compensated transmission line (pu) 

 ,ds qsV V  : d-q axis voltage at the wind turbine generator terminal (pu) 

 

Figure 2.10 Shunt capacitor at the terminal of the wind turbine generator 

2.6 SERIES COMPENSATED TRANSMISSION LINE 

The series compensated line is depicted in Figure 2.11. The dynamic equations expressed 

in the synchronously rotating d-q reference frame [34], [42] are: 

 d ds d s q cd bd

d
L I V RI LI V V

dt
      (2.149) 

 q qs q s d cq bq

d
L I V RI LI V V

dt
      (2.150) 

 cd d s cq

d
C V I CV

dt
   (2.151) 

 cq q s cd

d
C V I CV

dt
   (2.152) 

where, 

  
ds qsI jI d qI jI

ds qsV jV
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 R  : Transmission line resistance (pu) 

 L  : Transmisison line inductance including transformer and infinite grid 

inductance (pu) 

 C  : Series capacitance (pu) 

 ,ds qsV V  : d-q axis voltage at the wind turbine generator terminal (pu) 

 ,d qI I  : d-q axis current of  series compensated transmission line (pu) 

 ,cd cqV V  
: d-q axis voltage across series capacitor (pu) 

 ,bd bqV V  : d-q axis voltage at the infinite bus (pu) 

 

Figure 2.11 Series compensated transmission line 

Linearizing the differential equations, the state space model of the network including the 

shunt capacitor is now written as: 

    N N N N Nx A x B u   (2.153) 

where, 

 t
N ds qs d q cd cqx V V I I V V          (2.154) 

 t
N ds qs bd bqu I I V V        (2.155) 

2.7 EQUIVALENT CIRCUIT MODEL 

In an induction generator, when the slip changes, the effective rotor resistance also gets 

changed. At subsynchronous frequencies the negative slip causes the effective rotor 

resistance to be more negative. When this negative resistance exceeds the net positive 

sequence resistance of the circuit, the subsynchronous oscillations may start to grow. The 

above concept is further investigated for a wind farm that is connected to a series-

compensated transmission line. The study system shown in Figure 2.1 is now modeled as 

bd bqV jV  ds qsV jV

d qI jI

R  L  C  
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a positive sequence equivalent circuit. Figure 2.12 and Figure 2.13 show the equivalent 

circuit of the study system with single-cage and double-cage induction generators, 

respectively. To identify the impact of a series capacitor  C
 
on the performance of an 

induction machine, this analysis was first proposed in [53] and then applied to induction 

motors in [58] and [59].  

 

Figure 2.12 Equivalent circuit of study system with single-cage induction generator 

 

Figure 2.13 Equivalent circuit of study system with double-cage induction generator 

Applying Kirchhoff’s Voltage Law (KVL) to the equivalent system shown in Figure 2.12 

and Figure 2.13 the loop equation can be written as: 

 V I Z   (2.156) 

Since the main focus is to evaluate the impact of natural frequency oscillations, the 

external voltage source is neglected here. Hence, with the single-cage induction 

generator: 

  0 0 0tV   (2.157) 
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  1 2 3
tI I I I  (2.158) 

The characteristic polynomial of the impedance matrix is obtained by calculating the 

determinant as below. 

   5
5 3 2 1

4 3 2
4 0det Z s a s a s a s a s a s a       (2.159) 

where, 
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(2.160) 

Similarly, with a double-cage induction generator: 
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(2.161) 

  0 0 0 0tV   (2.162) 

  1 2 3 4
tI I I I I  (2.163) 

In (2.160) and (2.161) the slip of the induction generator is expressed as ' 1's to avoid 

confusion with the Laplace term ' 's . The characteristic polynomial of the impedance 

matrix is obtained by calculating the determinant as below. 

   6 5 4 3 2
6 5 4 3 2 1 0det Z s a s a s a s a s a s a s a        (2.164) 

In Chapter 3 and Chapter 4, the equivalent circuit theory is utilized to estimate the 

resonant speed band of the induction generators.  
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2.8 VALIDATION OF INDUCTION GENERATOR MODEL 

In Sec. 2.4, the mathematical models of two types of induction generators are developed. 

For the validation of these dynamic models a simple study system is considered as shown 

in Figure 2.14. In this system an induction generator based wind turbine is connected to 

the grid through a transformer and collector cable. 

 
Figure 2.14 Study system for the validation of induction generator model 

The system shown in Figure 2.14 is divided into three sub-systems: a) mechanical drive 

train, b) induction generator and, c) electrical network including transformer and shunt 

capacitor. Two types of induction generators, single-cage and double-cage, are 

considered. The differential equations of each sub-system are written in the state space 

form. 

        WT TT WT TG G TN N T WTx A x A x A x B u     (2.165) 

      G GT WT GG G GN Nx A x A x A x    (2.166) 

        N NT WT NG G NN N N Nx A x A x A x B u     (2.167) 

Combining (2.165) -(2.167), the complete study system is defined as 
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 (2.168) 

where, n 4 and 6 for single-cage and double-cage IG, respectively. 

t
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 t
N bd bqu V V     . 

For a single-cage induction generator: 

t
G ds qs d qx I I E E       . 

For a double-cage induction generator: 

1 1 2 2
t
G ds qs d q d qx I I E E E E         . 

2.8.1 Eigenvalue Analysis 

The system eigenvalues are calculated at two different power output conditions. The state 

matrix A  used for the eigenvalue calculations is defined in (2.168). The eig function in 

MATLAB is used to calculate the eigenvalues that are shown in Table 2.1. In the case of 

a single-cage induction generator, there are eleven states defined in (2.168) which results 

in five complex conjugate eigenvalues and one real eigenvalue. Similarly, a double-cage 

induction generator results in thirteen states: six complex conjugate eigenvalues and one 

real eigenvalue. The various oscillatory modes are network mode-1 and 2, synchronous 

mode, electromechanical mode, torsional mode, and non-oscillatory mode. In the case of 

a double-cage rotor, one additional oscillatory mode is introduced by the rotor circuit; 

labeled as rotor mode throughout this thesis. The real part of a complex eigenvalue 

indicates the stability of the corresponding mode and the imaginary part shows the 

oscillatory frequency.  

Table 2.1 Eigenvalue of a grid connected induction generator 

Modes 
Single-cage IG Double-cage IG 

P=0.5 pu P=1 pu P=0.5 pu P=1 pu 

Network mode-1 

Network mode-2 

Synchronous mode 

Rotor mode 

Electromechanical mode 

Torsional mode 

Non-oscillatory mode 

-5.993 ± 3514.3i 

-6.317 ± 2760.4i 

-9.723 ± 376.79i 

X 

-3.815 ± 38.944i 

-0.317 ± 3.6109i 

-8.057 

-5.963 ± 2916.8i 

-6.368 ± 2162.8i 

-9.722 ± 376.79i 

X 

-4.023 ± 38.405i 

-0.361 ± 3.6127i 

-7.514 

-7.639 ± 3418.5i 

-8.299 ± 2664.6i 

-9.817 ± 376.57i 

-62.43 ± 0.70012i 

-5.507 ± 36.016i 

-0.442 ± 3.5795i 

-9.0754 

-7.567 ± 2751.4i 

-8.425 ± 1997.5i 

-9.816 ± 376.57i 

-62.36 ± 2.8335i 

-5.909 ± 35.238i 

-0.543 ± 3.584i 

-8.101 
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From the eigenvalues shown in Table 2.1 it is observed that a double-cage induction 

generator results in a more stable system as compared to a single-cage induction 

generator. Oscillatory frequencies of all of the low frequency modes are lower than the 

corresponding frequencies of modes with a single-cage induction generator. For example, 

at P=1 pu power output the electromechanical mode eigenvalues are -4.023 ± 38.405i and 

-5.909 ± 35.238i for a single-cage and double-cage induction generator, respectively. 

This demonstrates that the electromechanical mode of the double-cage induction 

generator is more stable than the single-cage induction generator. The oscillatory 

frequency is also found to be less. 

2.8.2 Participation Factor Analysis 

In power systems, participation factor analysis is very much used to determine the impact 

of one or more states on the damping of a particular system mode (eigenvalue) [50], [99]. 

The participation factors provide a measure of the influence of each dynamic state on a 

given mode. Consider a linear system 

 x Ax  (2.169) 

The participation factor kip is a sensitivity measure of the thi eigenvalue to the  ,k k

diagonal entry of the system A  matrix. This is expressed as 

 i
ki

kk

p
a





 (2.170) 

where i is the thi eigenvalue and kka is the thk diagonal entry of A . The more common 

expression for the participation factor can be defined as 

 ki ik
ki T

i i

v
p

v




  (2.171) 

where ki and ikv are the thk entries of the left and right eigenvectors associated with i . 

Participation factors are commonly normalized for the ease of comparison and 

interpretation. 

Participation factor analysis is now carried out to examine the influence of various states 

on a specific mode in the study system. Figure 2.15 presents the normalized participation 
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factor of selected modes shown in Table 2.1. In the case of a particular mode, the largest 

participation factor indicates the maximum contribution of the concerned state. Table 2.2 

and Table 2.3 show the states of the system with two types of induction generators. The 

state-id numbers are shown while presenting the participation factor of different modes in 

Figure 2.15. 

Table 2.2 Participation factor analysis of a single-cage induction generator 

Sub-system Wind Turbine Induction Generator Network 

State-Id 1 2 3 4 5 6 7 8 9 10 11 

State t  tg  g  dsI  qsI  dE  qE  dsV  qsV  dI  qI  

Table 2.3 Participation factor analysis of a double-cage induction generator 

Sub-system Wind Turbine Induction Generator Network 

State-Id 1 2 3 4 5 6 7 8 9 10 11 12 13 

State t  tg  g  dsI  qsI  1dE  1qE  2dE  2qE  dsV  qsV  dI  qI  

Figure 2.15 (a) shows the participation factor of the synchronous mode that is contributed 

by the d-q axis stator current and the line current. However, the stator currents are found 

to be dominant in case of both types of generators.  The participation factors associated 

with the electromechanical mode are shown in Figure 2.15 (b). The generator speed and q 

axis voltage of the rotor circuit both contribute to this mode. Similarly, the participation 

factor associated with the torsional mode and non-oscillatory modes are shown in Figure 

2.15 (c) and (d). It is found that the torsional mode is largely influenced by the drive train 

system and the electrical network does not have any influence on it. This characteristic is 

seen in both types of induction generators. The non-oscillatory mode is mainly 

contributed to by the rotor circuit dynamics, particularly the q axis voltage. The electrical 

network does not have any influence on this mode. 
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(b) Electromechanical mode 

  
(c) Torsional mode 

 
(d) Non-oscillatory mode 

Figure 2.15 Participation factors of selected modes 

2.8.3 Electromagnetic Transient Simulation 

The validation of the small signal model is carried out through a time domain simulation 

of the study system using the electromagnetic transient program PSCAD/EMTDC. The 

validation is done for two cases: i) steady state behaviors and, ii) transient behaviors. 

2.8.3.1 Steady State Simulation 

Two operating points are chosen as portrayed in Table 2.1.  Four variables (active and 

reactive power output, voltage at the terminal, and speed of the generator) are calculated 

and depicted in Table 2.4.  The steady state solution of the system model is compared 

with the results obtained from the electromagnetic transient simulation. In all cases both 

the results match very closely, which validates the small signal model in a steady state 

condition. 
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Table 2.4 Steady validation of small signal model 

Measured 
Parameters 

Single-cage IG Double-cage IG 

Pm=0.5 pu Pm=1 pu Pm=0.5 pu Pm=1 pu 

Small 
signal 

PSCAD 
Small 
signal 

PSCAD 
Small 
signal 

PSCAD 
Small 
signal 

PSCAD 

( )gP pu  

( )gQ pu  

( )sV pu
 

( )g pu  

0.498 

-0.298 

1.000 

1.003 

0.498 

-0.293 

1.000 

1.003 

0.994 

-0.454 

0.999 

1.006 

0.996 

-0.447 

0.999 

1.006 

0.498 

-0.312 

1.000 

1.004 

0.497 

-0.310 

1.000 

1.004 

0.993 

-0.512 

0.999 

1.008 

0.992 

-0.503 

0.999 

1.008 

2.8.3.2 Transients Simulation 

In the transient simulation, electrical and mechanical disturbances are considered. A six 

cycle three phase fault is simulated at location F at t=4 sec. When the fault occurs, the 

electromagnetic torque starts oscillating and then it stabilizes gradually. The 

electromagnetic torque of both generators following the fault is depicted in Figure 2.16 

(a). This shows the presence of the multiple frequency components. The oscillations in 

both generators seem to be similar. Similarly the impacts of the fault on the shaft torque 

and generator speed are shown in Figure 2.16 (b) and (c), respectively. However, in this 

case, a low frequency oscillation is seen. In order to estimate the different frequency 

components, an FFT analysis of the electromagnetic and the shaft torque is carried out 

and the results are shown in Figure 2.16 (d). The PSCAD/EMTDC simulation results are 

recorded at a rate of 64 samples per cycle and FFT analysis is carried out by multiplying 

a gaussian window with the corresponding signals. The estimated frequencies from the 

FFT match very well with the calculated damped frequencies shown in Table 2.1. For 

instance, in the case of a single-cage induction generator, the estimated electromechanical 

mode oscillatory frequency is 38.29 rad/s (6.09 Hz) which matches very closely with the 

calculated damped frequency of 38.405 rad/s. Similarly, in the case of a double-cage 

induction generator, the estimated oscillatory frequency of 35.34 rad/s (5.62 Hz) matches 

with the predicted damped frequency of 35.238 rad/s. The FFT of the shaft torque is also 

carried out and estimated frequencies are shown in Figure 2.16 (d), matching with the 

calculated damped frequencies depicted in Table 2.1. 
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(a) Electromagnetic torque 

 
(b) Shaft torque 

  
(c) Generator speed 

 
(d) FFT of electromagnetic torque and shaft torque 

Figure 2.16 Performance of IG for a three phase fault 

The validation of the small signal model for a mechanical disturbance is performed 

through a reduction in input mechanical torque from 1 pu to 0.85 pu at t=4 sec. The 

impact of the step change results in a step change in electromagnetic torque and shaft 

torque of the induction generator, both of which are shown in Figure 2.17 (a). It is 

observed that, the electromagnetic and shaft torque oscillations of a double-cage 

induction generator are damped out faster than the single-cage induction generator.  This 

corroborates the eigenvalue analysis that shows a comparatively more stable system with 
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a double-cage induction generator. The FFT of electromagnetic torque and shaft torque 

are shown in Figure 2.17 (b). The estimated frequency of 3.68 rad/s matches very closely 

with the calculated damped frequency of 3.56-3.57 rad/s. From this study it is found that 

the change in the wind speed may excite the torsional mode of the wind turbine. The 

mathematical model developed in this chapter predicts the torsional mode frequency very 

accurately. 

 
(a) Electromagnetic torque and shaft torque 

 
(b) FFT of electromagnetic and shaft torque 

Figure 2.17 Impact of step change in wind speed 

2.9 CONCLUSIONS 

A comprehensive modeling of each component of an induction generator based wind 

farm connected to a series compensated transmission line is presented in this chapter. The 

study system is divided into multiple sub-systems. The dynamic model of the multi-mass 

wind turbine, induction generator, and series compensated transmission line are 

developed and linearized to develop the linear state space model of each system. The 

aggregation technique used for the modeling of large wind farms is also discussed. The 

detailed eigenvalue analysis followed by the normalized participation factor analysis is 

carried out to study the system stability. The dynamic model of the wind turbine 

generator system is reasonably validated with the electromagnetic transient simulations 

done with PSCAD/EMTDC software.  
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In commercially operated induction generator based wind farms, double-cage induction 

generators are widely used because of their superior performance and better reliability in 

comparison to the single-cage induction generators. However, detailed data for the 

generator electric circuit is not always available for the power system analysis. In many 

cases also, the data available for the study are in ill condition. In literature there are two 

models of double-cage induction generator, but the electromagnetic transient software 

PSCAD/EMTDC uses only one model which is more accurate, but complex. Hence, a 

data conversion technique is applied which is presented in Appendix-A to convert the 

traditional double-cage induction generator circuit to a circuit that is available in 

electromagnetic transient software PSCAD/EMTDC. 
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Chapter 3  

3 SUBSYNCHRONOUS RESONANCE ANALYSIS OF 
SINGLE-CAGE INDUCTION GENERATOR BASED WIND 
FARMS 

3.1 INTRODUCTION 

In this chapter, a detailed analysis of subsynchronous resonance is carried out for a 

single-cage induction generator based wind farm connected to series compensated 

transmission line. Wind turbine generators with a single-cage rotor circuit are commonly 

utilized in wind power systems. Hence, a subsynchronous resonance study is done 

considering a single-cage induction generator. The dynamic models of a single-cage 

induction generator are presented in [19], [22]. In this analysis, the impact of the size of 

the wind farm, wind farm power output, and level of series compensation are studied.  

A detailed state space model of the study system is developed for small signal analysis 

which includes eigenvalue analysis, participation factor analysis, and sensitivity studies. 

Electromagnetic transient simulations are then done to validate the eigenvalue analysis 

results. This is done during both steady state and transients. 

This chapter further examines the impact of location of the fault and position of the series 

capacitor bank. An equivalent circuit theory analysis is also presented to investigate wind 

farm response to fault at the generator terminal. 

3.2 SYSTEM DESCRIPTION 

The study system considered in this chapter is shown in Figure 3.1. A large induction 

generator based wind farm is connected to a series compensated transmission line. The 

wind farm is represented by an equivalent induction generator model, which is achieved 

through the aggregation of large numbers of identical induction generators. The 

aggregation technique is already described in Chapter 2.  The size of the wind farm is 
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varied between 100 MW and 500 MW and each wind turbine is rated with 2 MW. The 

level of series compensation is also varied from 10% to 100%. 

 

 

Figure 3.1 Study system 

3.3 MODELING OF STUDY SYSTEM 

The study system is modeled in the state space form for small signal analysis. For 

simplicity, the study system is divided into three sub-systems: i) mechanical drive train, 

ii) single-cage induction generator, and iii) network. The dynamic equations of each sub-

system are briefly described below. The detailed modeling of each sub-system is given in 

Chapter 2. 

3.3.1 Drive Train System 

The differential equations of the two-mass drive train system are written as: 

  2 t t w t t tg gg g t

d
H T K D

dt
     (3.1) 

 tg t g

d

dt
     (3.2) 

  2 g tg g gg tg tg t

d
H K D T

dt
    (3.3) 

3.3.2 Induction Generator 

The single-cage induction generator is modeled as a voltage source behind the transient 

reactance. The detailed model is presented in Sec. 2.4.2. The d-q axis differential 

equations of the induction generator model are: 

tX  LX  cX  R  
bX  

Wind Farm 
Infinite Bus 

1V  sV  2V  bV  

1F  2F   
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 (3.6) 

 
2

0

1 m
d d qs s q

r

Xd
E E I s E
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 (3.7) 

3.3.3 Network 

The network includes the shunt capacitor at the wind turbine generator, interfacing 

transformer, and the series compensated transmission line. The equivalent transformer 

leakage reactance is merged with the line inductive reactance. The saturation effect of the 

transformer and effect of line charging capacitances are also neglected. The dynamic 

equations of the network in d-q frame of reference are: 

 g ds ds d s g qs

d
C V I I C V

dt
    (3.8) 

 g qs qs q s g ds

d
C V I I C V

dt
    (3.9) 

 d ds d s q cd bd

d
L I V RI LI V V

dt
      (3.10) 

 q qs q s d cq bq

d
L I V RI LI V V

dt
      (3.11) 

 cd d s cq

d
C V I CV

dt
   (3.12) 

 cq q s cd

d
C V I CV

dt
   (3.13) 

All the state variables are defined in Chapter 2 



60 

 

 

 

3.3.4 Complete System Model 

The dynamic equations of all the sub-systems are linearized and the complete system 

state space model is developed by interfacing all of the sub-systems as shown Figure 3.2. 

Each sub-system in state space form is written as: 

      WT TT WT TG G T WTx A x A x B u    (3.14) 

      G GT WT GG G GN Nx A x A x A x    (3.15) 

      N NG G NN N N Nx A x A x B u    (3.16) 

Combining (3.14)-(3.16), the state space model of the overall study system is written as: 

    1 1 2 2sys sys sysx A x B u B u      (3.17) 

 sys sys sysy C x     (3.18) 

where, 

 t t t t
sys WT G Nx x x x     (3.19) 

  t
sys WF WFy P Q    (3.20) 

 t
WT t tg gx          (3.21) 

 t
G ds qs d qx I I E E        (3.22) 

 t
N ds ds d q cd cqx V V I I V V          (3.23) 

  1 wu T   (3.24) 

 2

bd

bq

V
u

V

 
   

 (3.25) 

The state and input matrices are defined as follows: 

 
3 6

6 3

0

0

TT TG

sys GT GG GN

NG NN

A A

A A A A

A A





 
      
  

 (3.26) 

    
3 2

1 4 1 2 4 2

6 1

0

0 , 0

0

T

N

B

B B

B



 



   
       
      

 (3.27) 
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Figure 3.2 Sub-system interconnections 

3.4 SMALL SIGNAL ANALYSIS 

3.4.1 Eigenvalue Analysis 

The system eigenvalues are calculated at several equilibrium points and depicted in Table 

3.1. Six complex conjugate eigenvalues and one real eigenvalue are obtained from the 

state space model of the complete system. The different modes are: i) network mode 1 

and network mode 2, ii) super synchronous mode, iii) electrical mode, iv) 

electromechanical mode, v) torsional mode, and vi) non-oscillatory mode. When series 

compensation is not considered, the electrical mode gets eliminated, as shown in Table 

3.1. In Table 3.1, the system eigenvalues are calculated for the variation in the wind farm 

size and level of series compensation. Although a wide range of series compensation 

level is considered during the study, system eigenvalues for some selected compensation 

levels only are shown in Table 3.1.  

With an uncompensated transmission line, all the modes shown in Table 3.1 are found 

stable. The electromechanical mode stability gets reduced with the increasing size of the 

wind farm.  However, it remains substantially stable with low oscillatory frequency. This 

Series Compensated 
Transmission Line 

Aggregated Single-
cage Induction 

Generator 

Aggregated Two-mass 
Drive Train 

g

,ds qsI I 

gT  

,ds qsV V 
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shows a decrease in the oscillatory frequency as well. Further, the torsional mode 

stability increases with the increase in the size of the wind farm. The increase in the 

absolute real part of eigenvalues indicates improved stability of the torsional mode with 

respect to increase in the wind farm size. The oscillatory frequency, though, remains 

almost constant.  Under such a scenario the non-oscillatory mode stability is reduced as 

well. 

The system eigenvalues considering series compensation are also depicted in Table 3.1. 

The inclusion of the series capacitor increases the number of dynamic equations to 

thirteen, which results in seven modes. The three modes: electrical, electromechanical, 

and torsional are important from the SSR point of view and are discussed in detail. From 

Table 3.1 it is found that the electrical mode stability and the damped frequency both 

decrease with an increase in the series compensation level. Further, when size of the wind 

farm is increased, keeping the series compensation level constant, the electrical mode 

stability gets improved. However, the electrical mode resonant frequency erf  drops 

significantly with increase in size of the wind farm. It is noticed that at certain level of 

series compensation the real part of the electrtical mode eigenvalues becomes positive, 

which signifies the potential for the induction generator effect SSR. A similar trend is 

seen for different sizes of the wind farms listed in Table 3.1. 

The impact of series compensation on the electromechanical mode and torsional mode 

are also illustrated in Table 3.1. At a constant series compensation level, any increase in 

the size of the wind farm results in a declining stability of the electromechanical mode. 

The oscillatory frequency associated with the electromechanical mode also gets reduced 

simultaneously. It is seen that the stability of the mode increases with the increase the 

level of series compensation, yet the damped frequency increases only marginally.  The 

torsional mode stability increases with the increased wind farm size, but an increase in 

the series compensation level reduces the stability. The oscillatory frequency of the 

torsional mode remains almost constant in both cases. From the analysis over a wide 

range of series compensation level and wind farm size, it is found that the torsional mode 

never becomes unstable. Hence, no potential for the torsional interaction is anticipated in 

wind farms connected to series compensated transmission lines. 
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Table 3.1 System eigenvalues for different size of wind farm 

Modes 100 MW 200 MW 300 MW 400 MW 500 MW 

No Series Compensation 

Network Mode-1 

Network Mode-2 

Sup. Sync. Mode 

Electrical Mode 

Elect-mech. Mode 

Torsional Mode 

Non-osc. Mode 

-6.540 ±  2747.8i 

-7.040 ± 1993.9i 

-10.06 ± 376.8i 

X 

-3.834 ±37.504i 

-0.364 ±3.6066i 

-7.065 

-7.104 ± 2270.1i 

-8.086 ± 1516.2i 

-10.22 ± 376.84i 

X 

-3.045 ±33.146i 

-0.399 ±3.5752i 

-5.0301 

-7.439  ± 2064.8i 

-8.802  ± 1310.9i 

-10.32 ± 376.8i 

X 

-2.581 ± 29.769i 

-0.454 ± 3.5552i 

-3.544 

-7.655 ± 1929i 

-9.339 ± 1175.2i 

-10.39 ± 376.88i 

X 

-2.312 ± 26.895i 

-0.539 ± 3.5659i 

-2.267 

-7.793 ± 1806i 

-9.795 ± 1052.2i 

-10.44 ± 376.9i 

X 

-2.207 ± 24.185i 

-0.644 ± 3.6587i 

-0.981 

50% Series Compensation 

Network Mode-1 

Network Mode-2 

Sup. Sync. Mode 

Electrical Mode 

Elect-mech. Mode 

Torsional Mode 

Non-osc. Mode 

-6.521 ± 2763.5i 

-7.008 ± 2009.6i 

-6.031 ± 520.6i 

-2.779 ± 232.5i 

-4.437 ± 40.502i 

-0.351 ± 3.625i 

-8.489 

-7.072 ± 2297.4i 

-8.018 ± 1543.5i 

-6.020 ± 555.46i 

-2.543 ± 197.35i 

-3.822 ± 37.808i 

-0.360 ± 3.6076i 

-7.071 

-7.407 ± 2110.9i 

-8.701 ± 1357i 

-5.96 ± 574.34i 

-2.59 ± 178.32i 

-3.362 ± 35.536i 

-0.373 ± 3.5913i 

-5.961 

-7.633 ± 2006.1i 

-9.194 ± 1252.3i 

-5.901 ± 586.4i 

-2.720 ± 166.22i 

-3.009 ± 33.567i 

-0.389 ± 3.5765i 

-5.052 

-7.795 ± 1935.8i 

-9.571 ± 1182i 

-5.85 ± 594.81i 

-2.872 ± 157.81i 

-2.734 ± 31.821i 

-0.410 ± 3.5639i 

-4.279 

70% Series Compensation 

Network Mode-1 

Network Mode-2 

Sup. Sync. Mode 

Electrical Mode 

Elect-mech. Mode 

Torsional Mode 

Non-osc. Mode 

-6.513 ± 2768.8i 

-6.996 ± 2014.9i 

-6.159 ± 546.63i 

-2.008 ± 206.04i 

-4.758 ± 41.938i 

-0.347 ± 3.6326i 

-9.18 

-7.059 ± 2304.9i 

-7.993 ± 1551i 

-6.132 ± 587.73i 

-1.414 ± 164.24i 

-4.336 ± 40.321i 

-0.350 ± 3.6222i 

-8.175 

-7.392 ± 2121.7i 

-8.666 ± 1367.9i 

-6.057 ± 610.03i 

-1.253 ± 141.45i 

-3.984 ± 38.882i 

-.3540 ± 3.6122i 

-7.330 

-7.619 ± 2021.5i 

-9.152 ± 1267.7i 

-5.986 ± 624.3i 

-1.271 ± 126.84i 

-3.681 ± 37.575i 

-0.358 ± 3.6024i 

-6.607 

-7.784 ± 1957.4i 

-9.52 ± 1203.6i 

-5.926 ± 634.27i 

-1.372 ± 116.64i 

-3.416 ± 36.372i 

-0.365 ± 3.593i 

-5.977 

85% Series Compensation 

Network Mode-1 

Network Mode-2 

Sup. Sync. Mode 

Electrical Mode 

Elect-mech. Mode 

Torsional Mode 

Non-osc. Mode 

-6.507 ± 2772.5i 

-6.987 ± 2018.5i 

-6.238 ± 563.69i 

-1.371 ± 188.59i 

-5.045 ± 43.139i 

-0.344 ± 3.6383i 

-9.757 

-7.049 ± 2309.5i 

-7.975 ± 1555.6i 

-6.200 ± 608.85i 

-0.322 ± 142.16i 

-4.894 ± 42.653i 

-0.343 ± 3.6336i 

-9.178 

-7.380 ± 2127.5i 

-8.642 ± 1373.6i 

-6.117 ± 633.39i 

0.249 ± 116.45i 

-4.812 ± 42.314i 

-0.343 ± 3.629i 

-8.655 

-7.608 ± 2028.9i 

-9.123 ± 1275.1i 

-6.039 ± 649.1i 

0.6167 ± 99.635i 

-4.786 ± 42.099i 

-0.342 ± 3.6243i 

-8.179 

-7.774 ± 1967i 

-9.487 ± 1213.2i 

-5.974 ± 660.11i 

0.8924 ± 87.567i 

-4.815 ± 41.997i 

-0.342 ± 3.6197i 

-7.743 

To summarize the impact of series compensation and the size of a wind farm, the 

variation of electrical mode eigenvalues are depicted in Figure 3.3. The loci of the 

electrical mode crosses the y-axis at a certain level of series compensation, known as the 

critical series compensation level which is unique for different size of the wind farms. 

The damping ratio of the electrical mode is calculated and shown in Figure 3.4. The 

damping ratio is calculated from the eigenvalues as given below [50], [99]. 

 
2 2


 

 


 (3.28) 

where,  
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 j     (3.29) 

 is the real part of the complex eigenvalue and  is the imaginary part in rad/s. 

The damping ratio indeed becomes negative beyond the critical series compensation 

level. This indicates the potential for the undamped SSR oscillation in the wind farm. It is 

noted that the unstable electrical mode represents the induction generator effect SSR. 

 

Figure 3.3 Electrical mode eigenvalues 

 

Figure 3.4 Electrical mode damping ratio 

There are several commercially available induction generators used for power system 

stability study [105], [112]. The system eigenvalues are now calculated for five different 

commercially available induction generators of different makes. The eigenvalues shown 

in Table 3.1 are based upon IG-1 whose parameters are given in Appendix-B, whereas 

Table 3.2 shows the eigenvalues for other induction generators IG2-IG5. It is found that 

the impact of a series capacitor on the wind farm is similar to the results shown in Table 
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3.1. However, the critical compensation levels are different for the different induction 

generators based wind farms. The critical series compensation levels are depicted in 

Table 3.3. It is observed that except IG-2, in all cases the critical compensation levels are 

found beyond the 70% series compensation. 

Table 3.2 System eigenvalues with different induction generator data 

Modes IG-1 IG-2 IG-3 IG-4 IG-5 

100 MW 

Network Mode-1 

Network Mode-2 

Sup. Sync. Mode 

Electrical Mode 

Elect-mech. Mode 

Torsional Mode 

Non-osc. Mode 

-6.5079±2772.5i 

-6.9872±2018.5i 

-6.2385±563.69i 

-1.3716±188.59i 

-5.0456±43.139i 

-0.3447±3.6383i 

-9.7573 

-7.0322±2625i 

-7.6948±1871.1i 

-7.057±562.02i 

-0.6858±190.34i 

-6.7705±42.185i 

-0.4789±3.6271i 

-12.919 

-6.68±2563.5i 

-7.2594±1809.6i 

-6.6145±557.15i 

-1.0454±195.43i 

-6.127±40.636i 

-0.4758±3.6191i 

-11.569 

-6.538±2616.5i 

-7.1036±1862.5i 

-6.3333±539.58i 

-0.1617±213.52i 

-7.6558±35.22i 

-0.8345±3.5555i 

-13.068 

-6.1573±2531.4i 

-6.5896±1777.4i 

-5.8256±541.34i 

-1.3186±211.73i 

-5.529±36.122i 

-0.5773±3.5856i 

      -9.7635  

200 MW 

Network Mode-1 

Network Mode-2 

Sup. Sync. Mode 

Electrical Mode 

Elect-mech. Mode 

Torsional Mode 

Non-osc. Mode 

-7.0491±2309.5i 

-7.9753±1555.6i 

-6.2003±608.85i 

-0.32206±142.16i 

-4.8941±42.653i 

-0.34386±3.6336i 

-9.1786 

-7.8382±2187.7i 

-9.1262±1433.8i 

-6.9007±607.13i 

0.83397±144.15i 

-6.5902±41.697i 

-0.47825±3.6228i 

-12.159 

-7.3238±2129i 

-8.4687±1375.1i 

-6.5514±602.26i 

0.23908±149.37i 

-5.9443±40.169i 

-0.47541±3.615i 

-10.924 

-7.1613±2139i 

-8.3433±1385.1i 

-6.434±584.28i 

1.2427±168.35i 

-7.4246±34.88i 

-0.83743±3.5534i 

-12.406 

-6.5626±2075.1i 

-7.4611±1321.2i 

-5.9357±586.03i 

-0.33932±166.45i 

-5.3593±35.749i 

-0.57828±3.5827i 

-9.2874 

300 MW 

Network Mode-1 

Network Mode-2 

Sup. Sync. Mode 

Electrical Mode 

Elect-mech. Mode 

Torsional Mode 

Non-osc. Mode 

-7.3809±2127.5i 

-8.642±1373.6i 

-6.1171±633.39i 

0.24906±116.45i 

-4.8121±42.314i 

-0.34329±3.629i 

-8.6553 

-8.3372±2015.3i 

-10.099±1261.4i 

-6.7221±631.76i 

1.6957±118.52i 

-6.5032±41.317i 

-0.47795±3.6186i 

-11.47 

-7.7272±1956.8i 

-9.3107±1203i 

-6.4372±627.23i 

0.95934±123.53i 

-5.8279±39.79i 

-0.47539±3.611i 

-10.335 

-7.5715±1947.1i 

-9.2689±1193.1i 

-6.4024±610.24i 

2.0552±141.93i 

-7.2375±34.565i 

-0.84117±3.5515i 

-11.789 

-6.8309±1888.8i 

-8.1252±1134.9i 

-5.9391±612.35i 

0.2292±139.58i 

-5.218±35.409i 

-0.57976±3.5799i 

-8.8324 

400 MW 

Network Mode-1 

Network Mode-2 

Sup. Sync. Mode 

Electrical Mode 

Elect-mech. Mode 

Torsional Mode 

Non-osc. Mode 

-7.608±2028.9i 

-9.1234±1275.1i 

-6.0399±649.1i 

0.61679±99.635i 

-4.7869±42.099i 

-0.34295±3.6243i 

-8.1792 

-8.6812±1921.6i 

-10.806±1167.8i 

-6.571±647.59i 

2.2711±101.76i 

-6.4924±41.026i 

-0.47802±3.6145i 

-10.843 

-8.0079±1863i 

-9.9329±1109.2i 

-6.3316±643.45i 

1.4222±106.51i 

-5.7634±39.486i 

-0.47573±3.607i 

-9.794 

-7.8672±1841.5i 

-9.9881±1087.6i 

-6.343±627.67i 

2.5744±124.07i 

-7.0855±34.273i 

-0.84577±3.5498i 

-11.211 

-7.0179±1789i 

-8.6283±1035.2i 

-5.9161±629.5i 

0.57673±121.92i 

-5.1048±35.112i 

-0.58168±3.5772i 

-8.4156 

500 MW 

Network Mode-1 

Network Mode-2 

Sup. Sync. Mode 

Electrical Mode 

Elect-mech. Mode 

Torsional Mode 

Non-osc. Mode 

-7.7742±1967i 

-9.4877±1213.2i 

-5.9744±660.11i 

0.89246±87.567i 

-4.8155±41.997i 

-0.34285±3.6197i 

-7.7437 

-8.9343±1862.6i 

-11.343±1108.8i 

-6.4473±658.71i 

2.7089±89.769i 

-6.5497±40.809i 

-0.47845±3.6104i 

-10.27 

-8.2161±1803.7i 

-10.412±1049.9i 

-6.2414±654.91i 

1.7498±94.287i 

-5.7422±39.243i 

-0.47643±3.6031i 

-9.2952 

-8.0926±1774.3i 

-10.564±1020.4i 

-6.2802±640.31i 

2.9227±111.04i 

-6.9617±33.999i 

-0.85124±3.5482i 

-10.668 

-7.1628±1724.2i 

-9.0399±970.37i 

-5.8861±642.18i 

0.80924±108.77i 

-5.0091±34.837i 

-0.58412±3.5746i 

-8.0146 
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Table 3.3 Critical series compensation level 

Wind farm

size (MW) 
IG-1 IG-2 IG-3 IG-4 IG-5 

100 X 88.47 96.40 X X 

200 88.70 68.50 76.62 82.20 90.43 

300 82.95 64.10 72.47 76.77 82.28 

400 81.14 63.25 71.55 75.25 79.45 

500 80.64 63.62 71.86 75.10 78.45 

3.4.2 Participation Factor Analysis 

Participation factor analysis is utilized to evaluate the influence of various states on the 

different subsynchronous modes. A 100 MW wind farm connected to 50% series 

compensated line is considered to conduct the analysis. Figure 3.5 (a) shows the 

participation factors associated with the electrical mode, which is mainly contributed by 

the d-q axis voltage across the series capacitor, d-q axis stator current and transmission 

line current. Figure 3.5 (b) shows the participation factors associated with 

electromechanical mode. This mode is equally contributed by the generator speed and d 

axis induced voltage in the rotor circuit that indicates the influence of generator inertia 

and rotor circuit parameters on the electromechanical mode. These parameters contribute 

to the damping and oscillatory frequency of the electromechanical mode. Figure 3.5 (c) 

shows the contribution of wind turbine speed and twisting angle towards the torsional 

mode. Being a mechanical mode it is characterized by the wind turbine inertia and shaft 

stiffness. Since the wind turbine inertia is very high in comparison to the generator 

inertia, it is unlikely to see any torsional interaction. The participation factors associated 

with the non-oscillatory mode shown in Figure 3.5 (d) shows that this mode is solely 

contributed by the q axis induced voltage in the rotor circuit. This is a monotonic mode 

and has no impact on the SSR phenomenon in a wind farm. A similar study using the 

other three high frequency modes reveals that these modes are mainly contributed by the 

PCC voltage and line current, however they are not shown here. 
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   (a) Electrical mode  (b) Electromechanical mode 

 
   (c) Torsional mode (d) Non-oscillatory mode 

Figure 3.5 Participation factors of various modes 

3.4.3 Sensitivity Analysis 

This section presents the sensitivity analysis with respect to change in the electrical and 

mechanical parameters of the wind turbine generators [93]. The three oscillatory modes 

considered for the sensitivity study are: i) electrical mode, ii) electromechanical mode, 

and iii) torsional mode. Two different operating scenarios are chosen: i) 100 MW wind 

farm and ii) 500 MW wind farm producing only 100 MW output. Both wind farms are 

connected to a 50% series compensated line.   

3.4.3.1 Sensitivity with Respect to Electrical System Parameters 

Under the electrical parameters sensitivity study, stator resistance, stator unsaturated 

leakage reactance, rotor resistance, and rotor unsaturated leakage reactance are varied 

while all other parameters are kept constant. The aforementioned parameters are changed 

with respect to their nominal value, presented with a zero in the subscript. The ratios of 

these parameters’ values to their nominal values are taken as 0.25, 0.5, 1, 1.5 and 2. 

Figure 3.6 shows the impact of the change in the stator resistance on the damping ratio of 

the electrical mode, electromechanical mode and torsional mode. It is found that the 

electrical mode damping ratio shown in Figure 3.6 (a) decreases with smaller stator 

resistance and when the stator resistance increases, the damping ratio increases gradually. 
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The electrical mode-damping ratio of the 100 MW wind farm is lower than the 500 MW 

wind farm operating with 100 MW power output condition, irrespective of the value of 

the stator resistance.  Figure 3.6 (b) and (c) shows the impact of change in stator 

resistance on the electromechanical and torsional mode-damping ratios, respectively. In 

both cases it is found that the damping ratios are less sensitive to any variation in the 

stator resistance.  

Figure 3.7 shows the impact of the change in the stator reactance on the three oscillatory 

modes. From the Figure 3.7 (a) and (b), the impact of the stator reactance on the electrical 

and electromechanical mode damping ratio is found to be small. The torsional mode-

damping ratio only improves with stator reactance. The improvement in the damping 

ratio is quite large in case of a 100 MW wind farm in comparison to the 500 MW wind 

farm producing 100 MW output, as shown in Figure 3.7 (c). 

 
   (a) Electrical mode  (b) Electromechanical mode  

 
(c) Torsional mode 

Figure 3.6 Impact of change in stator resistance 
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  (a) Electrical mode  (b) Electromechanical mode 

 
(c) Torsional mode 

Figure 3.7 Impact of change in stator reactance 

Figure 3.8 shows the influence of the rotor resistance on the damping ratio of the three 

aforementioned subsynchronous modes. In Figure 3.8 (a) the electrical mode-damping 

ratio is found to be decreasing with respect to the increase in the rotor resistance. This is 

quite expected, as with larger rotor resistance the net negative resistance at sub-

synchronous frequency becomes higher than the net positive resistance. On the other 

hand, an opposite impact of the rotor resistance is seen on the electromechanical and 

torsional mode-damping ratios that are depicted in Figure 3.8 (b) and Figure 3.8 (c), 

respectively. In this case the influence of the rotor resistance is also seen to be larger for a 

100 MW wind farm in comparison to a 500 MW wind farm producing 100 MW output. 

Figure 3.9 shows the impact of the rotor leakage reactance. In this case the electrical 

mode and electromechanical mode damping ratios exhibit minimal change with respect to 

the variation in the rotor reactance as shown in Figure 3.9 (a) and Figure 3.9 (b), 

respectively. However, the torsional mode-damping ratio of the 100 MW wind farm 

increases with rotor leakage reactance. This is shown in Figure 3.9 (c).  The torsional 

mode-damping ratio of the 500 MW wind farm producing 100 MW output is almost 

unaffected by the change in rotor reactance. 

0.25 0.5 1 1.5 2
-0.01

0.0025

0.015

0.0275

0.04

X
s

 / X
s0

D
am

pi
ng

 r
at

io
 (

 
 )

 

 

100 MW WF

100 MW o/p from 500 MW WF

0.25 0.5 1 1.5 2
0

0.1

0.2

X
s

 / X
s

 
0

D
am

pi
ng

 r
at

io
 (

 
 )

0.25 0.5 1 1.5 2
0.05

0.075

0.1

X
s

 / X
s

 
0

D
am

pi
ng

 r
at

io
 (

 
 )



70 

 

 

 

From the electrical parameter sensitivity study, it is concluded that amongst all 

parameters stator resistance and large rotor resistance significantly affect the electrical 

mode stability. The electrical mode of large wind farms is found to be more stable in 

comparison to small wind farms. However, smaller wind farms provide more damping to 

electromechanical and torsional mode. 

 
 (a) Electrical mode  (b) Electromechanical mode 

 
(c) Torsional mode 

Figure 3.8 Impact of change in rotor resistance 

 
 (a) Electrical mode  (b) Electromechanical mode 

 
(c) Torsional mode 

Figure 3.9 Impact of change in rotor reactance 
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3.4.3.2 Sensitivity with Respect to Mechanical System Parameters 

The turbine inertia, shaft stiffness, and generator inertia are considered for the study of 

the mechanical parameter sensitivity. Figure 3.10 shows the variation in the damping 

ratios of the modes with respect to change in the turbine inertia. The electrical mode and 

electromechanical mode-damping ratios are found to be unresponsive to the variation as 

shown in Figure 3.10 (a) and (b), respectively, which is as expected. This has also been 

stated in the participation factor analysis of the corresponding modes. However, the 

torsional mode-damping ratio depicted in Figure 3.10 (c) increases linearly with the wind 

turbine inertia constant. Figure 3.11 shows the shaft stiffness of the wind turbine. The 

torsional mode-damping ratio is enhanced with an increase in the shaft stiffness. Figure 

3.12 shows the influence of the generator inertia constant on these three oscillatory 

modes. The variation in the electrical mode is seen to be very small as shown in Figure 

3.12 (a), but the increase in the generator rotor inertia improves the electromechanical 

mode-damping ratio as shown in Figure 3.12 (b). The change in the torsional mode-

damping ratio shown in Figure 3.12 (c) is also very small. 

Based on the mechanical sensitivity study, it is determined that the mechanical 

parameters associated with the wind turbine generator system have no influence over the 

electrical resonance caused by the series capacitor. The electromechanical mode and 

torsional mode are highly influenced by the wind turbine inertia and shaft stiffness as 

they have a strong coupling with the mechanical properties of the wind turbine generator. 

The generator inertia constant has an effect on the electromechanical mode only. 
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(c) Torsional mode 

Figure 3.10 Impact of change in turbine inertia constant 

 
 (a) Electrical mode  (b) Electromechanical mode 

 
(c) Torsional mode 

Figure 3.11 Impact of change in shaft stiffness 

 
 (a) Electrical mode  (b) Electromechanical mode 
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(c) Torsional mode 

Figure 3.12 Impact of change in generator inertia constant 

3.5 ELECTROMAGNETIC TRANSIENT SIMULATIONS 

In this section, the time domain simulation results are presented. The considered study 

system is modeled using the inbuilt blocksets given in the PSCAD/EMTDC software 

package. The small signal analysis of the potential for the subsynchronous resonance in a 

wind farm is correlated with time domain simulations. The IG-1 data are used in all the 

time domain studies reported in this section. The electromagnetic transient simulations 

are carried out in two parts: i) steady state and ii) transient state. 

3.5.1 Steady State Subsynchronous Resonance 

Steady state subsynchronous resonance is primarily related to induction generator effect 

and torsional interaction. The potential for the SSR in steady state is predicted from the 

eigenvalue analysis in Table 3.1. The eigenvalue analysis is now reasonably validated 

with the time domain simulation results. Although no potential for the torsional 

interaction is observed from the eigenvalue analysis, the possibilities of the induction 

generator effect are seen to be high at higher level of series compensation. The time 

domain simulations are thus carried out for the 100 MW, 300 MW and 500 MW at 

different series compensation levels  K and compared with the eigenvalue analysis 

results. Each case study presents simulation results with two distinct series compensation 

levels.  

Figure 3.13 shows steady state electromagnetic torque and PCC voltage of a 100 MW 

wind farm with 70% and 85% series compensation. As observed from the eigenvalues 

shown in Table 3.1, the 100 MW wind farm may not experience the SSR due to series 
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compensation. The time domain simulation depicted in Figure 3.13 (a) shows that the 

electromagnetic torque is stable in steady state, with both the levels of series 

compensation. Similarly the PCC voltage also remains stable as shown in Figure 3.13 (b). 

Thus the time domain simulations validate the small signal analysis.  

Figure 3.14 shows the steady state electromagnetic torque and PCC voltage of the 300 

MW wind farm operated with 70% and 85% series compensation. With 70% series 

compensation no SSR oscillation is observed. However, since the critical compensation 

level is 82.95%, with 85% series compensation induction generator effect SSR oscillation 

is observed in electromagnetic torque and PCC voltage shown in Figure 3.14 (a) and 

Figure 3.14 (b), respectively. The SSR oscillation is self-excited and grows gradually. 

The FFT of the electromagnetic torque shown in Figure 3.14  (c) shows the estimated 

frequency of 116.3 rad/s, which matches very well the calculated electrical mode damped 

frequency of 116.45 rad/s. This correlation validates the eigenvalue analysis results in 

steady state. Similarly the induction generator effect SSR is also observed in the 500 MW 

wind farm, when connected to 81% series compensation. Since the critical compensation 

level is 80.64%, 81% series compensation leads to self-excitation in the wind farm, 

whereas with 70% series compensation no such oscillation is witnessed. The 

electromagnetic torque and PCC voltage for the two described operating conditions are 

shown in Figure 3.15 (a) and (b), respectively. The FFT of the electromagnetic torque is 

shown in Figure 3.15 (c). The estimated frequency, though not shown in Table 3.1, 

matches with the calculated value.  

The successful correlation of the electromagnetic transient simulation results with those 

of eigenvalue analysis validates the small signal model. However, a detailed validation 

during transients is presented in the next section. 
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(b) PCC Voltage 

Figure 3.13 Steady state performance of a 100 MW wind farm 

 
(a) Electromagnetic torque 

 
(b) PCC voltage 

 
(c) FFT of electromagnetic torque 

Figure 3.14 Steady state performance of a 300 MW wind farm 
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(b) PCC voltage 

 
(c) FFT of electromagnetic torque 

Figure 3.15 Steady state performance of a 500 MW wind farm 

3.5.2 Transient Subsynchronous Resonance  

A three phase fault of six cycles duration is simulated at Bus-2 (location 2F ) of the study 

system. Figure 3.16 shows the impacts of the fault on a 100 MW wind farm connected to 

70% and 85% series compensation levels. Figure 3.16 (a) shows the output power of the 

wind farm following the fault. As series compensation increases from 70% to 85%, the 

oscillations in the output power also increase. A similar response is also seen in the 

electromagnetic torque of the induction generator depicted in Figure 3.16 (b). The 

oscillation in the electromagnetic torque consists of multiple frequency components. 

However, the electromagnetic torque is stabilized subsequently.  

The response of the shaft torque is shown in Figure 3.16 (c). It shows the low frequency 

oscillations that are also damped out gradually. Similarly, the generator speed and the 

PCC voltage following the fault are depicted in Figure 3.16 (d) and Figure 3.16 (e), 

respectively. It is found that in all cases the oscillations increase with the increase in the 

level of series compensation. Figure 3.16 (f) shows the voltage across (phase-a) the series 

capacitor. 
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To identify the multiple frequency components involved in the electromagnetic torque 

and shaft torque oscillations, FFT analyses of those waveforms are performed which are 

illustrated in Figure 3.17. The FFT of the electromagnetic torque shows the frequencies 

of 205.4 rad/s and 188.5 rad/s, which match with the calculated electrical mode damped 

frequencies of 206.04 rad/s and 188.59 rad/s, respectively shown in Table 3.1. The 

electromechanical mode damped frequency is also detected to be 41.25 rad/s, which 

closely matches with the calculated value of 41.93 rad/s and 41.193 rad/s, respectively for 

both series compensation levels. The FFT of the shaft torque is shown in Figure 3.17 (b), 

which shows the torsional mode damped frequency of 3.68 rad/s. It matches very well 

with the calculated value of 3.57 rad/s shown in Table 3.1.  
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d) Generator speed 

 
e) PCC voltage 

 
f) Capacitor voltage 

Figure 3.16  Transient SSR in a 100 MW wind farm 

 
 (a) FFT of electromagnetic torque           (b) FFT of shaft torque 

Figure 3.17 FFT of electromagnetic torque and shaft torque of a 100 MW wind farm 

A similar fault study is carried out with a 300 MW wind farm connected to 70% and 85% 

series compensated lines. The performance of the wind farm following the fault is shown 

in Figure 3.18. Figure 3.18 (a) and (b) show the electromagnetic torque and shaft torque, 

respectively, following the fault clearance. Since the critical series compensation level is 

around 82.95% for a 300 MW wind farm, with 85% series compensation the oscillations 
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in the electromagnetic torque grow after the fault is cleared. The shaft torque also grows 

and attains very high amplitude due to the electrical mode instability. This is due to the 

fact that when the electromagnetic torque becomes zero, the accelerating torque grows 

which causes the high (up-to 18 pu) shaft torque. Figure 3.18 (c), (d), and (e) show the 

generator speed, PCC voltage, and voltage across the series capacitor. The fault results in 

a substantial amplification of the voltage across series capacitor. Figure 3.19 (a) and (b) 

show the FFT analysis of the electromagnetic torque and shaft torque, respectively. The 

estimated frequencies depicted in Figure 3.19 (a) and (b) match very well with the 

calculated damped frequencies shown in Table 3.1.  

 
a) Electromagnetic torque 
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d) PCC voltage 

 
e) Capacitor voltage 

Figure 3.18 Transient SSR in a 300 MW wind farm  

 
  (a) FFT of electromagnetic torque           (b) FFT of shaft torque 

Figure 3.19 : FFT of electromagnetic torque and shaft torque of a 300 MW wind farm 

Figure 3.20 shows the response of a 500MW wind farm to a three phase fault at the 

remote end (location 2F ) of the series compensated line. Two series compensation levels 

considered in this case are 70% and 81%. The electromagnetic torque, shaft torque, 

generator speed, and PCC voltage are shown in Figure 3.20 (a), (b), (c) and (d), 

respectively. Since the critical series compensation level is around 80.64%, 81% series 

compensation causes induction generator effect SSR in the wind farm. The 

electromagnetic torque grows after the fault is cleared with 81% series compensation. 

The shaft torque also gets amplified with 81% series compensation level. The large shaft 

torque may cause cyclic fatigue in the shaft. A detailed analysis of shaft torque rise is 

discussed later.  
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The responses of the generator speed and PCC voltage show the oscillations in these 

parameters grow with 81% series compensation.  Figure 3.21 shows the FFT of the 

electromagnetic torque and shaft torque. It is found that the electromagnetic torque is 

largely dominated by the electrical mode oscillation, whereas the FFT of the shaft torque 

shows the dominance of the torsional mode.  The estimated frequencies of the oscillations 

match very well with the calculated value of damped frequencies given in Table 3.1. The 

successful correlation of the eigenvalue results and transient simulation results validate 

the small signal analysis to predict the SSR in wind farms.  

 

 
(a) Electromagnetic torque 

 
(b) Shaft torque 

 
(c) Generator speed 
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(d) PCC voltage 

Figure 3.20 Transient SSR in a 400 MW wind farm 

 
 (a) FFT of Electromagnetic torque           (b) FFT of shaft torque 

Figure 3.21 FFT of electromagnetic torque and shaft torque of a 500 MW wind farm 

3.6 IMPACT OF FAULT LOCATION 

The optimum location of a single capacitor bank, in terms of effectiveness of the 

compensation is at the center of the transmission line [42]. Most of the series capacitor 

applications in the USA have two capacitors placed at the both ends of a transmission 

line. Therefore, a study on the impact of fault location is chosen for a configuration 

where the series capacitor is split into two banks and each one is placed at either end of 

the transmission line. The modified configuration of the study system is shown in Figure 

3.22, where an additional bus (Bus-3) is introduced. Three phase faults at three locations 

( 1F , 2F  and 3F ) are simulated with PSCAD/EMTDC and the results are discussed here. 

The fault starts at t=4s and is cleared after 100ms. 
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Figure 3.22 Modified study system 

The time domain simulation of the modified system is carried with 50% series 

compensation, which is a realistic value of series compensation. The impact of the fault at 

different locations on the electromagnetic torque, shaft torque, and PCC voltage are 

discussed. Figure 3.23 shows the electromagnetic torque following the fault for 100 MW, 

300 MW and 500 MW wind farms. The electromagnetic torque of a 100 MW wind farm 

shown in Figure 3.23 (a) illustrates the severity of the fault at the terminal (location 1F ) in 

comparison to the fault at mid line (location 3F ) and remote end (location 2F ) of the line. 

The large electromagnetic torque is seen for a fault at the location 1F , which reaches up-to 

14 pu. Although the fault at location 3F  does not cause similar increase, the peak 

overshoot of the electromagnetic torque attains a value of 4.5 pu. Fault at location 2F  

results in much lower peak electromagnetic torque of around 3 pu. Similar observation is 

also found with 300 MW and 500 MW wind farm as shown in Figure 3.23 (b) and (c), 

respectively. It is seen that as the size of the wind farm increases, the impacts of faults at 

different locations get reduced. However, the terminal faults in all cases are found to 

cause significantly large electromagnetic torque. Hence, it is concluded that the terminal 

fault has a very severe impact on the electromagnetic torque of the induction generator.  
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(b) 300 MW wind farm 

 
 

 
(c) 500 MW wind farm 

Figure 3.23 Impact of fault location on electromagnetic torque 

Figure 3.24 shows the impacts of fault locations on the shaft torque of the wind turbine 

generator. In the case of a 100 MW wind farm, the fault at location 1F  causes a large 

overshoot in the shaft torque following the clearance of the fault. This is shown in Figure 

3.24 (a). The peak shaft torque reaches upto 1.8 pu which is not favorable for a rotating 

machine. When the fault location moves away from the wind farm, the impact is reduced. 

This can be seen from the reduced overshoot in the shaft torque. The fault at location 2F  

shows the least overshoot. Figure 3.24 (b) shows the shaft torque disturbance of a 300 

MW wind farm following the fault at three locations. In this case, faults at 1F  and 3F  

exhibit similar shaft torque increase where the peak shaft torque increases upto 1.25 pu. It 

is understood that this much rise may not cause any damage to the shaft [54]. The impact 

of the fault at 2F  is quite similar to that of a 100 MW case study. The impacts of the fault 

location on the shaft torque of a 500 MW wind farm are shown in Figure 3.24 (c). The 

fault at 1F  shows a peak overshoot in the shaft torque that reaches upto 1.35 pu. 

However, as the fault location moves away from the wind farm, the peak overshoot is 

reduced subsequently. 
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(a) 100 MW wind farm 

 
(b) 300 MW wind farm 

 
(c) 500 MW wind farm 

Figure 3.24 Impact of fault location on shaft torque 

The behavior of PCC voltage of an induction generator based wind farm is very 

important during the system disturbances. In the absence of external excitation the 

induction generators draw the reactive power based on the voltage at the terminal. Hence, 

disturbance in the voltage causes fluctuation in the reactive power demand of the wind 

turbine generator, which affects its performance. Figure 3.25 shows the PCC voltage for 

faults at the three different locations. In the case of a 100 MW wind farm, the fault 

nearest to the wind farm (i.e. location 1F ) causes the voltage rise upto 2.5 pu after the 

fault clearance  which is shown in Figure 3.25 (a). This may force the wind turbine to 

trip. However, the fault at location 2F  and 3F  does not cause such rise in the PCC 

voltage. Figure 3.25 (b) and Figure 3.25 (c) show the PCC voltage for 300 MW and 500 

MW wind farm, respectively. As the wind farm size increases, the influence of the 

terminal fault is reduced. It can be seen that in the case of a 300 MW wind farm, the fault 
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at 1F  causes a peak overshoot of 1.35pu, but for a 500 MW wind farm, it is reduced to 

1.1pu. From this analysis it is seen that the series capacitor has an adverse impact on the 

voltage at PCC even at a realistic level of series compensation.  

To get more insight of the impact of fault nearby the wind farm, a detailed analysis is 

carried out with an equivalent circuit model of the study system, which is reported in the 

next section. 

 
(a) 100 MW wind farm 

 
(b) 300 MW wind farm 

 
(c) 500 MW wind farm 

Figure 3.25 Impact of fault location on PCC voltage 

3.7 HIGH SHAFT TORQUE 

High shaft torque occurs during or after the clearance of the fault in a series compensated 
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This energy is discharged in the form of current having a frequency that is a compliment 

4 5 6
0

0.5

1

1.5

2

2.5

time (s)

V
s 

(p
u)

4 5 6
0

0.5

1

1.5

2

time (s)

V
s 

(p
u)

4 5 6
0

0.5

1

1.5

2

time (s)

V
s 

(p
u)

Fault at F1 Fault at F3 Fault at F2

4 5 6
0

0.5

1

1.5

time (s)
( )

V
s 

(p
u)

4 5 6
0

0.5

1

1.5

time (s)
( )

V
s 

(p
u)

4 5 6
0

0.5

1

1.5

time (s)
( )

V
s 

(p
u)

Fault at F1 Fault at F3 Fault at F2

4 5 6
0

0.5

1

1.5

time (s)

V
s 

(p
u)

4 5 6
0

0.5

1

1.5

time (s)

V
s 

(p
u)

4 5 6
0

0.5

1

1.5

time (s)

V
s 

(p
u)

Fault at F2Fault at F3Fault at F1



87 

 

 

 

to the electrical mode damped frequency that causes induction generator effect SSR. 

Under such circumstances the shaft torque is quite large and the oscillatory shaft torque 

may reach a damaging level within 100ms. Each occurrence of this high amplitude 

transient torques can result in reduction of the shaft life due to the cyclic fatigue.  Fatigue 

is defined as the process of progressive localized permanent structural change occurring 

in a material subjected to conditions which produce fluctuating stresses and strains at 

some points which may culminate in cracks or complete fracture after a sufficient number 

of oscillations. Once initiated, the cracks may propagate to sizes that may result in 

irreversible shaft damage or eventual breakage.  

3.7.1 Equivalent Circuit Analysis 

To study the impact of terminal fault on the wind farm, the equivalent circuit theory is 

applied and is described in detail in Chapter 2. A realistic level of series compensation 

(50%) is chosen for this case study. The equivalent circuit of the study system is shown 

in Figure 3.26 

 

Figure 3.26 Equivalent circuit of study system with single-cage induction generator 

The characteristic polynomial of the impedance matrix of the closed loop system is 

obtained by calculating the determinant as given below. 
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Out of the five roots of the above polynomial, one complex conjugate pair is very 

sensitive to the operating slip of the induction generator. Thus, keeping all other system 
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are plotted in Figure 3.27. As the slip increases, the roots move to the right, crossing the 
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imaginary axis and subsequently splitting into two real roots. Further increase in the slip 

causes them to rejoin into a complex pair, which starts traversing to the left crossing the 

imaginary axis and becoming stable. The points where the roots cross the imaginary axis 

are called the resonant points. The lower slip crossover point relates to the lower resonant 

speed (LRS) whereas the upper slip crossover point corresponds to the upper resonance 

speed (URS).  From Figure 3.27 it is seen that the system is stable both above the upper 

resonant speed and below the lower resonant speed. However, if the speed of the 

generator falls between these two speeds anytime during its operation the induction 

generator becomes unstable and the speed continues to decrease until it is stabilized at the 

lower resonant speed. For the aggregated wind farm study system, the loci of the slip-

sensitive roots are plotted in Figure 3.27 for different size of wind farms. The slip values 

are varied from +0.01 to -0.5.  

 

Figure 3.27 Loci of critical root with varying slip of induction generator 

Table 3.4 depicts the upper resonant and the lower resonant speeds of the wind farms for 

varying levels of series compensation and sizes of wind farm. It is observed that as the 

size of the wind farm and series compensation increase, the upper and lower resonant 

speeds also increase. It is noted that the increase in the upper resonant speed reduces the 

stability margin. Hence, if the speed drops below the upper resonant speed due to any 

transient disturbance, it cannot recover after the clearance of the fault.  

 

 

-40 -20 0 20 40 60 80 100 120 140 160 180
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Real Part ()

Im
ag

in
ar

y 
pa

rt
 ( 

)

R
es

on
an

t 
sp

ee
d 

(p
u)

 

 
50 MW
100 MW

200 MW

300 MW

400 MW
500 MW

LRS

URS



89 

 

 

 

Table 3.4 Resonant speed in per unit 

WF Size 
(MW) 

Lower resonant speed (LRS) Upper resonant speed (URS) 

K=30% K=50% K=70% K=30% K=50% K=70% 

50 0.053 0.069 0.081 0.226 0.291 0.344 

100 0.075 0.096 0.114 0.295 0.380 0.450 

200 0.104 0.134 0.158 0.367 0.473 0.558 

300 0.126 0.162 0.190 0.406 0.523 0.618 

400 0.144 0.184 0.215 0.431 0.559 0.656 

500 0.159 0.202 0.236 0.450 0.577 0.682 

3.7.2 Electromagnetic Transient Simulation 

Electromagnetic transient simulations are carried out at different operating conditions to 

validate the equivalent circuit theory analysis. The main purpose of this study is to 

evaluate the impact of the fault at the terminal of a wind farm. Figure 3.28 illustrates the 

effect of the terminal fault (location 1F ) on a 50 MW wind farm with 50% series 

compensation, compared with the response to a similar fault at location 2F . The speed 

following the fault clearance is shown in Figure 3.28 (a). When the fault occurs in the 

network (either location), the speed of the wind turbine generator undergoes an 

oscillatory behavior. For a fault at location 2F , the post fault stabilization does not appear 

to be a concern. However, for a fault at location 1F  the speed of the wind turbine 

generator falls rapidly following the fault clearance. The fall in the speed continues and it 

enters into the unstable band of speeds defined by the lower and upper resonant speeds. 

In this case the upper resonant speed is 0.226pu, which is obtained from the equivalent 

circuit theory. Thus, when the speed falls below this value, it fails to return to normal 

operating condition and results in the instability of the wind turbines. The instability in 

the electromagnetic torque is shown in Figure 3.28 (b), which shows that the peak 

electromagnetic torque may reache upto 250 pu. At the same time, the fault at the remote 

end only causes a peak electromagnetic torque of 4 pu which is stabilized gradually 

within 1.5s of the fault clearance.  Severe rise in shaft torque (up to 26 pu) in the shaft 

torque is now shown in Figure 3.28 (c) for a fault at 1F , whereas the fault at 2F  only 

causes 1.15 pu overshoot which is not a concern. The high shaft torque witnessed shows 
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the potential for the cyclic fatigue in the shaft. Recurring occurrence of such large shaft 

torque would cause serious damage to the shaft and gearbox of the wind turbine. 

 
(a) Generator speed 

 
(b) Electromagnetic torque 

 
(c) Shaft torque 

Figure 3.28 Impact of terminal fault on 50 MW wind farm 

Similar study is now extended to a 300MW wind farm connected to a 50% series 

compensated line. In this case no such instability is found. This is due to the fact that the 

speed following the fault clearance does not fall below the upper resonant speed limit of 

0.523 pu which is shown in Figure 3.29 (a). The electromagnetic torque following the 

faults at two locations is shown in Figure 3.29 (b). In case of fault at location 1F , the peak 

electromagnetic torque reaches up-to 5 pu, which is restricted to 3 pu when the fault 

occurs at location 2F . The corresponding shaft torques are shown in Figure 3.29 (c). The 

peak shaft torque due to fault at 1F  reaches up-to 1.25pu, whereas it reaches only upto 

1.12pu for the remote end fault. 
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(a) Generator speed 

 
(b) Electromagnetic torque 

 
(c) Shaft torque 

Figure 3.29 Impact of terminal fault on 300 MW wind farm 

Most of the series capacitors are protected by metral oxide varistor (MOV) conducting 

during fault conditions to limit over voltage produced across series capacitor. The current 

that MOV conducts depends upon voltage drop across the capacitor which varies with 

fault level, location and fault resistance. A similar MOV is now connected across the 

series capacitor and a terminal fault is created. It is found that large voltage across the 

series capacitor is successfully limited to threshold value of 2 pu. It is noted that MOV 

works during the fault duration only and is unable to protect the wind farm from SSR 

oscillation due to induction generator effect. 

3.8 CONCLUSIONS 

A detailed analysis of the potential for the subsynchronous resonance in single-cage 

induction generator based wind farms connected to series compensated lines is presented 
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in this chapter. A comprehensive system state space model is developed for the above 

study system, which is the modified IEEE First Benchmark System. The eigenvalue 

analysis is utilized to predict the potential of SSR for a wide range of wind farm sizes, 

wind farm power outputs and series compensation levels.  The validation is achieved 

through the correlation of the calculated damped frequencies with the modal frequencies 

obtained from the time domain simulation with PSCAD/EMTDC software. The critical 

levels of series compensation that could cause steady state and transient state SSR are 

identified. Studies with several commercially available induction generator data are also 

presented. An equivalent circuit theory analysis is performed to calculate the upper and 

lower resonant speeds of the aggregated induction generator model, which is again 

reasonably validated with the PSCAD/EMTDC simulations.  A part of this chapter is 

published in [131]. The conclusions drawn from this chapter are as follows: 

(a) SSR due to induction generator effect is more likely for a wind farm connected to 

a radial series compensated line, although this may only occur at rather high 

levels of series compensation. 

(b) No torsional interaction between the wind turbine generators and the series 

compensated line is anticipated.   

(c) A three-phase fault at the terminal of the wind farm may cause unacceptable large 

shaft torque even at a realistic level of series compensation (50%). This depends 

on the variation in the speed of the induction machines during the fault recovery 

process. If the speed falls below the upper resonant speed, the induction generator 

speed cannot be restored even after the clearance of the fault, and the shaft torque 

attains very high values that could be potentially dangerous.  

The above studies indicate that single-cage induction generator based wind farms 

connected to series compensated lines may be subject to shaft damage for faults at wind 

farm terminals even at realistic levels of series compensation. Therefore, when such wind 

farms are contemplated to be connected to a series compensated transmission line, a 

thorough investigation should be performed during the planning period to detect any 

potential of SSR. If SSR problems are identified, suitable preventive measures may be 

undertaken.  
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Chapter 4  

4 SUBSYNCHRONOUS RESONANCE ANALYSIS OF 
DOUBLE-CAGE INDUCTION GENERATOR BASED WIND 
FARMS 

4.1 INTRODUCTION 

This chapter presents the analysis of subsynchronous resonance in a double-cage 

induction generator based wind farm connected to a series compensated transmission 

line. The subsynchronous resonance study in this chapter is carried out through small 

signal analysis followed by a detailed time domain simulation with PSCAD/EMTDC. 

Under the small signal analysis, linearized state space model of each sub-system is 

developed and system eigenvalues are calculated at several quiescent points. The 

eigenvalue analysis is carried out primarily to predict the potential for SSR in wind farms 

which is reasonably validated through the time domain simulations. The investigation of 

SSR includes the impact of variation in the size of wind farm, power output and percent 

series compensation. Participation factor analysis followed by sensitivity study is also 

done to quantify the influence of various system parameters on the subsynchronous 

modes. The location of the fault in a series compensated network plays a critical role in 

large increase in the wind turbine shaft torque. The transient torque analysis is similar to 

the study conducted with the single-cage induction generator based wind farm, reported 

in Chapter 3. Further, to examine the influence of series capacitor location on shaft 

torque, the series capacitor bank is split into two banks and each bank is inserted at both 

end of the transmission line. Then, symmetrical faults at different locations are then 

simulated. An equivalent circuit analysis described in Chapter 2 is used that predicts the 

conditions for large shaft torque in wind turbines following balanced fault at the terminal 

of the wind farm. The equivalent circuit analysis results are reasonably validated with the 

time domain simulations carried out with PSCAD/EMTDC. 
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Different commercially available double-cage induction generators are used in this 

chapter to make the SSR analysis more realistic. 

4.2 STUDY SYSTEM DESCRIPTION 

The study system shown in Figure 4.1 is the modified IEEE First Benchmark System 

proposed for the study of subsynchronous resonance [44]. The synchronous generator is 

replaced with an aggregated wind farm employing large number of double-cage induction 

generators, each of 2.3 MW. It is assumed that all wind turbines and generators have 

identical characteristics over all range of operating conditions. The size of wind farm 

varies between 100 MW and 500 MW, whereas the series compensation varies from 10% 

to 90%. In order to simplify system modeling, wind farm collector cable impacts are 

neglected. 

 

Figure 4.1 Study system 

4.3 STUDY SYSTEM MODELING 

For the modeling purpose, the study system shown in Figure 4.1 is split into three sub-

systems: i) drive train, ii) induction generator, and iii) series compensated transmission 

line. The detailed modeling of each sub-system is already presented in Chapter 2.  The 

differential equations of each sub-system are reproduced here briefly. 

4.3.1 Drive Train System 

A two-mass drive train system is considered to represent the drive train of the wind 

turbine. In a two-mass drive train system, one mass represents the aggregated dynamics 

of the rotor blades and the hub. The second mass characterizes the dynamics of the 

induction generator rotor. During the analytical modeling, all parameters in the low-speed 
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shaft side are transformed into the high-speed shaft side of the wind turbine. The dynamic 

equations of the drive train system are written as: 

  t w tg tg tg t g

d
T K D

dt
        (4.1) 

 tg t g

d

dt
     (4.2) 

  g tg tg tg t g g

d
K D T

dt
        (4.3) 

4.3.2 Induction Generator 

In this study the double-cage induction generator is modeled as a voltage source behind 

the transient reactance. The detailed derivation of the proposed model is already 

discussed in Chapter 2. The differential equations of the double-cage induction generator 

are: 

 0 1 0 1

1 1
ds q s ds qs d ds

s s

d d
X I E R I X I E V

dt dt 
       (4.4) 
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4.3.3 Network 

The differential equations of the network are presented below, which include the 

dynamics of the shunt capacitor and series compensated transmission line, including the 

series capacitor. 

 g ds ds d s g qs

d
C V I I C V

dt
    (4.10) 

 g qs qs q s g ds

d
C V I I C V

dt
    (4.11) 

 d ds d s q cd bd

d
L I V RI LI V V

dt
      (4.12) 

 q qs q s d cq bq

d
L I V RI LI V V

dt
      (4.13) 

 cd d s cq

d
C V I CV

dt
   (4.14) 

 cq q s cd

d
C V I CV

dt
   (4.15) 

All state variables are defined in Chapter 2. 

4.3.4 Complete System 

The differential equations presented in (4.1)-(4.15) are non-linear. Thus, to develop a 

linear state space model of the complete system, all equations are linearized and then 

interconnected. The state space model of each sub-system is arranged below. 

      WT TT WT TG G T WTx A x A x B u    (4.16) 

      G GT WT GG G GN Nx A x A x A x    (4.17) 

      N NG G NN N N Nx A x A x B u    (4.18) 

Combining (4.16)-(4.18), the state space model of the study system is written as: 

    1 1 2 2sys sys sysx A x B u B u      (4.19) 

 sys sys sysy C x     (4.20) 
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where, 

 t t t t
sys WT G Nx x x x     (4.21) 

 t
WT t tg gx          (4.22) 

 1 1 2 2
t
G ds qs d q d qx I I E E E E          (4.23) 

 t
N ds ds d q cd cqx V V I I V V          (4.24) 

  t
sys WF WFy P Q    (4.25) 

  1 Wu T   (4.26) 

 2

bd

bq

V
u

V

 
   

 (4.27) 

The state matrix and input matrix are defined as follows: 

 
3 6

6 3

0

0

TT TG

sys GT GG GN

NG NN

A A

A A A A

A A
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 (4.29) 

The state matrix sysA    in (4.28) is used for the eigenvalue analysis discussed in the next 

section where, sysA    is a 15×15 sized matrix,  1B is a 15×1 matrix and  2B is a 15×2 

matrix. 

4.4 SMALL SIGNAL ANALYSIS 

4.4.1 Eigenvalue Analysis 

The complete system state space model presented in (4.19) is utilized for the calculation 

of system eigenvalues. Considering various initial conditions, the steady state solutions 

are obtained and eigenvalues are calculated for the corresponding operating conditions. 

The initialization technique used in this chapter is presented in Appendix A. The wind 

farm size is varied between 100 MW and 500 MW and the series compensation level is 
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varied between 10% and 90%. The eigenvalues are also calculated for a 500 MW wind 

farm producing variable output. This is performed from the viewpoint of evaluating the 

impact of series compensation during the wind speed variation. 

4.4.1.1 Variation in Wind Farm Size 

The state space model mentioned in (4.21) results in seven complex conjugate 

eigenvalues and one real eigenvalue. The eigenvalues for different operating conditions 

are depicted in Table 4.1. The oscillatory modes obtained are: i) network mode 1 and 

network mode 2, ii) super synchronous mode, iii) electrical mode, iv) rotor mode, v) 

electromechanical mode, and vi) torsional mode. The only non-oscillatory mode is 

represented by the real eigenvalue. For the subsynchronous resonance analysis, electrical 

mode, electro-mechanical mode and torsional modes are of interest. The impact of series 

compensation on these three modes is studied through a comprehensive eigenvalue 

analysis depicted in Table 4.1. 

The electrical mode that is characterized by the series capacitor is largely affected by the 

change in series compensation level. The impact of wind farm size is also found to be 

substantial.  Table 4.1 illustrates that for all wind farm sizes, an increase in the series 

compensation level causes the electrical mode to become less stable and then become 

unstable at a specific compensation level, known as the critical compensation level. An 

unstable electrical mode always indicates the potential for induction generator effect SSR 

in the network. On the other hand, oscillatory frequency  erf  associated with the 

electrical mode also gets reduced with increasing level of series compensation. 

Now, keeping the level of series compensation constant, when size of the wind farm is 

increased from 100 MW to 500 MW, the electrical mode shows a unique behavior. 

Initially it become less stable and then becomes more stable for larger wind farms. For 

example, in the case of a 100 MW wind farm with 50% series compensation, the 

electrical mode eigenvalues are calculated as -0.415 ± 237.08i, which become 0.165 ± 

202.08i and 0.1569 ± 182.46i for 200 MW and 300 MW wind farms, respectively. 

However, when the wind farm size increases to 400 MW and 500 MW, the electrical 

mode becomes stable again. The electrical mode damped frequency also decreases with  
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respect to the increasing size of the wind farm. Similar behavior is also observed for all 

series compensation levels depicted in Table 4.1. This shows that instability due to SSR 

can occur at a realistic level of series compensation. 

A double-cage induction generator has one electromechanical mode that is represented by 

the eigenvalues having an oscillatory frequency in the range of 3 Hz – 8 Hz.  The 

electromechanical mode becomes more stable with increasing level of series 

compensation. At a constant level of series compensation, if size of the wind farm 

increases, the electromechanical mode becomes less stable. However, no instability in the 

electromechanical mode is seemingly caused by the series capacitor, as depicted in Table 

4.1.  

The torsional mode becomes relatively more stable with increasing size of the wind farm. 

However, increase in the percent of series compensation affects the torsional mode 

marginally, yet without causing any concern of the torsional interaction. Hence, no 

potential for torsional interaction is expected.  

Figure 4.2 shows the variation in the electrical mode eigenvalues for different sizes of 

wind farm and series compensation levels. As the series compensation increases the real 

part of the electrical mode eigenvalue decreases. The oscillatory frequency of this mode 

also decreases consistently. The crossover series compensation level, known as the 

critical compensation, is unique for different sizes of wind farms. Figure 4.3 shows the 

damping ratio of the electrical mode. It illustrates that the effective damping ratio 

decreases gradually with the increasing series compensation level and becomes negative 

beyond the critical level of series compensation. Further increase in the series 

compensation yields a faster rise in the negative damping. Table 4.2 shows the critical 

compensation level for three different commercially available double-cage induction 

generators [104]-[106], [112]. It is to be noted that all the analyses carried out in this 

chapter are based on the IG-1 data provided in Appendix-B. 

Figure 4.4 shows the damping ratio of the elctromechanical mode for different sizes of 

wind farms. It is observed that the smaller wind farms exhibit larger damping to the 

electromechanical mode in comparison to the larger wind farms.     
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Table 4.1 System eigenvalues for different size of wind farm 

Modes 100 MW 200 MW 300 MW 400 MW 500 MW 

No compensation 

Network mode-1 
Network mode-2 
Sup. Sync. mode 
Electrical mode 
Rotor mode 
Elect-mech. mode 
Torsional mode 
Non-osc. mode 

-7.740±2599.2i 
-8.788±1845.2i 
-9.800±376.59i 

X 
-62.03±2.8866i 
-5.658±34.578i 
-0.552±3.5799i 
-7.684 

-8.947±2132.8i 
-11.07±1378.8i 
-10.01±376.67i 

X 
-60.51±3.1177i 
-4.506±31.003i 
-0.625±3.5629i 
-5.464 

-9.657±1935.4i 
-12.64±1181.5i 
-10.15±376.73i 

X 
-59.54±3.3131i 
-3.841±28.141i 
-0.742±3.588i 
-3.669 

-10.11±1802.4i 
-13.86±1048.5i 
-10.24±376.77i 

X 
-58.84±3.5633i 
-3.461±25.601i 
-0.890±3.7309i 
-2.002 

-10.41±1677.2i 
-14.94±923.23i 
-10.31±376.79i 

X 
-58.26±3.9728i 
-3.334±23.071i 
-0.925±4.0691i 
-0.433 

40% Series compensation 

Network mode-1 
Network mode-2 
Sup. Sync. mode 
Electrical mode 
Rotor mode 
Elect-mech. mode 
Torsional mode 
Non-osc. mode 

-7.703±2613.1i 
-8.728±1859.1i 
-6.818±501.74i 
-1.118±251.73i 
-62.80±3.0335i 
-6.334±36.361i 
-0.530±3.5918i 
-8.755 

-8.863±2163.5i 
-10.89±1409.5i 
-6.789±533.07i 
-0.762±220.39i 
-61.55±3.3139i 
-5.388±33.973i 
-0.557±3.5761i 
-7.210 

-9.5929±1977.5i 
-12.433±1223.5i 
-6.6586±550.61i 
-0.86505±202.84i 
-60.632±3.4701i 
-4.6926±31.874i 
-0.59757±3.5653i 
-5.8976 

-10.074±1872.9i 
-13.539±1118.9i 
-6.5325±561.61i 
-1.092±191.85i 
-59.951±3.5803i 
-4.1921±30.064i 
-0.6502±3.5647i 
-4.7785 

-10.42±1797.9i 
-14.42±1044i 
-6.420±569.5i 
-1.352±183.98i 
-59.40±3.6859i 
-3.813±28.385i 
-0.720±3.5837i 
-3.7286 

50% Series compensation 

Network mode-1 
Network mode-2 
Sup. Sync. mode 
Electrical mode 
Rotor mode 
Elect-mech. mode 
Torsional mode 
Non-osc. mode 

-7.694±2616.1i 
-8.713±1862.2i 
-6.986±516.37i 
-0.415±237.08i 
-63.02±3.0866i 
-6.537±36.849i 
-0.525±3.5951i 
-9.048 

-8.848±2168.3i 
-10.86±1414.3i 
-6.939±551.31i 
+0.165±202.08i 
-61.85±3.4067i 
-5.683±34.809i 
-0.545±3.5814i 
-7.6941 

-9.575±1984.9i 
-12.38±1231i 
-6.790±570.89i 
+0.156±182.46i 
-60.96±3.5792i 
-5.020±32.981i 
-0.572±3.5703i 
-6.525 

-10.05±1884i 
-13.47±1130.1i 
-6.649±583.18i 
-0.041±170.14i 
-60.30±3.6858i 
-4.520±31.384i 
-0.607±.5641i 
-5.528 

-10.41±1814.3i 
-14.34±1060.4i 
-6.525±592.01i 
-0.306±161.31i 
-59.75±3.7703i 
-4.120±29.897i 
-0.653±3.5659i 
-4.607 

55% Series compensation 

Network mode-1 
Network mode-2 
Sup. Sync. mode 
Electrical mode 
Rotor mode 
Elect-mech. mode 
Torsional mode 
Non-osc. mode 

-7.690±2617.6i 
-8.706±1863.7i 
-7.061±523.11i 
-0.061±230.32i 
-63.13±3.1162i 
-6.644±37.1i 
-0.523±3.5967i 
-9.199 

-8.840±2170.5i 
-10.85±1416.5i 
-7.006±559.71i 
+0.652±193.64i 
-62.01±3.4618i 
-5.847±35.25i 
-0.539±3.5842i 
-7.947 

-9.566±1988.2i 
-12.36±1234.3i 
-6.849±580.23i 
+0.709±173.05i 
-61.15±3.6484i 
-5.211±33.572i 
-0.561±3.5735i 
-6.856 

-10.05±1888.8i 
-13.44±1134.9i 
-6.702±593.12i 
+0.539±160.11i 
-60.48±3.7587i 
-4.719±32.095i 
-0.589±3.5662i 
-5.922 

-10.41±1821.2i 
-14.30±1067.3i 
-6.572±602.39i 
+0.281±150.82i 
-59.94±3.8386i 
-4.314±30.714i 
-0.625±3.5638i 
-5.063 

60% Series compensation 

Network mode-1 
Network mode-2 
Sup. Sync. mode 
Electrical mode 
Rotor mode 
Elect-mech. mode 
Torsional mode 
Non-osc. mode 

-7.685±2619.1i 
-8.698±1865.1i 
-7.130±529.54i 
+0.296±223.87i 
-63.24±3.148i 
-6.755±37.356i 
-0.521±3.5984i 
-9.352 

-8.832±2172.6i 
-10.83±1418.6i 
-7.068±567.73i 
+1.158±185.58i 
-62.181±3.5235i 
-6.023±35.706i 
-0.534±3.5872i 
-8.209 

-9.557±1991.3i 
-12.34±1237.3i 
-6.903±589.14i 
+1.297±164.06i 
-61.33±3.7288i 
-5.424±34.193i 
-0.551±3.5771i 
-7.201 

-10.04±1893.2i 
-13.42±1139.2i 
-6.750±602.61i 
+1.166±150.52i 
-60.68±3.8471i 
-4.948±32.849i 
-0.573±3.5694i 
-6.333 

-10.40±1827.4i 
-14.27±1073.4i 
-6.616±612.28i 
+0.926±140.79i 
-60.14±3.9266i 
-4.545±31.584i 
-0.600±3.5646i 
-5.535 
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The damping ratio increases marginally with increasing series compensation until 85%, 

beyond which the larger wind farms show a faster rise in the damping ratio. The torsional 

mode-damping ratio is shown in Figure 4.5. The large wind farm offers larger damping 

ratio during low series compensation. The damping ratio decreases steadily with the 

increase in the level of series compensation.  

 

Figure 4.2 Electrical mode eigenvalues 

 

Figure 4.3 Electrical mode damping ratio 
 

Table 4.2 Critical series compensation level (%)  
for different size of wind farm 

Wind farm size IG-1 IG-2 IG-3 

100 MW 56.00 57.20 71.80 

200 MW 48.25 49.10 57.25 

300 MW 48.60 49.20 55.20 

400 MW 50.50 50.80 55.70 

500 MW 52.60 53.10 57.20 
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Figure 4.4 Electromechanical damping ratio 

 

Figure 4.5 Torsional mode damping ratio 

4.4.1.2 Variation in Wind Farm Output 

In the previous section, the wind farm size has been varied by aggregating an appropriate 

number of wind turbines. In this section, the wind farm size is kept constant at 500 MW 

and the output of the wind farm is varied which is obtained by varying the mechanical 

torque input to the aggregated wind turbines. The eigenvalues calculated for different 

outputs and series compensations are depicted in Table 4.3. 

It is observed that the electrical mode becomes less stable consistently with increasing 

series compensation level and finally becomes unstable beyond the critical compensation 

level. The unstable electrical mode leads to induction generator effect SSR in the wind 

turbine generators. Simultaneously, the damped frequency of the electrical mode is found 

to decrease with increased level of series compensation. Now when the compensation 

level is kept constant and wind farm outputs are varied, the electrical mode eigenvalues 
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change very little with the increase in power outputs. When the output power varies, the 

slip of the induction generator only varies narrowly which does not cause significant 

change in the rotor resistance. Since the numbers of wind turbines are kept constant, the 

effective equivalent impedance of the wind farm remains almost constant. Thus, variation 

in the output of a large wind farm is less sensitive to the issue of SSR. The critical 

compensation levels for different types of generators are depicted in Table 4.4. 

Table 4.3 System eigenvalues with different power output 

Modes 100 MW 200 MW 300 MW 400 MW 500 MW 

40% Series compensation 
Network mode-1 
Network mode-2 
Sup. Synh. mode 
Electrical mode 
Rotor mode 
Elect-mech.  mode 
Tortional  mode 
Non-osc. mode 

-10.86±2408.8i 
-13.56±1654.9i 
-6.409±570i 
-1.357±183.43i 
-59.65±0.8033i 
-3.142±29.967i 
-0.407±3.4973i 
-6.056 

-10.8±2299.8i 
-13.66±1545.8i 
-6.41±569.94i 
-1.363±183.48i 
-59.62±1.4707i 
-3.210±29.829i 
-0.43±3.4988i 
-5.834 

-10.70±2147.4i 
-13.84±1393.4i 
-6.411±569.85i 
-1.364±183.59i 
-59.57±2.1425i 
-3.331±29.531i 
-0.476±3.5033i 
-5.43 

-10.58±1974.8i 
-14.08±1220.9i 
-6.415±569.71i 
-1.360±183.75i 
-59.50±2.8659i 
-3.521±29.06i 
-0.562±3.5199i 
-4.775 

-10.42±1797.9i 
-14.42±1044i 
-6.420±569.5i 
-1.352±183.98i 
-59.40±3.6859i 
-3.813±28.385i 
-0.720±3.5837i 
-3.728 

50% Series compensation 

Network mode-1 
Network mode-2 
Sup. Synh. mode 
Electrical mode 
Rotor mode 
Elect-mech.  mode 
Tortional  mode 
Non-osc. mode 

-10.84±2410.1i 
-13.53±1656.1i 
-6.508±592.67i 
-0.315±160.58i 
-59.98±0.95387i 
-3.518±31.191i 
-0.409±3.5161i 
-6.593 

-10.78±2301.8i 
-13.64±1547.8i 
-6.510±592.6i 
-0.322±160.65i 
-59.95±1.619i 
-3.580±31.086i 
-0.428±3.5175i 
-6.393 

-10.69±2151.7i 
-13.80±1397.8i 
-6.513±592.47i 
-0.323±160.79i 
-59.90±2.2843i 
-3.691±30.844i 
-0.466±3.521i 
-6.036 

-10.56±1983.9i 
-14.03±1229.9i 
-6.518±592.28i 
-0.318±161.01i 
-59.84±2.9897i 
-3.864±30.454i 
-0.534±3.5315i 
-5.472 

-10.41±1814.3i 
-14.34±1060.4i 
-6.525±592.01i 
-0.306±161.31i 
-59.75±3.7703i 
-4.120±29.897i 
-0.653±3.5659i 
-4.607 

55% Series compensation 

Network mode-1 
Network mode-2 
Sup. Synh. mode 
Electrical mode 
Rotor mode 
Elect-mech.  mode 
Tortional  mode 
Non-osc. mode 

-10.84±2410.7i 
-13.52±1656.8i 
-6.552±603.14i 
 0.272±150i 
-60.16±1.0498i 
-3.745±31.882i 
-0.410±3.5256i 
-6.897 

-10.78±2302.7i 
-13.63±1548.8i 
-6.554±603.05i 
0.264 ±150.08i 
-60.13±1.7131i 
-3.804±31.793i 
-0.427±3.527i 
-6.708 

-10.68±2153.7i 
-13.79±1399.7i 
-6.558±602.91i 
0.2629±150.24i 
-60.08±2.3755i 
-3.911±31.576i 
-0.461±3.53i 
-6.372 

-10.56±1987.8i 
-14.01±1233.9i 
-6.564±602.69i 
0.268±150.48i 
-60.02±3.0736i 
-4.075±31.221i 
-0.521±3.5384i 
-5.850 

-10.41±1821.2i 
-14.30±1067.3i 
-6.572±602.39i 
0.281±150.82i 
-59.94±3.8386i 
-4.314±30.714i 
-0.625±3.5638i 
-5.063 

60% Series compensation 

Network mode-1 
Network mode-2 
Sup. Synh. mode 
Electrical mode 
Rotor mode 
Elect-mech.  mode 
Tortional  mode 
Non-osc. mode 

-10.83±2411.3i 
-13.51±1657.4i 
-6.593±613.13i 
0.9178±139.87i 
-60.35±1.1627i 
-4.008±32.638i 
-0.412±3.5351i 
-7.229 

-10.77±2303.7i 
-13.61±1549.7i 
-6.595±613.03i 
0.9081±139.97i 
-60.32±1.8238i 
-4.064±32.565i 
-0.426±3.5365i 
-7.051 

-10.67±2155.5i 
-13.77±1401.6i 
-6.600±612.87i 
0.9059±140.15i 
-60.28±2.4835i 
-4.165±32.37i 
-0.4571±3.5392i 
-6.736 

-10.55±1991.3i 
-13.99±1237.4i 
-6.607±612.62i 
0.9116±140.41i 
-60.22±3.175i 
-4.320±32.048i 
-0.510±3.5458i 
-6.252 

-10.40±1827.4i 
-14.27±1073.4i 
-6.616±612.28i 
0.9260±140.79i 
-60.14±3.9266i 
-4.545±31.584i 
-0.600±3.5646i 
-5.535 
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Table 4.4 Critical series compensation level (%)  

for different wind farm output 
Wind farm output IG-1 IG-2 IG-3 

100 MW 52.75 53.20 57.30 

200 MW 52.80 53.25 57.35 

300 MW 52.85 53.30 57.40 

400 MW 52.80 53.25 57.35 

500 MW 52.60 53.10 57.20 

 

Figure 4.6, Figure 4.7, and Figure 4.8 show the damping ratio of electrical mode, 

electromechanical mode and torsional mode, respectively, for different operating 

conditions. The electrical mode damping ratio remains almost constant for all of the 

outputs of a large wind farm, as shown in Figure 4.6. It only decreases with increased 

percent series compensation level. The electromechanical mode damping ratios are 

shown in Figure 4.7. It is observed that during a low level of series compensation the 

damping ratios for different outputs are different. However, as the compensation level 

increases the damping ratios increase and become similar. Figure 4.8 shows the variation 

in the torsional mode-damping ratio. With a low level of series compensation and large 

power output, the damping ratio remains high, but it decreases linearly with increase in 

the series compensation level. However, for low power output conditions the variation is 

negligible. After comparing Table 4.1  and Table 4.3, it is observed that the various 

subsynchronous modes primarily depend on the size of the wind farm rather than this 

power output. 

 

 

Figure 4.6 Electrical mode damping ratio 
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Figure 4.7 Electromechanical mode damping ratio 

 

Figure 4.8 Torsional mode damping ratio 

4.4.2 Participation Factor Analysis 

From the eigenvalue analysis, stability of the subsynchronous modes is studied.  The 

normalized participation factor analysis described in Chapter 2 is performed to 

investigate the influence of various system states on the subsynchronous modes. A 100 

MW wind farm connected to a 50% series compensated line is considered to conduct the 

study. Figure 4.9 shows the participation factors associated with the electrical, 

electromechanical, torsional, and rotor mode. The participation factor associated with the 

electrical mode is shown in Figure 4.9 (a), which is mainly contributed by the d-q axis 

voltage across the series capacitor, d-q axis stator current of the induction generator and 

line current. Although very small, rotor circuit influence is also observed here. Figure 4.9 

(b) illustrates the participation factor associated with the electromechanical mode. This 

shows the contribution from the generator speed, and d axis induced voltage of two rotor 
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cages. Similarly the torsional mode participation factor is depicted in Figure 4.9 (c), 

which is mostly contributed by the dynamics of the drive train system and no interaction 

from the electrical network is found in this case. The participation factor associated with 

the rotor mode is shown in Figure 4.9 (d). This mode is largely contributed by the rotor 

circuit parameters.  

 
   (a) Electrical mode (b) Electromechanical mode 

 
   (c) Torsional mode  (d) Rotor mode 

Figure 4.9 Participation factors of various modes 

4.4.3 Sensitivity Analysis 

Sensitivity analysis shows the change in the eigenvalues for different parameters 

characterizing the study system. The electrical mode, electromechanical mode, and 

torsional mode are considered for the sensitivity analysis which is classified into two 

parts: i) electrical parameter sensitivity and ii) mechanical parameter sensitivity. Two 

different cases are considered: i) 100 MW wind farm and ii) 100 MW output of a 500 

MW wind farm. It is considered that both wind farms are connected to 40% series 

compensated transmission lines.   

4.4.3.1 Sensitivity to Electrical Parameters  

The electrical parameter sensitivity study primarily deals with the variation in the stator 
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and 2 times the rated parameter value (mentioned with a zero in the subscript). Figure 

4.10 shows the impact of variation in stator resistance on the damping ratio of electrical 

mode, electromechanical mode, and torsional mode. In Figure 4.10 (a), it is shown that 

the electrical mode-damping ratio of a 100 MW wind farm becomes negative when the 

stator resistance is reduced below the 70% of its nominal value. However when a 500 

MW wind farm is considered, the variation in stator resistance is found to have less 

impact in comparison to a 100 MW wind farm. The electromechanical and torsional 

mode-damping ratios are shown in Figure 4.10 (b) and (c), respectively. The influence of 

the stator resistance is found to be negligible in this case. This validates the participation 

factor analysis that states that the electromechanical and torsional mode are least 

influenced by the electrical parameters of the stator. 

(a) Electrical mode (b) Electromechanical mode (c) Torsional mode 

Figure 4.10 Impact of change in stator resistance 

Figure 4.11 shows the variation in stator leakage reactance and its impact on the three 

aforementioned subsynchronous oscillatory modes. In the case of a 100 MW wind farm, 

as the stator reactance increases the damping ratio of the electrical mode increases and 

then achieves about a constant value as shown in Figure 4.11 (a). Similar behavior is also 

witnessed for a 500MW wind farm. However, in both cases the electromechanical mode-

damping ratio remains stable for any change in reactance value, as depicted in Figure 

4.11 (b).  From Figure 4.11 (b) it is observed that in a 100 MW wind farm, 

electromechanical oscillation is better damped in comparison to the 500 MW wind farm. 

The variation in the torsional mode-damping ratio with respect to stator reactance is 

shown in the Figure 4.11 (c). In the case of a 100 MW wind farm, the torsional mode-

damping ratio increases with the increase in the reactance. However, in the case of a 500 

MW wind farm, the torsional mode-damping ratio remains almost constant. This 
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behavior is expected due to larger effective stator reactance. When less numbers of 

induction generators are connected, it reduces the effective series compensation. With 

large number of induction generators, the effective stator reactance decreases, hence, 

impact of series compensation increases on the torsional mode-damping. 

 
  (a) Electrical mode   (b) Electromechanical mode  (c) Torsional mode 

Figure 4.11 Impact of change in stator reactance 

The effects of variation in both outer cage and inner cage rotor resistance on the 

performance of the wind farm are presented in Figure 4.12 and Figure 4.13, respectively. 

Figure 4.12 (a) shows decreasing electrical mode-damping ratio that becomes negative 

with increased outer cage resistance of the double-cage induction generator. At low 

resistance conditions, the 500 MW wind farm offers more damping to this mode. Impact 

of variation on the electromechanical mode and torsional mode are shown in Figure 4.12 

(b) and Figure 4.12 (c), respectively. When the outer cage resistance increases, the 

damping ratio of the electromechanical mode and torsional mode also increase rapidly. 

This response is found to be opposite to that of the electrical mode response. Figure 4.13 

shows the variation in damping ratio with respect to the variation in the inner cage rotor 

resistance. The electrical mode and the electromechanical mode-damping ratio are found 

to be least affected as seen in Figure 4.13 (a) and Figure 4.13 (b), respectively. However, 

the torsional mode stability increases with an increase in the inner cage resistance, shown 

in Figure 4.13 (c). The impact of change in the mutual reactance is shown in Figure 4.14. 

It is observed that the variation in the unsaturated mutual reactance does not show any 

significant variation in the damping ratios of the three modes. In all cases it is found that 

a smaller wind farm always exhibits larger damping to low frequency oscillatory modes 

than a large wind farm. 

0.25 0.5 1 1.5 2

0

0.02

0.04

X
s

 / X
s0

D
am

pi
ng

 r
at

io
 (

 
 )

 

 

100 MW WF

100 MW o/p from 500 MW WF

0.25 0.5 1 1.5 2
0

0.1

0.2

0.3

X
s

 / X
s0

D
am

pi
ng

 r
at

io
 (

 
 )

0.25 0.5 1 1.5 2
0

0.1

0.2

0.3

X
s

 / X
s0

D
am

pi
ng

 r
at

io
 (

 
 )



109 

 

 

 

 
  (a) Electrical mode   (b) Electromechanical mode  (c) Torsional mode 

Figure 4.12 Impact of first (outer) cage rotor resistance 

 
  (a) Electrical mode   (b) Electromechanical mode      (c) Torsional mode 

Figure 4.13 Impact of second (inner) cage rotor resistance 

  (a) Electrical mode   (b) Electromechanical mode      (c) Torsional mode 

Figure 4.14 Impact of mutual reactance 

4.4.3.2 Sensitivity to Mechanical Parameters  

The wind turbine inertia constant, generator inertia constant, and shaft stiffness are 

considered for the mechanical parameter sensitivity study. Participation factor analysis 

presented in Section 4.4.2 shows that the electrical mode is entirely independent of the 

mechanical parameters of the wind turbine. Further, the variation in the mechanical 

parameters of the wind turbine has a greater effect over the electromechanical and 

torsional mode. Figure 4.15 and Figure 4.16 show the change in damping ratio with the 

change in inertia constant and shaft stiffness of the wind turbine, respectively. The 

electrical mode is found to be insensitive in both the cases as shown in Figure 4.15 (a) 

and Figure 4.16 (a). The impact on the electromechanical mode is also found to be small, 
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as shown Figure 4.15 (b) and Figure 4.16 (b). However, the damping ratio of the torsional 

mode is largely affected by the change in the inertia constant and shaft stiffness of the 

wind turbine. The torsional mode-damping ratio increases quite linearly with the increase 

in the turbine inertia constant and the shaft stiffness of the wind turbine as shown in 

Figure 4.15 (c) and Figure 4.16 (c). 

Figure 4.17 (a) shows variation in the generator inertia constant and its impact on the 

electrical mode-damping ratio which is unaffected by the variation. Figure 4.17 (b) shows 

the increase in the damping ratio of the electromechanical mode with increase in the 

generator inertia constant. Figure 4.17 (c) shows the impact on the torsional mode. Being 

much smaller than the turbine inertia constant, the influence of the generator inertia 

constant on the torsional mode is found to be negligible. From these studies, it is also 

observed that a 100 MW wind farm offers larger damping than the 500 MW wind farm 

producing 100 MW output.  

 
  (a) Electrical mode   (b) Electromechanical mode  (c) Torsional mode 

Figure 4.15 Impact of turbine inertia constant 

 
  (a) Electrical mode   (b) Electromechanical mode  (c) Torsional mode 

Figure 4.16 Impact of shaft stiffness 
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  (a) Electrical mode   (b) Electromechanical mode  (c) Torsional mode 

Figure 4.17 Impact of generator inertia constant 

4.5 ELECTROMAGNETIC TRANSIENT SIMULATIONS  

A detailed electromagnetic transient simulation study with PSCAD/EMTDC software is 

done to validate the small signal analysis. 

4.5.1 Steady State Subsynchronous Resonance 

The FFT of the time domain simulation results show the actual modal frequencies that are 

compared with the calculated damped frequencies of the corresponding oscillatory 

modes. This section presents the investigation of steady state SSR in two scenarios: i) 

variation in the wind farm size and ii) variation in the output of a 500 MW wind farm. 

4.5.1.1 Variation in Wind Farm Size 

Figure 4.18 shows the steady state performance of a 100MW wind farm connected to 

50% and 60% series compensated lines, respectively. The motivation behind the chosen 

series compensation is that one is below and another is above the critical compensation 

level. As predicted from eigenvalues in Table 4.1, the 100 MW wind farm connected to a 

50% series compensated line exhibits a stable electrical mode and no self-excited 

oscillations are found in the electromagnetic torque as shown in Figure 4.18 (a). 

However, with 60% series compensation the electromagnetic torque experiences self-

excitation that grows with time. PCC voltage shown in Figure 4.18 (b) also exhibits 

similar behavior. Beyond the critical compensation level of 56% shown in Table 4.2, self-

excitation occurs in the system. The FFT analysis of the electromagnetic torque and the 

PCC voltage is shown in Figure 4.18 (c). The estimated frequencies of both the 

oscillations are found to be 223.1 rad/s which matches very closely with the calculated 

value of 223.87 rad/s (damped frequency of the electrical mode at 60% series 
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compensation) shown in Table 4.1. Similar study is conducted for a 300 MW wind farm. 

In this case the compensation levels are 40% and 50% because of the lower critical 

compensation level (48.25%) shown in Table 4.2. No oscillation is witnessed with 40% 

series compensation but the electromagnetic torque and PCC voltage start oscillating 

when the series compensation level is increased to 50%, as shown in Figure 4.19 (a) and 

Figure 4.19 (b), respectively. This is predicted from the eigenvalue analysis. The FFT of 

the torque and voltage is shown in Figure 4.19 (c).  The estimated frequency (181.6 rad/s) 

matches closely with the electrical mode damped frequency (182.46 rad/s) of the 300MW 

wind farm with 50% series compensation. Simulation with a 500 MW wind farm 

connected to 50% and 55% series compensation depicts similar results shown in Figure 

4.20. The oscillation (with 55% series compensation) in electromagnetic torque and PCC 

voltage is shown in Figure 4.20 (a) and Figure 4.20 (b), respectively. Figure 4.20 (c) 

shows the estimated electrical mode damped frequency that matches with the calculated 

value shown in Table 4.1. 

 
(a) Electromagnetic torque 

 
(b) PCC voltage 
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(c) FFT of electromagnetic torque 

Figure 4.18 Steady state SSR in a 100 MW wind farm 

 
(a) Electromagnetic torque 

 
(b) PCC voltage 

 
(c) FFT of electromagnetic torque 

Figure 4.19 Steady state SSR in a 300 MW wind farm 
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(b) PCC voltage 

 
(c) FFT of electromagnetic torque and PCC voltage 

Figure 4.20 Steady state SSR in a 500 MW wind farm  

4.5.1.2 Variation in Wind Farm Output 

The study of steady state SSR is now done with a large 500 MW wind farm producing 

100 MW and 300 MW output. Table 4.4 shows the critical compensation levels for 

different output conditions. Thus, 50% and 55% series compensation are chosen to 

simulate one stable and unstable operating condition. Figure 4.21 (a) shows the 

electromagnetic torque of 100 MW output at steady state for the two compensation 

levels. Similarly the PCC voltage is shown in Figure 4.21 (b). To estimate the oscillatory 

frequency FFT analysis of the electromagnetic torque and the PCC voltage are carried out 

and shown in Figure 4.21 (c). The estimated frequencies shown in Figure 4.21 (c) 

correspond to the 55% series compensation, which match with the calculated values 

shown in Table 4.3. A similar study is conducted with 300MW output. The self-

excitation in electromagnetic torque and PCC voltage are observed, and shown in Figure 

4.22 (a) and Figure 4.22 (b), respectively. The FFT of the two quantities are shown in 

Figure 4.22 (c).  The estimated frequencies match with the calculated damped frequencies 

shown in Table 4.3.    
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(a) Electromagnetic torque 

  
(b) PCC voltage 

 
(c) FFT of electromagnetic torque and PCC voltage 

Figure 4.21 Steady state SSR in a 500 MW wind farm producing 100 MW output 
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(c) FFT of electromagnetic torque and PCC voltage 

Figure 4.22 Steady state SSR in a 500 MW wind farm producing 300 MW output. 

4.5.2 Transient Subsynchronous Resonance 

4.5.2.1 Variation in Wind Farm Size 

Transient SSR in wind farms may result from large disturbances such as fault, or line 

outages etc. To study the potential of SSR during transients in the system, a three phase 

fault is simulated at 2F  (Bus-2) as shown in Figure 4.1. The fault is simulated at t=4s and 

cleared after six cycles (100 ms). When the fault occurs, a large disturbance is 

experienced in the electromagnetic torque, shaft torque, speed of the generator, terminal 

voltage and voltage across series capacitor. Each of the mentioned variables contains 

multiple frequency components.  Thus FFT analysis is carried out to determine the 

various frequency components. 
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simulation results are shown in Figure 4.23. The electromagnetic torque following the 

disturbance is shown in Figure 4.23 (a). Since 50% series compensation is a stable 
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series compensation the oscillation in electromagnetic torque grows gradually and 

becomes unstable. Corresponding shaft torque is shown in Figure 4.23 (b). With 60% 

series compensation, the shaft destabilizes due to the influence of the electrical mode 

instability. The FFT of electromagnetic torque and shaft torque is shown in Figure 4.23 

(c). The frequencies: 237.1 rad/s and 223.8 rad/s corresponding to the 50% and 60% 

series compensation, respectively, match with the calculated frequencies of 237.08 rad/s 

and 223.87 rad/s, respectively, shown in Table 4.1. Similarly, the FFT of shaft torque 
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damped frequency of ≈ 3.57 rad/s. This correlation validates the small signal analysis 

carried out in this Chapter. The generator speed, PCC voltage, and voltage across series 

capacitor are shown in Figure 4.23 (d), (e) and (f), respectively. The oscillations in the 

generator speed and PCC voltage contain multiple frequency components that are similar 

to the detected components found in electromagnetic torque and shaft torque. The series 

capacitor voltage contains a frequency component that is the 60 Hz compliment of the 

electrical mode oscillatory frequency. 

 

(a) Electromagnetic torque  

 
(b) Shaft torque  

 
(c) FFT of electromagnetic and shaft torque 
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(e) PCC voltage 

 
(f) Series capacitor voltage 

Figure 4.23 Transient SSR in a 100 MW wind farm. 

Similar study is carried out with a 300 MW wind farm connected to 40% and 50% series 

compensated transmission line. The response of the wind farm following the three phase 

fault at the remote end is depicted in Figure 4.24. The electromagnetic torque oscillation 

shown in Figure 4.24 (a) is similar to the 100 MW wind farm illustrated in Figure 4.23 

(a). Shaft torque oscillation is shown in Figure 4.24 (b). In this case since the instability 

does not occur within the time frame (10 sec) of simulation, the shaft torque seems to be 

stabilized. However, the electrical mode instability destabilizes the shaft torque after 10 

sec, not shown here. The FFT of the electromagnetic torque (see Figure 4.24 (c)) shows 

two frequencies: 203.1 rad/s and 182.6 rad/s, corresponding to 40% and 50% series 

compensation, respectively. FFT of the shaft torque depicted in Figure 4.24 (c) shows a 

torsional mode frequency of 3.68 rad/s. All of the measured frequencies match very well 

with the corresponding calculated damped frequencies shown in the Table 4.1. The 

generator speed, PCC voltage, and series capacitor voltage also exhibit similar responses 

to the fault which are displayed in Figure 4.24 (d), (e) and (f).  
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(a) Electromagnetic torque  

 
(b) Shaft torque  

 
(c) FFT of electromagnetic and shaft torque  

 
(d) Generator speed 

 
(e) PCC voltage 
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(f) Series capacitor voltage 

Figure 4.24 Transient SSR in a 300 MW wind farm 

Figure 4.25 shows the electromagnetic torque, PCC voltage, and the series capacitor 

voltage of a 500 MW wind farm following the three phase fault in the network. 50% and 

55% series compensation are considered in this case. Since the critical compensation 

level is 52.60%, 55% series compensation causes induction generator effect SSR which 

can be seen from the gradually growing oscillations in electromagnetic torque, PCC 

voltage, and series capacitor voltage shown in Figure 4.25 (a) , (b) and (c), respectively. 

The large transmission line current builds up high voltage across the series capacitor, 

which further grows and becomes unstable. This may cause severe damage to the series 

capacitor and its auxiliary equipment. 

 
(a)   Electromagnetic torque  

 
(b) PCC voltage 
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(c) Series capacitor voltage 

Figure 4.25 Transient SSR in a 500 MW wind farm 

4.5.2.2 Variation in Wind Farm Output 

Due to the variation in the wind speed, variable output power from the wind farm flows 

through the series compensated line. To evaluate the impact of series compensation on 

the wind farm during the above scenario, several simulations are carried out with a 500 

MW wind farm producing variable power outputs. The series compensation levels 

considered are 50% and 55%. Figure 4.26 shows the performance of the wind farm 

producing 100MW (0.2 pu) output. With 55% series compensation the electrical mode is 

found to be unstable as shown in Table 4.3. This is now reasonably validated through the 

time domain simulation shown in Figure 4.26 (a). The shaft torque for the corresponding 

series compensation level is shown in Figure 4.26 (b). Due to the electrical mode 

instability, shaft torque is also amplified and attains a very high magnitude which can 

potentially damage the wind turbine shafts. The FFT of electromagnetic torque and shaft 

torque are shown in Figure 4.26 (c). The estimated frequencies match very closely with 

the calculated values shown in Table 4.3. Generator speed and PCC voltage are shown in 

Figure 4.26 (d) and (e), respectively. With 50% series compensation, the oscillations in 

the speed and voltage are stabilized. However, the oscillation grows with 55% series 

compensation. The estimated frequencies are identical to the measured frequencies 

obtained from the FFT of electromagnetic torque. 

Figure 4.27 illustrates the performance of the wind farm with 300MW output. The 

electromagnetic torque and shaft torque are shown in Figure 4.27 (a) and Figure 4.27 (b), 

respectively. The oscillations are almost similar to the oscillations observed with 100 

MW output shown in Figure 4.26. The estimated frequencies from the FFT are depicted 

in Figure 4.27 (c), which match with the calculated damped frequencies. From the study 
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with other outputs and sizes of wind farm, it is confirmed that beyond the critical 

compensation, symmetrical fault in the network may cause significant rise in the 

electromagnetic torque and shaft torque. Repetitive high shaft torque may lead to cyclic 

fatigue of the shaft.  

 
(a) Electromagnetic torque 

 
(b) Shaft torque 

 
(c) FFT of electromagnetic torque and shaft torque 

 
(d) Generator speed 
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(e) PCC voltage 

Figure 4.26 Transient SSR in a 500 MW wind farm producing 100 MW output 

 
(a) Electromagnetic torque 

 
(b) Shaft torque 

 
(c) FFT of electromagnetic torque and shaft torque 

Figure 4.27 Transient SSR in a 500 MW wind farm producing 300 MW output 

4.6 IMPACT OF FAULT LOCATION 

Series capacitors are placed differently in lines in different jurisdictions. For instance in 

Sweden, several series capacitors are placed in the center of the transmission lines and 

one such application also exists in Canada [42]. However, several series capacitor 

applications in the USA comprise two capacitors placed at both the ends of a 
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transmission line. In some cases series capacitor banks are also placed at one-third length 

of the transmission line. A detailed analysis of the location of the series capacitor is 

provided in [42].  

In the previous sections the steady state and transient SSR analysis are carried out 

considering the capacitor bank in the center of the line. In this section, series capacitor 

bank is split into two banks and each bank is placed at each end of the line, as shown in 

Figure 4.28. This configuration is selected to investigate the impact of fault location and 

position of the series capacitor on the wind farms.  

 

Figure 4.28 Modified study system. 

4.6.1 Variation in Size of Wind Farm 

The time domain simulation of the modified system is carried out with PSCAD/EMTDC 

software. The six cycles three phase fault is initiated at t=4s and its impact on 

electromagnetic torque, shaft toque, and PCC voltage of the wind farm are studied. The 

electromagnetic torque of a 50 MW wind farm following the fault clearance is shown in 

Figure 4.29 (a). The fault at location 1F  results in a large disturbance in the 

electromagnetic torque. The peak amplitude of the electromagnetic torque decreases as 

the fault location moves away from the wind farm terminal, which is also seen in the case 

of single-cage induction generator based wind farm. Similar trend is found with 100MW 

and 300 MW wind farms as shown in Figure 4.29 (b) and (c), respectively. As the size of 

the wind farm increases, the impact of the terminal fault on the electromagnetic torque 

decreases significantly. For instance, for a 50 MW wind farm the peak electromagnetic 

toque following the fault at 1F  is 10 pu, which is reduced to 8 pu and 2.5 pu for 100MW 

1F  3F   2F  
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and 300 MW wind farms, respectively. Similar responses are observed for the faults at 

other locations as well. 

 
(a) 50 MW wind farm 

 
(b) 100 MW wind farm 

 
(c) 300 MW wind farm 

Figure 4.29 Impact of fault location on electromagnetic torque  

The shaft torques of different wind farms following the fault at different locations are 

shown in Figure 4.30. It is shown that the shaft torque does not get amplified excessively 

like the electromagnetic torque for a fault at 1F . The fault at remote end (location 2F ) 

exhibits the lowest peak overshoot in the shaft torque as shown in Figure 4.30 (a) for a 

50MW wind farm. Simulation results for 100MW and 300 MW wind farms are also 

shown in Figure 4.30 (b) and (c), which also demonstrate a similar behavior for 

corresponding locations. 

4 4.5 5 5.5 6
-5

0

5

10

time (s)

T
e 

(p
u)

Fault at F1

4 4.5 5 5.5 6
-5

0

5

10

time (s)

T
e 

(p
u)

Fault at F3

4 4.5 5 5.5 6
-5

0

5

10

time (s)

T
e 

(p
u)

Fault at F2

4 4.5 5 5.5 6
-5

0

5

10

time (s)

T
e 

(p
u)

Fault at F1

4 4.5 5 5.5 6
-5

0

5

10

time (s)

T
e 

(p
u)

Fault at F3

4 4.5 5 5.5 6
-5

0

5

10

time (s)

T
e 

(p
u)

Fault at F2

4 4.5 5 5.5 6
-5

0

5

10

time (s)

T
e 

(p
u)

Fault at F1

4 4.5 5 5.5 6
-5

0

5

10

time (s)

T
e 

(p
u)

Fault at F3

4 4.5 5 5.5 6
-5

0

5

10

time (s)

T
e 

(p
u)

Fault at F2



126 

 

 

 

 
(a) 50 MW wind farm 

 
(b) 100 MW wind farm 

 
(c) 300 MW wind farm 

Figure 4.30 Impact of fault location on shaft torque 

Since induction generators are not separately excited, their magnetization solely depends 

upon the reactive current drawn from the grid. Alternatively, shunt capacitor at the 

terminals provide adequate reactive power to generate active power at unity power factor. 

The impact of fault locations on the PCC voltage is shown in Figure 4.31. When the fault 

occurs at 1F , a large fault current flows through the series capacitor, which stores 

enormous amount of electrical energy. Following the fault clearance, the stored energy is 

released through the induction generator, which results in the sudden rise in the PCC 

voltage. The voltage rise is quite prominent in case of 50 MW and 100 MW wind farms 

as shown in Figure 4.31 (a) and (b), respectively. However, for 300 MW and larger wind 

farms, no such voltage rise is observed. During the midline fault (location 3F ) only one 

capacitor bank carries the large fault current which discharges through the other end 

capacitor, thereby minimizing the voltage rise. Hence, fault at location 3F  may not be a 
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concern for the wind farms. Similarly the fault at 2F also does not cause any significant 

rise in the PCC voltage. It is observed that, torsional mode oscillation is found in the PCC 

voltage for larger wind farms.  

 
(a) 50 MW wind farm 

 
(b) 100 MW wind farm 

 
(c) 300 MW wind farm 

Figure 4.31 Impact of fault location on PCC voltage 

4.6.2 Variation in Wind Farm Output 

In order to evaluate the impact of fault during low power output condition, a 500 MW 

wind farm is considered, whose output is 100 MW. The wind farm is connected to a 40% 

series compensated line. The fault at location 1F  causes large oscillation in the 

electromagnetic torque as seen in Figure 4.32 (a) in comparison to the fault at other two 

locations. The peak electromagnetic torque reaches 3 pu, 1.75 pu and 1.7 pu for faults at

1F , 3F  and 2F , respectively. The shaft torque following the faults is shown in Figure 4.32 

(b). It is observed that the peak shaft torques observed in these cases are less than the 
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peak shaft torques seen in smaller wind farms producing their rated output. The PCC 

voltage is also found to be within the acceptable limit after the fault is cleared. The 

oscillations found in the electromagnetic torque are dominated by the electrical mode, 

whereas the shaft torque oscillation is dominated by the torsional mode. This analysis 

shows that the adverse impact of fault location decreases as the size of the wind farm 

increases. In the case of smaller wind farms, the fault near the PCC may cause severe 

oscillations in the wind farm.  

 
(a) Electromagnetic torque 

 
(b) Shaft torque 

 
(c) PCC voltage 

Figure 4.32 Impact of fault location on a 500 MW wind farm during 100 MW output  

4.7 TRANSIENT RESPONSE OF SERIES CAPACITOR 
INSERTION 

In this case the series compensation level is changed during the transient simulation at 

t=4s and the response is illustrated in Figure 4.33. The initial compensation level is 

chosen as 40% which represents a stable operating condition for all sizes of wind farms 
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ranging 100 MW-500 MW. At t=4s, when the compensation level is increased to 50%, 

only 200 MW and 300 MW wind farms experience growing electromagnetic torque. The 

response is as predicted by the eigenvalue analysis. In the case of 100 MW, 400 MW, and 

500 MW wind farms, since critical compensation level is above 50%, the power output 

and electromagnetic torque following the transient are stabilized. However, in the case of 

200 MW and 300 MW wind farms, the oscillation in the power output and 

electromagnetic torque grows gradually till the system is destabilized, although not 

shown here. 

 
(a) 100 MW wind farm 

 
(b) 200 MW wind farm 

 
(c) 300 MW wind farm 

 
(d) 400 MW wind farm 
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(e) 500 MW wind farm 

Figure 4.33 Impact of change in compensation level on the wind farm   

4.8 HIGH SHAFT TORQUE 

High shaft torque rise refers to the phenomenon that relates to a fault on a series 

compensated transmission line. During the fault a large amount of energy is stored in the 

series capacitor, which is discharged through the electrical generator after the fault is 

cleared. This energy is discharged in the form of a current having a frequency 

complimentary to the electrical mode damped frequency. In this case the growth rate of 

the shaft torque is very high. The oscillatory shaft torque may be expected to reach a 

damaging level within 100ms. Each occurrence of this high amplitude transient torque 

can result in reduction of the shaft life due to cyclic fatigue.   

4.8.1 Equivalent Circuit Analysis 

Applying the equivalent circuit theory described in Chapter 2, the impact of terminal fault 

is examined. The series compensation level is considered as 50%.  

The characteristic polynomial of the equivalent circuit is written as:  
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Figure 4.34 Equivalent circuit of study system with double-cage induction generator 

Using the parameters of the system shown in Figure 4.34, the slip  1s  dependent roots of 

(4.30) are calculated. For this system there are six roots obtained by equating the 

characteristic polynomial to zero. Of these roots, one complex conjugate pair is quite 

sensitive to the slip of the machine. Keeping other system parameters constant, the loci of 

the sensitive root is plotted in Figure 4.35 as the slip is varied between 0.02 and -0.6 for 

different sizes of wind farms. As the slip increases, the roots move to the right, cross the 

imaginary axis, and subsequently split into two real roots. Further increase in slip causes 

them to rejoin into a complex pair that starts moving to the left, crosses the imaginary 

axis and becomes stable. Figure 4.35 shows the loci of the critical root and it is seen that 

the system is stable above the upper resonant speed and also below the lower resonant 

speed.  

Figure 4.36 shows the upper resonant speed and the lower resonant speed of different 

sizes of wind farms and different level of series compensation. The color i.d. of each 

curve is the same as it defined in Figure 4.35. It is observed that as the series 

compensation and power rating increase, both upper and lower resonant speeds increase 

substantially, thereby escalating the potential of instability. This behavior of an 

aggregated induction generator based wind farm presented in this paper is seen to be 

similar to the single machine analysis shown in [54], [59]. 
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Figure 4.35 Loci of critical root with varying slip of induction generator  

 
 (a) Upper resonant speed (b) Lower resonant speed 

Figure 4.36 Upper and lower resonant speeds 

4.8.2 Electromagnetic Transient Simulations 

Time domain simulations are carried out for the validation of the equivalent circuit theory 

analysis that predicts the unstable band of speeds for different size of wind farm and 

series compensation level. Transient response of a 50 MW wind farm connected to 50% 

series compensated line is depicted in the Figure 4.37. Following the fault at 1F  the 

generator speed reaches 1.08 pu before it falls following the fault clearance. The speed 

falls further, and then stabilizes around the lower resonant speed, as shown in Figure 4.37 

(a). When the speed falls below the upper resonant speed (0.277 pu), it cannot recover. 

For a fault at 2F this behavior is not seen. Figure 4.37 (b) shows the electromagnetic 
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torque following the fault at two locations. Fault at 1F  causes a high magnitude and 

distortion in the electromagnetic torque, whereas fault at 2F  does not have such an 

adverse impact on the electromagnetic torque. Figure 4.37 (c) shows the significant rise 

in shaft torque for a fault at 1F . The peak shaft torque reaches up to 25 pu which is critical 

for the shaft of the wind turbine.  

Simulation with a similar fault for a 100 MW wind farm shows the responses of 

corresponding variables of the wind farm in Figure 4.38. Following the terminal fault, the 

speed falls and the system becomes unstable. In this case the upper resonant speed 

threshold is 0.3681 pu. The generator speed for two fault locations is shown in Figure 

4.38 (a). Corresponding electromagnetic torque and shaft torque are shown in Figure 4.38 

(b) and Figure 4.38 (c), respectively. Figure 4.38 (c) shows a similar increase in the shaft 

torque. However, for 50 MW and 100 MW wind farms, the fault at location 2F  results in 

about 20% over shoot in the shaft torque. A single occurrence of a terminal fault as 

described above causing a large shaft torque may not have significant impact on the shaft. 

However, if faults were to reoccur over a period of time, repeated application of high 

torque on the shaft may cause shaft failure due to the cyclic fatigue. As a rule of thumb, it 

is understood that the stress level should be limited to approximately one tenth the shear 

limit of the particular steel being used for long shaft system [54]. The peak torque 

disturbance should not exceed 0.3 pu in the case of any three-phase fault in the electrical 

network. 

Figure 4.39 and Figure 4.40 show the generator speed of a 300 MW and 500 MW wind 

farm, respectively, following the fault at 1F  and 2F . The 300MW wind farm with 50% 

series compensation represents an unstable operating condition. However, the 500 MW 

wind farm with 50% series compensation shows a stabilized speed for the fault at both 

locations. The speed does not fall below the upper resonant threshold value, and hence 

recovers once the fault is cleared. 
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(a) Generator speed 

 
(b) Electromagnetic torque 

 
(c) Shaft torque 

Figure 4.37 Impact of a terminal fault on a 50 MW wind farm 

 
(a) Generator speed 

 
(b) Electromagnetic torque 
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(c) Shaft torque 

Figure 4.38 Impact of a terminal fault on a 100 MW wind farm 

 

Figure 4.39 Impact of a terminal fault on a 300 MW wind  

 

Figure 4.40 Impact of a terminal fault on a 500 MW wind  

4.9 CONCLUSIONS 

 A detailed analysis of the potential of subsynchronous resonance (SSR) in a double-cage 

induction generator based wind farm connected to a series compensated transmission line 

is reported in this chapter. A part of this chapter is reported in [132]. In this chapter a 

complete mathematical model is developed for the overall wind farm including its 

various subsystems - the aggregated induction generator, torsional system, and ac 

transmission line, which is the modified IEEE First SSR Benchmark System. System 

eigenvalues are computed for a wide range of wind farm sizes and a broad range of series 

compensation levels using MATLAB software. The results are reasonably validated 

through detailed electromagnetic transient simulation using PSCAD/EMTDC software. 

The FFT analysis is used to further correlate the frequencies of the critical modes 
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obtained from small signal studies.  The following conclusions are made with respect to 

the potential of SSR:  

(a) Induction generator effect (i.e. the electrical mode becoming unstable) may be 

experienced even at realistic levels of series compensation, with large wind farms 

in the range of 100-500 MW. 

(b) The critical levels of series compensation for SSR to occur are 56% for 100 MW, 

48.25% for 200 MW, 48.6% for 300 MW, 50.5% for 400 MW and 52.6 % for 500 

MW wind farms, respectively. 

(c) In the case of a 500 MW wind farm, the critical levels of series compensation for 

SSR to occur are 52.75% for 100 MW, 52.80% for 200 MW, 52.85% for 300 

MW, 52.80% for 400 MW and 52.6 % for 500 MW power output, respectively.  

(d) Torsional interaction does not seem to occur for the range of wind farm sizes and 

series compensation levels considered.  

(e) Analysis with other commercially available induction generator data reveals 

similar results, showing the potential for SSR oscillation in the wind farms. 

Critical levels of series compensation for other induction generators are presented 

in Table 4.2 and Table 4.4.  

(f) Double-cage induction generators have two resonant speeds - an upper resonant 

speed and a lower resonant speed, with an unstable region of operation between 

them. Following a fault, if the speed of the induction generator drops below the 

upper resonant speed, it does not recover to its original speed. In fact, the speed 

continues to decrease and enters into a limit cycle that is centered around the 

lower resonant speed.   

(g) For small sized wind farms connected to lines at realistic levels of series 

compensation (50%), a symmetrical fault at the terminal of the wind farm can 

cause high shaft torques. Although, single occurrence of such a fault event may 

not have significant impact on the shaft but repeated occurrences may cause shaft 

failure due to cyclic fatigue. 

(h) Large MW rated wind farms producing small MW power outputs do not exhibit 

high shaft torques in response to terminal faults, as observed with the small power 

rated wind farms.  
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From the studies conducted with the study system, it appears that SSR may occur even 

for realistic levels of series compensation levels (typically 50%) for a 100 MW or lesser 

size wind farm. Since small size wind farms can be subjected to high shaft torques in 

response to terminal faults, detailed analysis must be performed to understand such 

impacts before connecting these induction generator based wind farms to a series 

compensated transmission line. Suitable preventive measures may also be undertaken to 

avoid any potential damage to the torsional system of the wind turbines. 
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Chapter 5  

5 SUBSYNCHRONOUS RESONANCE ANALYSIS IN 
MODIFIED IEEE SECOND BENCHMARK SYSTEM 

5.1 INTRODUCTION 

Subsynchronous resonance analysis carried out in Chapters 3 and 4 corresponds to a 

radial series compensated line. This chapter presents a comprehensive study of 

subsynchronous resonance in induction generator based wind farms connected to non-

radial series compensated networks. The analysis is carried out with induction generator 

based wind farms connected to modified IEEE Second Benchmark Systems. Two 

systems proposed in [113] are considered in this chapter. The study system-I is adapted 

for the study of parallel resonance; whereas the system-II is used for the study of mutual 

interaction between the two wind farms connected to a radial series compensated 

transmission line. Eigenvalue analysis is performed to predict the potential for 

subsynchronous resonance in wind farms, which is then reasonably validated with the 

PSCAD/EMTDC simulations. Fault studies are also conducted over a wide range of 

operating scenarios to examine the impacts of series capacitors on the performance of a 

wind farm. Participation factor analysis is also done to ascertain the influence of various 

parameters on the subsynchronous modes. 

5.2 SYSTEM DESCRIPTION 

The study system-I is a modified version of the IEEE Second Benchmark System-1, in 

which a 600 MVA synchronous generator is replaced with a 500 MW double-cage 

induction generator based wind farm as shown in Figure 5.1. The equivalent wind farm is 

modeled by the dynamic aggregation of 217 identical double-cage induction generators, 

each of 2.3 MW rating. The modified IEEE Second Benchmark System-2 is considered 

as the study system-II shown in Figure 5.2. In this system two 300 MW sized double-

cage induction generator based wind farms are connected in place of synchronous 

generators. 
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Figure 5.1 Study system-I 

 
Figure 5.2 Study system-II 

5.3 SYSTEM MODELING 

5.3.1 Modeling of Study System-I 

The dynamic models of mechanical drive train and double-cage induction generator are 

already presented in Chapter-2. Hence, only the network equations are presented here. In 

order to simplify the modeling, two fictitious capacitors are considered at Bus-1 and Bus-

2. The capacitor at Bus-1 reduces the complexity involved in interfacing the wind farm 

with the network. Addition of such capacitors does not affect the subsynchronous 

resonance analysis that is discussed in Sec. 5.4. The differential equations of the network 

are written in synchronously rotating d-q reference frame. 
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 g qs qs q s g ds

d
C V I I C V

dt
    (5.2) 

 1t d ds t d s t q d

d
L I V R I L I V

dt
     (5.3) 

 1t q qs t q s t d q

d
L I V R I L I V

dt
     (5.4) 

 1 1 1 1 1 1 1 2d d d s q cd d

d
L I V R I L I V V

dt
      (5.5) 

 1 1 1 1 1 1 1 2q q q s d cq q

d
L I V R I L I V V

dt
      (5.6) 

 2 2 1 2 2 2 2 2d d d s q d

d
L I V R I L I V

dt
     (5.7) 

 2 2 1 2 2 2 2 2q q q s d q

d
L I V R I L I V

dt
     (5.8) 

 1 1 1 2 1 1d d d d s q

d
C V I I I CV

dt
     (5.9) 

 1 1 1 2 1 1q q q q s d

d
C V I I I CV

dt
     (5.10) 

 2 2 1 2 2 2d d d bd s q

d
C V I I I C V

dt
     (5.11) 

 2 2 1 2 2 2q q q bq s d

d
C V I I I C V

dt
     (5.12) 

 2b bd d b bd s b bq bd

d
L I V R I L I V

dt
     (5.13) 

 2b bq q b bq s b bd bq

d
L I V R I L I V

dt
     (5.14) 

 1cd d s cq

d
C V I CV

dt
   (5.15) 

 1cq q s cd

d
C V I CV

dt
   (5.16) 
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where, 

 gC   : Power factor correction capacitor at wind turbine generator 

terminal (pu) 

 tR   : Transformer winding resistance (pu) 

 tL   : Transformer winding leakage inductance (pu) 

 1C   : Fictitious shunt capacitance at bus-1 (pu) 

 2C   : Fictitious shunt capacitance at bus-2 (pu) 

 1R   : Resistance of AC transmission line-1 (pu) 

 1L   : Inductance of AC transmission line-1 (pu) 

 2R   : Resistance of AC transmission line-2 (pu) 

 2L   : Inductance of AC transmission line-2 (pu) 

 C   : Capacitance in series with AC transmission line-1 (pu) 

 ,ds qsV V  : d-q axis voltage at wind turbine terminal (pu) 

 1 1,d qV V  : d-q axis voltage at bus-1 (pu) 

 2 2,d qV V  : d-q axis voltage at bus-2 (pu) 

 ,bd bqV V  : d-q axis voltage at infinite bus (pu) 

 ,cd cqV V  : d-q axis voltage across series capacitor (pu) 

 ,ds qsI I  : d-q axis stator current of wind turbine generator (pu) 

 ,d qI I  : d-q axis current from wind farm to bus-1 (pu) 

 1 1,d qI I  : d-q axis current of transmission line-1 (pu) 

 2 2,d qI I  : d-q axis current of transmission line-2 (pu) 

 ,bd bqI I  : d-q axis current from bus-2 to infinite bus (pu) 

Linearizing (5.1)-(5.16), the state space model of the network is obtained. The state 

variables are defined as: 

 1 1 2 2 1 1 2 2, , , , , , , , , , , , ,t
N ds qs d q d q d q d q d q cd cqx V V I I I I I I V V V V V V                 (5.17) 
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Wind turbine and induction generator models are taken from Chapter 2. Suitably 

aggregating the various sub-systems, the complete system can be expressed in the state 

space form as: 

 
sys sys sys sys sys

sys sys sys

x A x B u

y C x

       
   


 (5.18) 

where, 

 t t t t
sys WT G Nx x x x     (5.19) 

 t
WT t tg gx          (5.20) 

 1 1 2 2
t
G ds qs d q d qx I I E E E E          (5.21) 

 t
sys w bd bqu T V V       (5.22) 

In this case the state matrix sysA    is a 25×25 matrix, whereas sysB   is a 25×3 matrix. 

Since sysC    is not required in this study, hence it is not defined. 

5.3.2 Modeling of Study System-II 

In the system-II, two identical wind farms are connected to the radial series compensated 

line and each aggregated wind farm consists of equivalent mechanical drive train and 

double-cage induction generator models which have already been described in Chapter 2. 

Hence, this section only presents the linearized state space model of the network that 

includes two interfacing transformer and series compensated line. In this case, a shunt-

connected capacitor 1C is assumed at the Bus-1 which simplifies the interconnection of 

the state space model of the wind farm and the network. The network differential 

equations are written as: 

 1 1 1 1 1 1g ds ds d s g qs

d
C V I I C V

dt
    (5.23) 

 1 1 1 1 1 1g qs qs q s g ds

d
C V I I C V

dt
    (5.24) 
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 2 2 2 2 2 2g ds ds d s g qs

d
C V I I C V

dt
    (5.25) 

 2 2 2 2 2 2g qs qs q s g ds

d
C V I I C V

dt
    (5.26) 

 1 1 1 1 1 1 1 1t d ds t d s t q d

d
L I V R I L I V

dt
     (5.27) 

 1 1 1 1 1 1 1 1t q qs t q s t d q

d
L I V R I L I V

dt
     (5.28) 

 2 2 2 2 2 2 2 1t d ds t d s t q d

d
L I V R I L I V

dt
     (5.29) 

 2 2 2 2 2 2 2 1t q qs t q s t d q

d
L I V R I L I V

dt
     (5.30) 

 1 1 1 2 1 1d d d d s q

d
C V I I I CV

dt
     (5.31) 

 1 1 1 2 1 1q q q q s d

d
C V I I I CV

dt
     (5.32) 

      1 1 1b d d b d s b q cd bd

d
L L I V R R I L L I V V

dt
         (5.33) 

      1 1 1b q q b q s b d cq bq

d
L L I V R R I L L I V V

dt
         (5.34) 

 cd d s cq

d
C V I CV

dt
   (5.35) 

 cq q s cd

d
C V I CV

dt
   (5.36) 

where, 

 1tR   : Transformer-1 winding resistance 

 1tL   : Transformer-1 winding leakage inductance 

 2tR   : Transformer-2 winding resistance 

 2tL   : Transformer-2 winding leakage inductance 

 1C   : Fictitious shunt capacitance at bus-1 

 1R   : Resistance of AC transmission line 
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 1L   : Inductance of AC transmission line 

 C   : Capacitance in series with AC transmission 

 1 1,ds qsV V  : d-q axis voltage at wind turbine-1 terminal 

 2 2,ds qsV V  : d-q axis voltage at wind turbine-2 terminal 

 1 1,d qV V  : d-q axis voltage at bus-1 

 ,bd bqV V  : d-q axis voltage at infinite bus 

 ,cd cqV V  : d-q axis voltage across series capacitor 

 1 1,ds qsI I  : d-q axis stator current of wind turbine generator-1 

 1 1,ds qsI I  : d-q axis stator current of wind turbine generator-1 

 ,d qI I  : d-q axis current of series compensated transmission line 

In order to obtain a state space model of the network, the differential equations presented 

in (5.23)-(5.36) are linearized. The complete system state space model is now obtained by 

combining the wind farm and the network model. 

 
sys sys sys sys sys

sys sys sys

x A x B u

y C x

       
   


 (5.37) 

where, 

 1 1 2 2
t t t t t t
sys WT G WT G Nx x x x x x     (5.38) 

 1 1 1 1
t
WT t tg gx          (5.39) 

 2 2 2 2
t
WT t tg gx          (5.40) 

 1 1 1 11 11 21 21
t
G ds qs d q d qx I I E E E E          (5.41) 

 2 2 2 12 12 22 22
t
G ds qs d q d qx I I E E E E          (5.42) 

 1 1 2 2 1 1 2 2 1 1, , , , , , , , , , , , ,t
N ds qs ds qs d q d q d q d q cd cqx V V V V I I I I V V I I V V                 (5.43) 

 1 2
t
sys w w bd bqu T T V V        (5.44) 
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The system state matrix sysA   is a 32×32 matrix and input matrix sysB   is a 32×4 

matrix. 

5.4 SMALL SIGNAL ANALYSIS OF STUDY SYSTEM-I 

5.4.1 Eigenvalue Analysis 

Eigenvalues of the complete system state matrix sysA    are calculated and depicted in 

Table 5.1 for a 300 MW wind farm with 50% series compensation. There are twenty-five 

states as can be seen from the state space model. This results in thirteen modes, out of 

which twelve oscillatory modes are presented by paired complex conjugate eigenvalues 

and the only non-oscillatory mode is represented by a real eigenvalue. The high 

frequency mode eigenvalues -10.948 ± 3.6751e+011i and -6.0807±2.3952e+011i are 

associated with the dynamics of the shunt capacitors at Bus-1 and Bus-2 and have 

minimal impact on the other system modes. Table 5.2 shows the calculated eigenvalues 

of the selected modes of system-I for different sizes of wind farm and series 

compensation levels. These modes are electrical, electromechanical, and torsional mode. 

It is observed that as the series compensation level increases, the electrical mode becomes 

less stable. However, change in the stability is marginal and may not cause any instability 

even though modal frequency decreases sharply.  In another scenario, when the size of 

the wind farm is increased at a fixed compensation level, initially the electrical mode 

tends to become less stable but later becomes more stable. A decrease in the frequency is 

also observed here. The other modes are found to be substantially stable.  

Table 5.3 shows the eigenvalues of the system-I with variable power output condition 

resulting from variation in the wind speed. The wind farm size chosen is 500 MW. The 

impact of power output on the stability of electrical mode is found to be quite negligible. 

However, the stability of both electromechanical and torsional mode improves with the 

increase in the power output. With the increase in series compensation level, although 

stability of the electrical mode is unaffected, the modal frequency decreases substantially. 

The stability of electromechanical mode and torsional mode also improve with the 

increase in the power output at a constant series compensation level. When series 
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compensation level increases at a constant power output, stability of electrical mode 

decreases gradually along with a substantial decrease in the modal frequency. 

Electromechanical mode stability and modal frequency both increase marginally. 

However, the torsional mode is found to be the least affected by the variation in the series 

compensation.  

Table 5.1 Eigenvalues of system-I 

Mode Eigenvalues 

Sup. Sync. mode 
Electrical mode 

Elect- mech. mode 
Torsional mode 

-15.953 ± 588.93i 
-14.536 ± 164.89i 
-3.8228 ± 28.752i 
-0.6853 ± 3.5679i 

All other modes 
 

-10.948 ± 3.6751e+011i 
-10.948 ± 3.6751e+011i 
-6.0807 ± 2.3952e+011i 
-6.0807 ± 2.3952e+011i 
-12.272 ± 1918i 
-15.447 ± 1164.1i 
-19.703 ± 376.6i 
-59.592 ± 3.2573i 
-3.9897 

Table 5.2 System-I eigenvalues with different wind farm size 

Mode 100 MW 300 MW 500 MW 

50% Series compensation 

Electrical mode 
Elect- mech. mode 

Torsional mode 

-15.20 ± 174.4i 
-5.681 ± 34.866i 
-0.541 ± 3.5809i 

-14.53 ± 164.89i 
-3.822 ± 28.752i 
-0.685 ± 3.5679i 

-14.54 ± 160.76i 
-3.193 ± 24.062i 
-0.898 ± 3.8634i 

70% Series compensation 

Electrical mode 
Elect- mech. mode 

Torsional mode 

-14.77 ± 137.05i 
-5.822 ± 35.368i 
-0.533 ± 3.5838i 

-13.97 ± 125.77i 
-3.948 ± 29.746i 
-0.639 ± 3.5587i 

-14.04 ± 120.87i 
-3.190 ± 25.473i 
-0.838 ± 3.7029i 

90% Series compensation 

Electrical mode 
Elect- mech. mode 

Torsional mode 

-14.18 ± 104.65i 
-6.020 ± 36.193i 
-0.521 ± 3.5882i 

-13.23 ± 91.659i 
-4.095 ± 31.413i 
-0.582 ± 3.5561i 

-13.38 ± 86.038i 
-3.170 ± 27.677i 
-0.705 ± 3.5812i 
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Table 5.3 System-I eigenvalues with different wind farm output 

Mode 100 MW 300 MW 500 MW 

50% Series compensation 

Electrical mode 
Elect- mech. mode 

Torsional mode 

-14.57 ± 160.56i 
-2.214 ± 26.754i 
-0.395 ± 3.4309i 

-14.57 ± 160.61i 
-2.451 ±  26.079i 
-0.509 ±   3.4442i 

-14.54 ± 160.76i 
-3.193 ±  24.062i 
-0.898 ± 3.8634i 

70% Series compensation 

Electrical mode 
Elect- mech. mode 

Torsional mode 

-14.088 ± 120.57i 
-2.3473 ± 27.592i 
-0.3962 ± 3.4488i 

-14.08  ± 120.65i 
-2.567 ±  27.073i 
-0.488 ± 3.4592i 

-14.04 ± 120.87i 
-3.190 ± 25.473i 
-0.838 ± 3.7029i 

90% Series compensation 

Electrical mode 
Elect- mech. mode 

Torsional mode 

-13.45 ± 85.66i 
-2.470 ± 29.079i 
-0.396 ± 3.4739i 

-13.45 ± 85.756i 
-2.665 ± 28.791i 
-0.460 ± 3.4819i 

-13.38 ± 86.038i 
-3.170 ± 27.677i 
-0.705 ± 3.5812i 

Table 5.4 shows the calculated eigenvalues of the system-I during a contingency, i.e. 

uncompensated line is out of service. With this line outage, the wind farm becomes 

exposed to a radial system with series compensation. The electrical mode stability 

deceases significantly in comparison to original non-radial system, as can be seen from 

Table 5.4 . The impact of wind farm size and series compensation level is now 

comparable to the First Benchmark System described in Chapter 4. However, in this 

contingency the radial series compensated line does not cause any potential for SSR in 

the wind farm. This is primarily due to the large resistance of the radial line. It is noted 

that in First Benchmark System the X/R ratio of the series compensated line is 25 

whereas in Second Benchmark System-1, the compensated line has an X/R ratio of 10.8. 

In this contingency scenario, the impact of variable output is shown in Table 5.5. The 

change in stability of the concern modes is comparable to the non-contingency period. 

However, stability of the electrical mode and electromechanical mode decreases 

substantially during the line contingency. From all of these eigenvalues it is thus 

confirmed that there is no potential for either induction generator effect or torsional 

interaction in a non-radial condition. This observation stands valid even during the 

contingency period when the uncompensated line is out of service. 
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Table 5.4 System eigenvalues with outage of one line for different wind farm size 

Mode 100 MW 300 MW 500 MW 

50% Series compensation 

Electrical mode 
Elect- mech. mode 

Torsional mode 

-4.535 ± 246.85i 
-5.411 ± 34.298i 
-0.542 ± 3.5764i 

-7.2 ± 207.76i 
-3.515 ± 27.639i 
-0.717 ± 3.583i 

-8.637 ± 194.93i 
-3.095 ± 22.328i 
-0.842 ± 4.0648i 

70% Series compensation 

Electrical mode 
Elect- mech. mode 

Torsional mode 

-3.475 ± 223.14i 
-5.707 ± 35.166i 
-0.530 ± 3.5821i 

-6.035 ± 176.78i 
-3.785 ± 29.384i 
-0.634 ± 3.5566i 

-7.636 ± 161.45i 
-3.048 ± 25.001i 
-0.826 ± 3.7192i 

90% Series compensation 

Electrical mode 
Elect- mech. mode 

Torsional mode 

-2.366 ± 202.73i 
-6.048 ± 36.099i 
-0.519 ± 3.5884i 

-4.663 ± 149.97i 
-4.172 ± 31.358i 
-0.571 ± 3.5555i 

-6.406 ± 132.37i 
-3.241 ± 27.719i 
-0.679 ± 3.5719i 

Table 5.5 System eigenvalues with outage of one line for different wind farm output 

Mode 100 MW 300 MW 500 MW 

50% Series compensation 

Electrical mode 
Elect- mech. mode 

Torsional mode 

-8.722 ± 194.46i 
-1.906 ± 25.666i 
-0.388  ± 3.4007i 

-8.708 ± 194.57i 
-2.160 ± 24.915i 
-0.520 ± 3.4195i 

-8.637 ± 194.93i 
-3.094 ± 22.328i 
-0.842 ± 4.0648i 

70% Series compensation 

Electrical mode 
Elect- mech. mode 

Torsional mode 

-7.736 ± 160.87i 
-2.188 ± 27.108i 
-0.390 ± 3.4366i 

-7.718 ± 161.02i 
-2.411 ± 26.64i 
-0.482 ± 3.4486i 

-7.636 ± 161.45i 
-3.048 ± 25.001i 
-0.826 ± 3.7192i 

90% Series compensation 

Electrical mode 
Elect- mech. mode 

Torsional mode 

-6.521 ± 131.67i 
-2.567 ± 28.955i 
-0.394  ± 3.4734i 

-6.501 ± 131.86i 
-2.759 ± 28.738i 
-0.453 ± 3.482i 

-6.405 ± 132.37i 
-3.240 ± 27.719i 
-0.679 ± 3.5719i 

5.4.2 Participation Factor Analysis 

The participation analysis of three modes is shown in Figure 5.3. A detail procedure of 

the participation factor analysis is already described in Chapter 2. Figure 5.3 (a) shows a 

strong participation of series capacitor voltage, line current, and parallel line current on 

the electrical mode. The impact of stator current is very small. Similarly, the 

electromechanical mode is strongly influenced by the generator speed and the d axis 

induced voltage in the rotor. No influence of the network is observed, as can be seen from 

Figure 5.3 (b). Figure 5.3 (c) shows the participation factors associated with the torsional 
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mode that is highly influenced by the wind turbine inertia and shaft stiffness. 

Contribution of rotor circuit is found to be very small in this case. 

 
   (a) Electrical mode (b) Electromechanical mode 

 
(c) Torsional mode 

Figure 5.3 Participation factor of system-I modes 

5.5 SMALL SIGNAL ANALYSIS OF STUDY SYSTEM-II 

5.5.1 Eigenvalue analysis 

In system-II two similar wind farms are connected to a radial series compensated 

transmission line. The system parameters are given in Appendix B and C. The potential 

of SSR is investigated through a comprehensive eigenvalue analysis. Selected 

eigenvalues for different sizes of wind farms are shown in Table 5.6. From the Table 5.6 

no operating condition seems to indicate the potential for SSR in the wind farms. In every 

case all of the modes i.e. electrical, electromechanical, and torsional mode remain stable. 

Though the electrical mode and torsional mode become less stable with increase in the 

series compensation level, they do not show any instability even up to 90% series 

compensation.  

Table 5.6 shows the eigenvalues of the system with two symmetrical wind farms. In order 

to see the impact of series compensation on asymmetrical size of wind farms, two more 

case studies are reported in Table 5.7 and Table 5.8. 
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Table 5.7 shows the eigenvalues of a smaller wind farm (WF-I) connected across a larger 

wind farm (WF-II). From the eigenvalue analysis, it is seen that individual wind farm size 

has negligible influence over the electrical mode stability, as long as the number of wind 

turbines connected to series compensated line remain constant. However, torsional mode 

and electromechanical modes are found to be more stable for larger wind farms. From 

this detailed eigenvalue analysis it is observed that no potential of SSR is found in wind 

farms operating in vicinity and connected to a series compensated line. 

Table 5.6  Selected eigenvalues of system-II 

Mode 
WF-I WF-II WF-I WF-II WF-I WF-II 

100 MW 100 MW 200 MW 200 MW 300 MW 300 MW 

50% Series compensation 

Electrical mode 
Elect- mech. mode-I 
Elect- mech. mode-II 
Torsional mode-I 
Torsional mode-II 

-5.623 ± 237.5i 
-6.534 ± 35.947i 
-5.106 ± 27.295i 
-0.540 ± 3.5827i 
-0.374 ± 2.9788i 

-7.493 ± 214.81i 
-6.102 ± 33.701i 
-3.875 ± 23.74i 
-0.632 ± 3.5763i 
-0.441 ± 2.9954i 

-8.683 ± 204.24i 
-5.743 ± 30.977i 
-3.395 ± 20.416i 
-0.798 ± 3.7529i 
-0.505 ± 3.091i 

70% Series compensation 

Electrical mode 
Elect- mech. mode-I 
Elect- mech. mode-II 
Torsional mode-I 
Torsional mode-II 

-4.557 ± 212.08i 
-6.529 ± 36.294i 
-5.389 ± 27.966i 
-0.528 ± 3.5866i 
-0.365 ± 2.9798i 

-6.424 ± 185.17i 
-6.065 ± 34.302i 
-4.144 ± 24.947i 
-0.582 ± 3.5714i 
-0.408 ± 2.9805i 

-8.683 ± 204.24i 
-5.743 ± 30.977i 
-3.395 ± 20.416i 
-0.798 ± 3.7529i 
-0.505 ± 3.091i 

90% Series compensation 

Electrical mode 
Elect- mech. mode-I 
Elect- mech. mode-II 
Torsional mode-I 
Torsional mode-II 

-3.417 ± 190.19i 
-6.546 ± 36.697i 
-5.703 ± 28.639i 
-0.518 ± 3.5907i 
-0.357 ± 2.9814i 

-5.201 ± 159.56i 
-6.023 ± 34.909i 
-4.505 ± 26.208i 
-0.546 ± 3.5746i 
-0.380 ± 2.9756i 

-4.727 ± 171.28i 
-7.340 ± 38.746i 
-4.253 ± 24.835i 
-0.505 ± 3.6065i 
-0.408 ± 2.9662i 
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Table 5.7 Selected eigenvalues of system-II for different wind farm sizes  
and series compensation level (Large WF-II) 

Mode 
WF-I WF-II WF-I WF-II 

100 MW 200 MW 100 MW 300 MW 

50% Series compensation 

Electrical mode 
Elect- mech. mode-I 
Elect- mech. mode-II 
Torsional mode-I 
Torsional mode-II 

-6.652 ± 224.04i 
-6.619 ± 36.141i 
-4.187 ± 24.529i 
-0.552 ± 3.5838i 
-0.424±2.9764i 

-7.448 ± 215.9i 
-6.634 ± 35.877i 
-3.651 ± 22.249i 
-0.580 ± 3.5854i 
-0.502 ± 3.0075i 

70% Series compensation 

Electrical mode 
Elect- mech. mode-I 
Elect- mech. mode-II 
Torsional mode-I 
Torsional mode-II 

-5.569 ± 196.14i 
-6.623 ± 36.551i 
-4.449 ± 25.491i 
-0.533 ± 3.5875i 
-0.398 ± 2.9725i 

-6.411 ± 186.46i 
-6.647 ± 36.488i 
-3.856 ± 23.431i 
-0.545 ± 3.5877i 
-0.451 ± 2.9792i 

90% Series compensation 

Electrical mode 
Elect- mech. mode-I 
Elect- mech. mode-II 
Torsional mode-I 
Torsional mode-II 

-4.365 ± 172.08i 
-6.637 ± 36.978i 
-4.770 ± 26.505i 
-0.517 ± 3.5919i 
-0.378 ± 2.9727i 

-5.228  ±  161.06i 
-6.667  ±  37.053i 
-4.136  ±  24.687i 
-0.521  ±  3.5923i 
-0.410  ±  2.9693i 

Table 5.8 Selected eigenvalues of system-II for different wind farm sizes  
and series compensation level (Large WF-I) 

Mode 
WF-1 WF-2 WF-1 WF-2 

200 MW 100 MW 300 MW 100 MW 

50% Series compensation 
Electrical mode 
Elect- mech. mode-I 
Elect- mech. mode-II 
Torsional mode-I 
Torsional mode-II 

-6.657 ±  223.99i 
-6.160 ± 33.507i 
-4.534 ± 26.494i 
-0.602 ± 3.5662i 
-0.384 ± 2.9839i 

-7.457 ± 215.84i 
-6.163 ± 31.703i 
-3.938 ± 25.26i 
-0.705 ± 3.5879i 
-0.398 ± 2.9923i 

70% Series compensation 

Electrical mode 
Elect- mech. mode-I 
Elect- mech. mode-II 
Torsional mode-I 
Torsional mode-II 

-5.575 ± 196.07i 
-6.071 ± 33.968i 
-4.893 ± 27.463i 
-0.569 ± 3.5678i 
-0.369 ± 2.9823i 

-6.422 ± 186.37i 
-6.049 ± 32.246i 
-4.273 ± 26.588i 
-0.636 ± 3.5651i 
-0.377 ± 2.9861i 

90% Series compensation 

Electrical mode 
Elect- mech. mode-I 
Elect- mech. mode-II 
Torsional mode-I 
Torsional mode-II 

-4.371 ± 171.97i 
-5.972 ± 34.52i 
-5.333 ± 28.423i 
-0.543 ± 3.5728i 
-0.357 ± 2.9827i 

-5.241 ± 160.9i 
-5.861 ± 32.802i 
-4.767 ± 27.96i 
-0.582 ± 3.5612i 
-0.36   ± 2.9842i 
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5.5.2 Participation Factor Analysis 

Two identical wind farms each of 100 MW are considered for the participation factor 

analysis. The series compensation level is taken as 50%. Participation factors associated 

with the torsional mode of both wind farms are shown in Figure 5.4 (a). This mode is 

primarily contributed by the wind turbine drive train system. The Influence of other states 

appears to be negligible in both wind farms. Figure 5.4 (b) shows the participation factors 

associated with the electromechanical mode. This mode is contributed mainly by the 

generator rotor speed and d axis rotor induced voltage. However, electromechanical 

mode of WF-I is lightly coupled with the speed of the generator in WF-II and vice versa. 

This contribution is around 25%. Figure 5.4 (c) shows the participation factors of the 

electrical mode, which are largely contributed by the series capacitor voltage, line 

current, and stator current of the generators in both WF equally. However, the stator 

current contribution depends upon the size of the WF. 

 
(a) Torsional mode 

 
(b) Electromechanical mode 

 
(c) Electrical mode 

Figure 5.4 Participation factor analysis of different modes  
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5.6 ELECTROMAGNETIC TRANSIENT SIMULATIONS OF 
STUDY SYSTEM-I 

In the previous section a comprehensive eigenvalue analysis is presented. To validate this 

small signal analysis, detailed time domain simulations of the study system are carried 

out with PSCAD/EMTDC. Faults at two locations 1F  (near by wind farm) and 2F  

(remote end) are simulated and detailed results with FFT analysis are presented. 

5.6.1 Impact of Remote End Fault 

A six cycle three phase fault is simulated at the location 2F . This analysis is performed 

with variation in wind farm size and power output. During this study the series 

compensation level is kept constant at 70%. 

5.6.1.1 Variation in Wind Farm Size 

For the fault study with different size of wind farms, 100 MW, 300 MW, and 500 MW 

rated wind farms are chosen. The impact of a symmetrical fault at 2F  at time t=4 sec on a 

100 MW wind farm is shown in Figure 5.5. Figure 5.5 (a) shows the electromagnetic 

torque and shaft torque following the clearance of the fault. Both torques are stabilized, 

as expected from the eigenvalue analysis. The FFT of the electromagnetic torque and 

shaft torque is shown in Figure 5.5 (b). The FFT estimated frequency of 36.05 rad/s in 

electromagnetic torque represents the electromechanical mode oscillatory frequency, 

which matches very closely with the predicted damped frequency of 35.36 rad/s shown in 

Table 5.2 for the corresponding operating condition. Similarly FFT estimated frequency 

of 3.68 rad/s in both electrical and shaft torque also matches very closely with the 

calculated value of 3.56 rad/s shown in Table 5.2. The response of generator speed and 

PCC voltage are found to quite similar to shaft torque and electromagnetic torque, 

respectively, and hence are not reported here. 
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(a) Electromagnetic torque and Shaft torque 

 
(b) FFT of electromagnetic torque and shaft torque 

Figure 5.5 Impact of fault on a 100 MW wind farm 

The study results for a 300 MW wind farm are shown in Figure 5.6. Figure 5.6 (a) shows 

the electromagnetic torque and shaft torque, whereas Figure 5.6(b) shows the 

corresponding FFT results. From the FFT analysis of electromagnetic torque, the 

estimated frequencies are 3.68 rad/s, 29.45 rad/s and 125.9 rad/s, which represent the 

torsional mode, electromechanical mode and electrical mode frequencies, respectively. 

The estimated frequencies match closely with the corresponding damped frequencies of 

3.55 rad/s, 29.74 rad/s and 125.72 rad/s shown in Table 5.2. Similarly, the torsional mode 

frequency of 3.68 rad/s detected from the FFT of shaft torque matches with the calculated 

value of 3.55 rad/s from the eigenvalue analysis. The study is extended to a 500 MW 

wind farm and corresponding results are shown in Figure 5.7. The electromagnetic torque 

and shaft torque are shown in Figure 5.7 (a) while FFT of both the torques are shown in 

Figure 5.7 (b). The estimated frequencies match very closely with the calculated damped 

frequencies illustrated in Table 5.2.  Thus the eigenvalue analysis results are reasonably 

validated by the electromagnetic transient simulation studies. From these studies with 

three different wind farms, it is observed that as the size of wind farm increases, the peak 

overshoot in the electromagnetic torque decreases, while that in the shaft torque remains 

almost same. It is confirmed from PSCAD/EMTDC studies that there is no potential for 

SSR in the studied system, as also predicted from eigenvalue analysis. 
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(a) Electromagnetic shaft and Shaft torque 

 
(b) FFT of electromagnetic and shaft torque 

Figure 5.6 Impact of fault on a 300 MW wind farm 

 
(a) Electromagnetic and Shaft torque 

 
(b) FFT of electromagnetic and shaft torque 

Figure 5.7 Impact of fault on a 500 MW wind farm 

5.6.1.2 Variation in Wind Farm Output 

A large wind farm of 500 MW with 70% series compensation is considered for this 

analysis whose output varies. The impact of fault at 2F  for 100 MW and 300 MW output 

conditions are shown in. Figure 5.8 and Figure 5.9, respectively. Post-fault disturbances 

in electromagnetic torque and shaft torque are shown in these figures. In the case of 100 
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MW output, the shaft torque displays electromechanical mode oscillations following the 

fault in the network, however the oscillations get damped out gradually. For a 300 MW 

output condition, the presence of electromechanical mode oscillation is reduced in 

comparison to 100 MW condition. In both cases, the torsional mode is excited, although 

the oscillation is damped out subsequently. 

 

Figure 5.8 Impact of fault on a 500 MW wind farm producing 100 MW output  

 

Figure 5.9 Impact of fault on a 500 MW wind farm producing 300 MW output 

5.6.2 Impact of Terminal Fault 

In Chapter 3 and 4 the equivalent circuit analysis is presented to predict the potential of 

shaft torque rise for a symmetrical fault near the PCC of a wind farm. Similar analysis is 

carried out here for system-I with 50% series compensation. Figure 5.10 shows the 

impact of a symmetrical fault at location 1F . Post fault electromagnetic torque and shaft 

torque are shown in Figure 5.10 (a) whereas the generator speed and PCC voltage are 

shown in Figure 5.10 (b). It shows no instability in the system. A similar study with a 100 

MW output condition is depicted in Figure 5.11. It is seen that the terminal fault may not 

be a concern to wind farms under the considered network configuration and operating 

conditions. This is primarily due to the high resistance of the transmission line. The 

instability in the generator speed is contributed by the undamped oscillation caused by 
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the series capacitor, when the series resistance remains lower than the critical value [38], 

[40]. 

 
(a) Electromagnetic and Shaft torque 

 
(b) Generator speed and PCC voltage 

Figure 5.10 Impact of fault on a 500 MW wind farm with 100 MW output 

 
(a) Electromagnetic and Shaft torque 

 
(b) Generator speed and PCC voltage 

Figure 5.11 Impact of fault on a 500 MW wind farm with 300 MW output 
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5.7 ELECTROMAGNETIC TRANSIENT SIMULATIONS OF 
STUDY SYSTEM-I WITH UNCOMPENSATED LINE 
OUTAGE 

During the outage of the uncompensated transmission line, the wind farm is exposed to a 

radial series compensated line.  Small signal analysis is carried out for the modified 

network and corresponding eigenvalues are shown in Table 5.4. A time domain 

simulation of the modified system is now carried out with PSCAD/EMTDC that validates 

the small signal analysis. A six-cycle three phase fault occurs at 4s at the Bus-2 (location-

2F ). During the fault the wind farm remains connected to the network.  

In this section, the simulation results for 100 MW and 300 MW wind farms with 50% 

series compensation are presented. Figure 5.12 (a) shows the impact of fault on the 

electromagnetic and shaft torque of the wind turbine. The fault causes oscillations in the 

electromagnetic torque and shaft torque whose oscillatory frequencies are estimated from 

the FFT shown in Figure 5.12 (b). The electromagnetic torque oscillations contain three 

modal frequencies: 3.68 rad/s 33.3 rad/s and 246.6 rad/s, which correspond to torsional 

mode, electromechanical mode, and electrical mode, respectively. These estimated 

frequencies match very closely with the calculated value of  3.576 rad/s, 34.298 rad/s and 

246.85 rad/s, respectively, obtained from eigenvalue analysis shown in Table 5.4. The 

FFT of the shaft torque shown in Figure 5.12 (b) shows the torsional mode oscillation. 

The estimated frequency 3.68 rad/s matches very closely with the calculated damped 

frequency of 3.578 rad/s.  The electromagnetic transient simulation thus corroborates the 

small signal analysis. The impact of the fault at 2F  on the speed of the induction 

generator and PCC voltage is shown in Figure 5.12 (c). The oscillation in the speed is 

contributed by the torsional system of the wind turbine. However, oscillations in PCC 

voltage are quite small. 

Similar fault study is conducted for a 300 MW wind farm with 50% series compensation 

and results are illustrated in Figure 5.13. The electromagnetic torque and the shaft torque 

of the wind turbine are shown in the Figure 5.13 (a), whereas Figure 5.13 (b) shows the 

FFT of the electromagnetic torque and the shaft torque. The estimated frequencies match 
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with the calculated value shown in Table 5.4.  The impact of the fault on the speed and 

the PCC voltage are found to be similar to the case study shown with 100 MW, hence not 

reported here.   

 
(a) Electromagnetic torque and Shaft torque 

 
(b) FFT of electromagnetic torque and shaft torque 

 
(c) Generator speed and PCC voltage 

Figure 5.12 Impact of fault on a 100 MW wind farm  
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(b) FFT of electromagnetic and shaft torque 

Figure 5.13 Impact of fault on a 300 MW wind farm  

5.8 ELECTROMAGNETIC TRANSIENT SIMULATIONS OF 
SYSTEM-II 

Time domain simulation is now carried out with the system-II considering two 100 MW 

double-cage induction generator based wind farms connected to 70% series compensated 

line. The LLLG fault is simulated at location 2F . The electromagnetic torque and shaft 

torque are shown in Figure 5.14 (a). The oscillation in electromagnetic torque in both 

wind farms is quite similar but the oscillation in shaft torque comprises two different 

frequencies. With the FFT analysis shown in Figure 5.14 (s), the multiple frequency 

components are identified which match with the calculated values obtained from the 

eigenvalue analysis. The torsional mode oscillation differs due to different torsional 

system parameters used for the two wind farms.  

 
(a) Electromagnetic torque and shaft torque 

 
(b) FFT of electromagnetic and shaft torque 

Figure 5.14 Impact of fault on two 100 MW wind farms  
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5.9 CONCLUSIONS 

This chapter presents the SSR analysis of wind farms connected to non-radial series 

compensated lines. The study systems are adopted from the IEEE Second Benchmark 

Systems in this analysis. A detailed model of the study system comprising double-cage 

induction generator based wind farms and series compensated transmission lines is 

developed. A comprehensive eigenvalue analysis is presented for a wide range of 

operating conditions such as variation in wind farm size, variation in series 

compensation, outage of uncompensated line, etc. Participation factor analysis is utilized 

to determine the influence of various states on the system modes. All of the small signal 

analysis results are reasonably validated through electromagnetic transient simulation 

carried out in PSCAD/EMTDC. The following conclusions are made: 

(a) In a non-radial series compensated network, a double-cage induction generator 

based wind farm may not experience SSR. 

(b) In a contingency (outage of uncompensated line in system-I), although no 

potential for induction generator effect SSR is found, the level of series 

compensation may play a critical role in torque rise as the wind farm will be 

operating radially with the series compensated line. 

(c) When two wind farms in close vicinity are connected to a series compensated line 

both wind farms may experience a common electrical mode oscillation, but a 

different shaft oscillation depending upon the different drive train system 

parameters. 

(d) Terminal fault may not be a concern due to the low X/R ratio of the series 

compensated line that offers larger damping to the electrical mode oscillation. 

Due to the high series resistance, the speed of the generator never goes below the 

upper resonance speed threshold value following a fault in the network. 
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Chapter 6  

6 MITIGATION OF SUBSYNCHRONOUS RESONANCE IN 
SERIES COMPENSATED WIND FARM USING STATCOM 

6.1 INTRODUCTION 

In Chapter 3 and 4, detailed analyses of the subsynchronous resonance in series 

compensated induction generator based wind farms are presented. Chapter 5 presents a 

similar analysis with non-radial series compensated lines. It is observed that 

subsynchronous resonance in wind farms may only be a concern when it operates radially 

with a series compensated line. The size of the wind farm and level of series 

compensation are the key factors affecting the subsynchronous resonances. Although no 

torsional interaction was found, high shaft torque may still be a threat for the cyclic 

fatigue in wind turbine generator shaft. The locations of fault and series capacitors also 

influence the subsynchronous oscillations in a wind farm. Hence, mitigation of the 

potential for SSR in a wind farm is the prime contribution of this chapter. 

There are several countermeasures techniques, originally proposed for the mitigation of 

torsional interactions in large synchronous generators coupled with multi-stage turbines. 

[34], [35], [42], [114]-[118].  Broadly, those countermeasures can be classified in three 

groups: unit tripping counter measures, non-unit tripping counter measures, and 

conceptual counter measures. Application of FACTS controllers for the SSR mitigation 

comes under the conceptual mitigation. It is expected that a FACTS controller responds 

to the system conditions and provides positive damping to the unstable modes [119]-

[123].  

In this chapter a FACTS device- STATCOM is proposed for the mitigation of induction 

generator effect SSR in a radial series compensated wind farm. Two types of controllers 

are proposed and tested with an aggregated wind farm. The performance of these 

controllers is also assessed in presence of the collector cables. Detailed modeling of 

adequate STATCOM controllers is discussed. An eigenvalue analysis is carried out 
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which is then reasonably validated with the time domain simulations with 

PSCAD/EMTDC.  

6.2 SYSTEM DESCRIPTION 

The study system is shown in Figure 6.1. In this system a double-cage induction 

generator based wind farm is connected to a series compensated transmission line. This 

system is a modified IEEE First SSR Benchmark System [44]. The synchronous 

generator is replaced by an induction generator. A STATCOM is proposed at the PCC of 

the wind farm. The wind farm size is varied between 100 MW and 500 MW, whereas the 

series compensation level is varied from 10% to 90%. Symmetrical faults at two locations 

are simulated to examine the performance of the wind farm in the presence of the series 

capacitor. 

 

Figure 6.1 Study system with STATCOM connected at the PCC 

6.3 STATCOM 

The static synchronous compensator (STATCOM) was developed as an advanced var 

compensator. STATCOM consists of voltage source converter instead of controllable 

reactors and switched capacitors used in static var compensator (SVC). The self-

commutated devices like GTO, IGBT, IGCT and MCT are widely used in VSCs. The 

first STATCOM in the world is commissioned in Japan in 1991. The STATCOM have 

several advantages over the SVC. Few of them are [34]: 

(a) Faster response 

(b) Less space requirement 
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(c) Relocatable 

(d) Can be interfaced with battery, fuel cell, SMES or PV modules 

(e) Superior performance during the transient 

(f) Does not contribute to the short circuit current 

(g) No issue related to loss of synchronism  

A STATCOM is comparable to the synchronous condenser; which can supply variable 

reactive power and regulate the bus voltage. The STATCOM is realized as a voltage 

source with variable magnitude. If the STATCOM voltage magnitude is set to a higher 

value than the grid voltage (in pu), it injects reactive power into the grid. This mode of 

operation very often is referred to as the “over-excited” mode. Similarly when the 

STATCOM per unit voltage magnitude is lower than the grid voltage, it absorbs reactive 

power and is known as “under-excited” mode. In the over excited mode operation the 

STATCOM acts like a variable capacitor and during the under excited mode it behaves 

like a variable inductor. An equivalent circuit of the system with a var compensator is 

shown in Figure 6.2. The reactive current is derived as 

 st

E V
I

X


  (6.1) 

 

Figure 6.2 Equivalent circuit of a synchronous condenser 

In recent global power scenarios, wind energy generator technology has occupied a 

significant space and it continuing to grow. In some countries the wind energy 

penetration has increased substantially. To comply with the grid code, the wind farms are 

expected to remain connected during the low voltage and/or fault in the gird. Significant 

reactive power support is therefore required for the wind farms to meet the grid code. Out 

of many options for the dynamic reactive power compensating devices, STATCOM leads 

because of its many advantages over others as mentioned earlier.   Stability of the power 

X

 E    V 
stI  



165 

 

 

 

system also depends upon the stability of the large wind farms, which can be improved 

by putting a STATCOM of suitable rating at the PCC. With increased threat of 

subsynchronous resonance in an induction generator based wind farm, a STATCOM is 

proposed. The size of the STATCOM is set as 60 MVAR/100 MW wind farm size. 

6.3.1 Power Circuit Modeling 

The single line diagram of the STATCOM is shown in Figure 6.3. The STATCOM bus 

AC voltage is directly proportional to the DC side voltage. A capacitor is connected at the 

DC side of the converter, whose voltage is to be kept constant [34], [123], [124]. The 

modeling and analysis of the STATCOM is carried out with the following: 

(a) The system voltages are balanced and sinusoidal 

(b) The switches are ideal 

(c) Transformer impedances are equal in all three phases 

 

Figure 6.3 Equivalent circuit of STATCOM 

Considering a six-pulse converter based STATCOM, it can be described by the 

differential equations: 

 sta
st sa st sta sta

dI
L V R I E

dt
    (6.2) 

 stb
st sb st stb stb

dI
L V R I E

dt
    (6.3) 

 stc
st sc st stc stc

dI
L V R I E

dt
    (6.4) 
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 dc dc
dc dc

dc

dV V
C I

dt R
   (6.5) 

where,  

 stR  : Resistance in series with the STATCOM represents the sum of 

transformer winding resistance losses and the inverter 

conduction losses (pu) 

 stL  : Leakage resistance of the transformer (pu) 

 dcC  : DC side capacitor (pu) 

 dcR  : Resistance in shunt with the capacitor dcC represents the 

switching loss of the inverter and the power loss in the 

capacitor (pu) 

 , ,sta stb stcI I I  : Three phase currents of the STATCOM (pu) 

 , ,sa sb scV V V  : Three phase voltages at the PCC (pu) 

 , ,sta stb stcE E E  : Three phase voltages at the STATCOM terminal (pu) 

 dcV  : DC side voltage (pu) 

 dcI  : DC side current (pu) 

Applying Kron’s transformation [34] to transform (6.2)-(6.4) to a synchronously rotating 

reference frame the dynamic equations are written as: 

 st dst ds st dst s st qst dst

d
L I V R I L I E

dt
     (6.6) 

 st qst qs st qst s st dst qst

d
L I V R I L I E

dt
     (6.7) 

 dc
dc dc dc

dc

Vd
C V I

dt R
   (6.8) 

where, 

 ,ds qsV V  : d-q axis PCC voltage (pu) 

 ,dst qstI I  : d-q axis STATCOM current (pu) 

 ,dse qstE E  : d-q axis STATCOM terminal voltage (pu) 
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Assuming the switches are ideal, they are lossless and from the conservation of energy 

principle, in terms of d-q form, 

 dc dc dst dst qst qstV I E I E I   (6.9) 

dstE  and qstE are now expressed as the function of modulation index  m , DC voltage 

 dcV , angle of the PCC voltage   and the angular difference between the PCC voltage 

and the STATCOM terminal voltage   . 

  sindst dcE mV     (6.10) 

  cosqst dcE mV     (6.11) 

 
6

m


  (6.12) 

Substituting (6.10) and (6.11) in (6.9) 

    sin cosdc dc dst dc qstP mV I mV I        (6.13) 

Comparing (6.9) and (6.13) 

    sin cosdc dst qstI mI mI        (6.14) 

It is to be noted that 

   2 2tan ,ds
s ds qs

qs

V
V V V

V
     (6.15) 

    sin , cosds s qs sV V V V    (6.16) 

The active current,  P
stI , and reactive current, R

stI , of the STATCOM can be written as: 

 ds dst qs qstP
st

s

V I V I
I

V


  (6.17) 

 ds qst qs dstR
st

s

V I V I
I

V

 
  (6.18) 

Using (6.16) in (6.17) and (6.18) 

    sin cosP
st dst qstI I I    (6.19) 

    cos sinR
st dst qstI I I    (6.20) 
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6.3.2 Steady State Performance of the STATCOM 

The steady state performance of the proposed STATCOM when connected to the study 

system is presented in Figure 6.4. Variation in the PCC voltage for the different reactive 

power rating of the STATCOM is shown in Figure 6.4 (a). This is carried out for three 

different series compensation levels  K : 30%, 50% and 70%. It is seen that, with the 

low series compensation level the STATCOM controls the voltage more effectively and 

the slope decreases with the increase in the series compensation level. Similar analysis is 

carried out for the DC voltage that is shown in Figure 6.4 (b). Variation in DC voltage is 

very much similar to that of PCC voltage. Figure 6.4 (c) shows the reactive power 

injection from the STATCOM for different series compensation level. Variation in the 

slip of the induction generator is shown in Figure 6.4 (d). It is seen that in inductive mode 

of the STATCOM, the slip decreases faster with lower series compensation. As the series 

compensation level increases the variation in the slip is small. 

 
  (a) PCC voltage (b) DC Voltage 

 
 (c) Reactive current (d) Generator slip 

Figure 6.4 Steady state performance of STATCOM 

6.4 STATCOM CONTROLLER MODELING 

Two types of STATCOM controllers are proposed for the mitigation of subsynchronous 

resonance in wind farms. The detailed model of each controller is discussed here. 
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6.4.1 Controller-I  

The proposed controller-I (C-I) is similar to the Type-2 controller originally proposed in 

[124]. In this controller DC voltage remains uncontrolled and only the angular difference 

between the the STATCOM terminal and the PCC bus voltage is controlled. This 

controller is mostly used in transmission network for dynamic reactive power support. 

However, the uncontrolled DC voltage may cause over voltage in the AC side bus. Figure 

6.5 shows the block diagram of the controller-I.  

 

Figure 6.5 Block diagram of controller-I 

The state space model of the controller is developed for small signal analysis. The 

linearized dynamic equations of controller-I are: 

  1 1LP s s R

d
T x V K I x

dt
        (6.21) 

      1 1 2 2 1 2
Ref

S

d d
GT x T x G V x x

dt dt
       (6.22) 

  3 2I

d
T x x

dt
   (6.23) 

Arranging (6.21)-(6.23) in the state space form, 

    Ct Ct Ct Ct Ctx A x B u   (6.24) 

  Ct Ct Cty C x  (6.25) 

∑ sK
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where, 

    1 2 3 ,t
Ct Ctx x x x y        (6.26) 

  t
Ct s Ru V I    (6.27) 

      0 1Ct PC K K   (6.28) 

6.4.2 Controller-II 

In controller-II (C-II), the DC link capacitor voltage is controlled by the phase angle 

difference between the STATCOM terminal and PCC bus voltage. The reactive current is 

controlled by regulating sV  to ref
sV . In this controller, modulation index  m and angle 

    are controlled. The proposed controller-II is shown in Figure 6.6, where both the 

inputs are decoupled from each other. The modulation index is derived from the voltage 

error, where a voltage droop characteristic is introduced for control of the voltage at the 

PCC. Regulating the magnitude of the converter bus voltage, now regulates the reactive 

power injection, or absorption by the STATCOM. The phase angle difference   is 

derived from the DC voltage error. For the damping of subsynchronous oscillations, an 

additional lead lag compensator is used in each control path. Since no torsional 

interaction is witnessed in the wind farm due to series compensation, no damping 

controller is required here. For the small signal analysis, the proposed controller is now 

modeled as a linear time invariant system that is described through a set of differential 

equations. The dynamic equations of the controller-II are written as: 

  1 1LP S S R

d
T x V K I x

dt
      (6.29) 

      1 1 1 2 2 1 1 2
Ref

S

d d
GT x T x G V x x

dt dt
       (6.30) 

  1 3 2I

d
T x x

dt
   (6.31) 

  4 4DC DC

d
T x V x

dt
    (6.32) 

      2 3 4 4 5 2 4 5
Ref

DC

d d
G T x T x G V x x

dt dt
       (6.33) 
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  2 6 5I

d
T x x

dt
   (6.34) 

 

Figure 6.6 Block diagram of controller-II 

Equations (6.29)-(6.34) are written in the linear state space form as 

    Ct Ct Ct Ct Ctx A x B u   (6.35) 

  Ct Ct Cty C x  (6.36) 

where, 

  1 2 3 4 5 6
t
Ctx x x x x x x        (6.37) 

  t
Cty m     (6.38) 
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 (6.39) 

6.4.3 Complete System Model with Controller-I 

When the STATCOM is connected at the PCC of the wind farm shown in Figure 6.1 the 

system equations are changed from those derived in Chapter 4. Keeping the drive train 

and induction generator model intact only the network models are redefined. These 

equations are linearized while constructing the small signal model. The differential 

equations are: 

 ( )g ds ds d dst s g qs

d
C V I I I C V

dt
     (6.40) 

 ( )g qs qs q qst s g ds

d
C V I I I C V

dt
     (6.41) 

 d ds d s q cd bd

d
L I V RI LI V V

dt
      (6.42) 

 q qs q s d cq bq

d
L I V RI LI V V

dt
      (6.43) 

 cd d s cq

d
C V I CV

dt
   (6.44) 

 cq q s cd

d
C V I CV

dt
   (6.45) 

where, 

 ,ds qsV V  : d-q axis voltage at the PCC (pu) 

 ,ds qsI I  : d-q axis stator current of induction generator (pu) 

 ,d qI I  : d-q axis series compensated line current (pu) 

 ,cd cqV V  : d-q axis voltage across series capacitor (pu) 

 ,bd bqV V : d-q axis voltage at the infinite bus (pu) 

The state space model of the drive train, induction generator and network are expressed 

as: 

      WT TT WT TG G T WTx A x A x B u    (6.46) 

      G GT WT GG G GN Nx A x A x A x    (6.47) 
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        N NG G NN N NSt St N Nx A x A x A x B u     (6.48) 

Arranging the dynamic equations of the power circuit of the STATCOM presented (6.6)-

(6.8), the STATCOM model is defined in the state space form as: 

      St StN N StSt St St Stx A x A x B u    (6.49) 

where, 

  stu    (6.50) 

Combining (6.46)-(6.49) the open loop equation of the complete system is written as: 

      1 1 2 2 3 3sys sys sysx A x B u B u B u       (6.51) 

where, 

 t t t t t
sys WT G N Stx x x x x     (6.52) 

 t
WT t tg gx          (6.53) 

 1 1 2 2
t
G ds qs d q d qx I I E E E E          (6.54) 

 t
N ds ds d q cd cqx V V I I V V          (6.55) 

 '
St dst qst dcx I I V       (6.56) 

  1 2 3, ,bd
W St

bq

V
u T u u u

V

 
     

 (6.57) 

The state space model of controller-I defined in (6.24) is rewritten as: 

     Ct Ct Ct Ct sysx A x B M x   (6.58) 

where, 

   sys CtM x u  (6.59) 

From (6.28), (6.50) and (6.57) 

  3 Ctu K x   (6.60) 

The combined equation of the system including controller-I is now expressed as: 

 3
1 1 2 2

sys sys sys

Ct Ct Ct Ct

x A B K x
B u B u

x B M A x

     
       

     




 (6.61)  

The total number of states of the closed loop system is 21.The detailed eigenvalue 

analysis of the close loop system defined in (6.61) is presented in Sec. 6.5.  
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6.4.4 Complete System Model with Controller-II  

The augmentation of the controller-II is carried out in a similar way as it is described for 

controller-I. The closed loop state space model of the system is developed as mentioned 

in (6.61).  With controller-II the total number of states becomes 24. 

6.4.5 Singular Value Decomposition (SVD) 

A controllability analysis is performed using the singular value decomposition (SVD) 

technique to determine the effectiveness of the control inputs m  and   given in (6.61). 

Considering the electrical mode of the system, singular values of two matrices 

 2, :,1sysA I B    and  2, :, 2sysA I B    are calculated [125], [126]. Table 6.1 shows 

the minimum singular values for both inputs for different wind farm sizes at 50% series 

compensation. From each case it is seen that the electrical mode can be effectively 

controlled through the modulation index m . Further, as the size of the wind farm 

increases, modulation index mbecomes more effective as compared to the phase angle 

difference α. Similar observations are also made for different compensation levels 

considering a 500 MW wind farm as shown in Table 6.2.  

Table 6.1 Minimum singular value for different wind farm size 

WF Size (MW) 100 200 300 400 500 

SVD  m  1.17 0.909 0.745 0.637 0.557 

SVD    1.019 0.650 0.432 0.299 0.210 

Table 6.2 Minimum singular value for different compensation 

K (%) 40 50 60 70 80 

SVD  m  0.537 0.557 0.546 0.497 0.410 

SVD    0.266 0.210 0.119 0.046 0.176 

Once it is determined that modulation index is more effective in stabilizing the electrical 

mode oscillation, emphasis is given to the tuning of gains of the corresponding control 

loop.  The initial values of the two PI controller parameters  1 2 1 2, , ,p p i iK K T T are chosen 

based on the STATCOM controller design criteria described in [34]. The lead-lag 
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compensator gains and time constants  1 2 1 2 3 4, , , , ,G G T T T T  are adapted from typical 

values given in [99]. Eigenvalue analysis is performed to determine the best parameter 

values that can stabilize the electrical mode the most. These parameters are further 

improvised through fault studies with PSCAD/EMTDC software with the objective of 

reducing the overshoot in AC voltage and decreasing the settling time as well. This 

iterative process is followed until reasonably good PI controller gains are obtained. These 

parameters are then used for all the SSR studies. 

6.5 EIGENVALUE ANALYSIS 

The eigenvalue analysis of the study system is carried out for a wide range of operating 

conditions. The wind farm size is varied from 100 MW to 500 MW, while the series 

compensation is varied in between 10% and 90%. The size of STATCOM is chosen as 60 

MVA/100 MW. The choice of STATCOM size is based on the previous study conducted 

in [26] and STATCOMs used in integration of wind farm. Table 6.3 shows all the 

eigenvalues of the systems (300 MW wind farm with 50% series compensation) 

including controller-I and controller-II.  

Table 6.4 shows the comprehensive eigenvalue analysis of the study system with and 

without the proposed STATCOM. Only three oscillatory modes that are useful for the 

analysis of SSR are shown explicitly. In the absence of STATCOM (Table 6.4) as the 

compensation level increases, the electrical mode becomes less stable and then becomes 

unstable for all sizes of wind farm considered. Now when the STATCOM with proposed 

controller-I is employed at the PCC, the system eigenvalues are calculated and shown in 

Table 6.5. Being the most sensitive mode, the electrical mode is studied thoroughly.It is 

found that with the controller-I the electrical mode becomes unstable for all wind farm 

sizes. For example, the electrical mode eigenvalues for 300 MW wind farm with 50% 

series compensation are 0.156 ± 182.46i without STATCOM. With STATCOM these 

eigenvalues become 2.188 ± 176.68i.  

Table 6.6 shows the system eigenvalues with STATCOM controller-II that shows a 

further enhancement in the electrical mode stability in comparison to the controller-I. The 

proposed controller-II also improves the stability of electromechanical modes of the wind 
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turbine generator. For instance, without STATCOM the electromechanical mode 

eigenvalues for a 100 MW wind farm with 50% series compensation are -6.537 ± 

36.849i. With controller-I and controller-II these eigenvalues change to -6.4289 ± 36.927i 

and -6.892 ± 36.733i, respectively. The torsional mode is not much affected by the two 

impacts of STATCOM controllers. The stable eigenvalues of the torsional mode indicates 

there is no potential of torsional instability. 

Table 6.3 Complete system eigenvalues 

Mode 
Without 

STATCOM 

With STATCOM 

Controller-I Controller-II 

Sup. Sync. mode 
Electrical mode  
Elect- mech. mode 
Torsional mode 

-6.790 ± 570.89i 
+0.156 ± 182.46i 
-5.020 ± 32.981i 
-0.572 ± 3.5703i 

-6.752 ± 539.98i 
-2.188 ± 176.68i 
-4.743 ± 33.079i 
-0.502 ± 3.5372i 

-5.470 ± 605.57i 
-2.233 ± 175.88i 
-5.127 ± 33.076i 
-0.522 ± 3.5515i 

Other modes 
 
 
 
 
 
 
 
 

-9.575 ± 1984.9i 
-12.38 ± 1231i 
-60.96 ± 3.5792i 
-6.525 
 
 
 
 
 

-5.808 ± 2537.7i 
-9.801 ± 1466.4i 
-3.558 ± 660.37i 
-167.3 ± 59.511i 
-61.49 ± 3.3024i 
-8.919 ± 5.5316i 
-2.071 
 
 

-2.213 ± 2507.4i 
-8.526 ± 1456i 
-5.491 ± 605.81i 
-11.25 ± 478.25i 
-5.159 ± 128.56i 
-62.04 ±  2.596i 
-245.0,-178.39 
-8.649,-2.7203 
-0.0062,-0.031231 

 

Table 6.4 System eigenvalues without STATCOM 

Modes 100 MW 200 MW 300 MW 400 MW 500 MW 

40% Series compensation 

Electrical mode  
Elect- mech. mode 
Torsional mode 

-1.118 ± 251.73i 
-6.334 ± 36.361i 
-0.530 ± 3.5918i 

-0.762 ± 220.39i 
-5.388 ± 33.973i 
-0.557 ± 3.5761i 

-0.865 ± 202.84i 
-4.692 ± 31.874i 
-0.597 ± 3.5653i 

-1.092 ± 191.85i 
-4.192 ± 30.064i 
-0.650 ± 3.5647i 

-1.352 ± 183.98i 
-3.813 ± 28.385i 
-0.720 ± 3.5837i 

50% Series compensation 

Electrical mode  
Elect- mech. mode 
Torsional mode 

-0.415 ± 237.08i 
-6.537 ± 36.849i 
-0.525 ± 3.5951i 

+0.165 ± 202.08i 
-5.683 ± 34.809i 
-0.545 ± 3 .5814i 

+0.156 ± 182.46i 
-5.020 ± 32.981i 
-0.572 ± 3.5703i 

-0.041 ± 170.14i 
-4.520 ± 31.384i 
-0.607 ± .5641i 

-0.306 ± 161.31i 
-4.120 ± 29.897i 
-0.653 ± 3.5659i 

55% Series compensation 

Electrical mode  
Elect- mech. mode 
Torsional mode 

-0.061 ± 230.32i 
-6.644 ± 37.1i 

-0.523 ± 3.5967i 

+0.652 ± 193.64i 
-5.847 ± 35.25i 
-0.539 ± 3.5842i 

+0.709 ± 173.05i 
-5.211 ± 33.572i 
-0.561 ± 3.5735i 

+0.539 ± 160.11i 
-4.719 ± 32.095i 
-0.589 ± 3.5662i 

+0.281 ± 150.82i 
-4.314 ± 30.714i 
-0.625 ± 3.5638i 

60% Series compensation 

Electrical mode  
Elect- mech. mode 
Torsional mode 

+0.296± 223.87i 
-6.755 ± 37.356i 
-0.521 ± 3.5984i 

+1.158± 185.58i 
-6.023 ± 35.706i 
-0.534 ± 3.5872i 

+1.29 ± 164.06i 
-5.424 ± 34.193i 
-0.551 ± 3.5771i 

+1.166 ± 150.52i 
-4.948 ± 32.849i 
-0.573 ± 3.5694i 

+0.926 ± 140.79i 
-4.545 ± 31.584i 
-0.600 ± 3.5646i 
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Table 6.5 System eigenvalues with STATCOM controller-I 

Modes 100 MW 200 MW 300 MW 400 MW 500 MW 

40% Series compensation 

Electrical mode  
Elect- mech. mode 
Torsional mode 

-2.462 ± 238.74i 
-6.201 ± 36.437i 
-0.506 ± 3.5829i 

-2.391 ± 212.56i 
-5.123 ± 34.018i 
-0.503 ± 3.5534i 

-2.372 ± 198.02i 
-4.355 ± 31.965i 
-0.503 ± 3.5229i 

-2.410 ±188.41i 
-3.777 ± 30.133i 
-0.506 ± 3.4899i 

-2.483 ± 181.42i 
-3.327 ± 28.423i 
-0.512 ± 3.4523i 

50% Series compensation 

Electrical mode  
Elect- mech. mode 
Torsional mode 

-2.732 ± 221.71i 
-6.429 ± 36.927i 
-0.506 ± 3.5872i 

-2.402 ± 192.82i 
-5.463 ± 34.868i 
-0.503 ± 3.5625i 

-2.188 ± 176.68i 
-4.743 ± 33.079i 
-0.502 ± 3.5372i 

-2.091 ± 166i 
-4.182 ± 31.465i 
-0.503 ± 3.5104i 

-2.074 ± 158.2i 
-3.729 ± 29.953i 
-0.505 ± 3.4807i 

55% Series compensation 

Electrical mode  
Elect- mech. mode 
Torsional mode 

-2.959 ± 213.81i 
-6.547 ± 37.183i 
-0.507 ± 3.5894i 

-2.482 ± 184.15i 
-5.665 ± 35.36i 
-0.503 ± 3.5676i 

-2.132 ± 166.78i 
-4.960 ± 33.681i 
-0.502 ± 3.5443i 

-1.947 ± 155.59i 
-4.412 ± 32.189i 
-0.502 ± 3.5204i 

-1.867 ± 147.42i 
-3.962 ± 30.785i 
-0.503 ± 3.4942i 

60% Series compensation 

Electrical mode  
Elect- mech. mode 
Torsional mode 

-3.249 ± 206.24i 
-6.669 ± 37.447i 
-0.507 ± 3.5916i 

-2.585 ± 174.87i 
-5.842 ± 35.794i 
-0.504 ± 3.5716i 

-2.098 ± 157.28i 
-5.194 ± 34.32i 
-0.502 ± 3.5514i 

-1.805 ± 145.6i  
-4.667 ± 32.963i 
-0.501 ± 3.5303i 

-1.650 ± 137.07i 
-4.224 ± 31.677i 
-0.502 ± 3.5075i 

Table 6.6 System eigenvalues with STATCOM controller-II 

Modes 100 MW 200 MW 300 MW 400 MW 500 MW 

40% Series compensation 

Electrical mode  
Elect- mech. mode 
Torsional mode 

-3.566 ±227.06i 
-6.632 ±36.256i 
-0.508 ±3.5852i 

-2.804 ± 207.5i 
-5.529 ± 34i 
-0.516 ± 3.5623i 

-2.511 ± 195.29i 
-4.698 ± 31.997i 
-0.529 ± 3.5383i 

-2.418 ± 187.05i 
-4.085 ± 30.255i 
-0.549 ± 3.5139i 

-2.417 ± 180.81i 
-3.603 ± 28.631i 
-0.579 ± 3.4879i 

50% Series compensation 

Electrical mode  
Elect- mech. mode 
Torsional mode 

-3.600 ± 209.54i 
-6.892 ± 36.733i 
-0.508 ± 3.5893i 

-2.628 ± 188.83i 
-5.909 ± 34.818i 
-0.513 ± 3.5708i 

-2.233 ± 175.88i 
-5.127 ± 33.076i 
-0.522 ± 3.5515i 

-2.079 ± 167.08i 
-4.525 ± 31.538i 
-0.536 ± 3.5323i 

-2.033 ± 160.35i 
-4.034 ± 30.096i 
-0.556 ± 3.5122i 

55% Series compensation 

Electrical mode  
Elect- mech. mode 
Torsional mode 

-3.652 ± 201.87i 
-7.031 ± 36.983i 
-0.508 ± 3.5913i 

-2.635 ± 180.94i 
-6.122 ± 35.256i 
-0.512 ± 3.575i 

-2.257 ± 167.95i 
-5.377 ± 33.663i 
-0.519 ± 3.558i 

-2.142 ± 159.2i 
-4.788 ± 32.242i 
-0.530 ± 3.5412i 

-2.141 ± 152.51i 
-4.297 ± 30.901i 
-0.546 ± 3.5237i 

60% Series compensation 

Electrical mode  
Elect- mech. mode 
Torsional mode 

-3.736 ± 194.93i 
-7.179 ± 37.242i 
-0.507 ± 3.5934i 

-2.733 ± 174.08i 
-6.355 ± 35.718i 
-0.511 ± 3.5791i 

-2.446 ± 161.38i 
-5.658 ± 34.289i 
-0.517 ± 3.5644i 

-2.437 ± 152.97i 
-5.090 ± 33i 
-0.525 ± 3.5499i 

-2.544 ± 146.65i 
-4.604 ± 31.772i 
-0.537 ± 3.5349i 

The improvement of the electrical mode stability with STATCOM is illustrated in Figure 

6.7, which shows the variation in the electrical mode eigenvalues with series 

compensation level and wind farm size. As observed in Figure 6.7 (a), the electrical mode 

eigenvalues become less stable with increase in the series compensation and cross the 
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imaginary axis at critical compensation level. Figure 6.7 (b) shows the improvement in 

the electrical mode stability with the proposed STATCOM controller-I. Only at a very 

high unrealistic series compensation level the electrical mode of 500 MW wind farm 

tends to be unstable. The trend of the variation in the electrical mode eigenvalues with the 

controller-II is quite similar to the controller-I, though not reported here. 

 
(a) Without STATCOM    (b) With STATCOM (C-I) 

Figure 6.7 Electrical mode eigenvalues 

6.6 ELECTROMAGNETIC TRANSIENT SIMULATIONS 

This section presents the time domain simulations of the study system carried out with 

PSCAD/EMTDC software. The detailed model of the wind farm, series compensated 

line, and STATCOM with two proposed controllers are implemented with 

PSCAD/EMTDC. The time domain simulations are done in steady state and transient 

condition. The small signal analysis results are correlated with the time domain 

simulation results. 

6.6.1 Steady State SSR 

Steady state SSR refers to the self-excitation due to induction generator effect. This is 

indicated by an unstable electrical mode. The imaginary part of the electrical mode 

eigenvalue predicts the oscillatory frequency of the self-excitation in the wind farm. 

From the eigenvalue analysis it is observed that only the electrical mode becomes 

unstable beyond a critical compensation level for different sizes of wind farms. 

Therefore, beyond this compensation level, occurrence of self-excitation is expected. 

Figure 6.8 (a) shows the self-excitation of the electromagnetic torque and its mitigation 

with a 60 MVA STATCOM for a 100 MW wind farm connected to 60% series 
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compensated line. The size of the STATCOM is determined from the PSCAD/EMTDC 

studies to be most adequate to stabilize the electrical mode. The PCC voltage is shown in 

Figure 6.8 (b). In steady state since both the proposed controllers behave identically, 

performance with only controller-I is shown. Figure 6.9 and Figure 6.10 show the self-

excitation of the PCC voltage and its mitigation through the STATCOM for a 300 MW 

and 500 MW wind farm, respectively, connected to 50% and 55% series compensation, 

respectively. For a 300 MW wind farm the critical compensation level is 48.60%, thus 

50% series compensation presents a marginally unstable operating condition which can 

be seen from a slowly growing oscillations in the PCC voltage depicted in Figure 6.9. 

However, in the case of a 500 MW wind farm with 55% series compensation, the 

electrical mode is unstable, therefore the oscillations in the PCC voltage grow faster. 

Similar responses are seen with the electromagnetic torque, though not shown here. The 

STATCOM controllers effectively stabilize the electrical mode oscillations. 

 
a) Electromagnetic torque 

 
b) PCC voltage 

Figure 6.8 Steady state performance of a 100 MW wind farm 
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Figure 6.9 Steady state PCC voltage of a 300 MW wind farm  

 

Figure 6.10 Steady state PCC voltage of a 500 MW wind farm 

6.6.2 Transient SSR with Remote Fault 

This section presents the performance of STATCOM during systems faults for various 

cases that includes variation in the size of wind farm, variation in the output of a wind 

farm, and variation in the series compensation level. 

6.6.2.1 Variation in wind farm size 

Wind farm sizes from 100 MW to 500 MW are considered for the transient SSR analysis. 

Performances of both the controllers are reported together. For each wind farm the series 

compensation level is chosen marginally above its critical series compensation level. 

Figure 6.11 shows the performance of the 100 MW wind farm with 60% series 

compensation and effectiveness of the proposed controllers in damping the SSR 

oscillations. The electromagnetic torque without STATCOM and with STATCOM is 

shown in Figure 6.11 (a). In the absence of the STATCOM, fault in the network causes 

induction generator effect SSR. The electromagnetic torque grows and attains large 

value. With the proposed controller C-I though the oscillation is damped out successfully, 

it takes approximately 2s. Meanwhile, the controller C-II offers improved performance 

and the SSR oscillation is damped out successfully within 0.6s.  
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The shaft torque for the corresponding operating condition is shown in Figure 6.11 (b). 

The peak shaft torque reaches upto 1.2pu after the fault is cleared. However, influence of 

the unstable electromagnetic torque continues and later destabilizes the shaft torque. The 

proposed controllers now avoid the destabilisation. The peak overshoot is reduced and 

oscillation in the shaft torque is stabilized rapidly. The performance of both controllers is 

quite similar in this case. FFT analysis of the electromagnetic torque and shaft torque is 

shown in Figure 6.11 (c). The FFT of electromagnetic torque shows the estimated 

frequency of 225.3 rad/s without STATCOM, which matches with the electrical mode 

frequency shown in  

Table 6.4. The estimated frequency of 204.1 rad/s matches with the calculated damped 

frequency (206.24 rad/s) of the electrical mode with controller I have shown in Table 6.5. 

With a STATCOM controller–II no electrical mode oscillation is  detected in the 

electromagnetic torque. The electromechanical mode frequency detected at 35.34 rad/s 

match very closely with the calculated values of 37.55 rad/s, 37.44 rad/s and 37.24 rad/s 

which are the electromechanical mode eigenvalues of the wind turbine generators without 

STATCOM, with STATCOM controller-I and STATCOM controller-II, respectively. 

The torsional mode frequency in all cases is found to be approximately 3.6 rad/s, which 

matches closely with the FFT estimated value of 3.68 rad/s. Figure 6.11 (d) and (e) depict 

the generator speed and PCC voltage, respectively. The generator is stabilized faster with 

controller C-II than with controller C-I. With C-II, the over voltage following the fault 

clearance is also reduced significantly. The reactive power output of the STATCOM and 

the DC voltage are shown in Figure 6.11 (f). The negative reactive power output of the 

STATCOM indicates the capacitive mode of operation. The DC voltage is stabilized 

faster with C-II and the overshoot also gets reduced. During transients STATCOM injects 

large (two times of rating) reactive power for few cycles only which can be seen from 

Figure 6.11 (f).  
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(a) Electromagnetic torque 

 
(b) Shaft torque 

 
(c) FFT of electromagnetic and shaft torque 

 
(d) Generator speed 

 
(e) PCC voltage 
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(f) STATCOM reactive power and DC link voltage 

Figure 6.11 Transient SSR and its mitigation in a 100 MW wind farm 

Transient simulation results of a 300 MW wind farm with 50% series compensation are 

shown in Figure 6.12. The electromagnetic torque, shaft torque, generator speed, and 

PCC voltage with and without the STATCOM is shown in Figure 6.12 (a) - (d), 

respectively. Figure 6.12 (e) shows the reactive power output and DC voltage of the 

STATCOM. It is observed that controller C-II reduces the post fault oscillations in 

electromagnetic torque, generator speed, and PCC voltage more effectively than the 

controller C-I. DC voltage is also now controlled effectively. The estimated frequencies 

of electromagnetic torque and shaft torque match very closely with the calculated values 

shown in Table 6.3 to Table 6.5. With controller C-II, reactive power output of the 

STATCOM is also reduced which is an added benefit. This indicates the reduced use of 

the MVA capacity of the STATCOM.  

Now the performance of the 500 MW wind farm with 55% series compensation is shown 

in Figure 6.13. The growing oscillation of the electromagnetic torque is successfully 

stabilized by the proposed controllers. Also in this case, performance of the C-II is found 

to be superior over of that of C-I. The STATCOM substantially reduces the peak over 

shoot in the shaft torque following the fault. 
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(b) Shaft torque 

 
(c) Generator speed 

 
(d) PCC voltage 

 
(e) STATCOM reactive power and DC link voltage 

Figure 6.12 Transient SSR and its mitigation in a 300 MW wind farm 
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(b) Shaft torque 

Figure 6.13 Transient SSR and its mitigation in a 500 MW wind farm 

6.6.2.2 Variation in wind farm output 

In the previous section different sizes of wind farms were considered. This section deals 

with different output of a large wind farm. A 500 MW wind farm is considered and 

keeping the series compensation level constant at 55%, the study is conducted with 100 

MW and 300 MW output of a wind farm. A symmetrical six-cycles fault is created at the 

remote end (location- 2F ) of the series compensated line and the simulation results are 

shown in Figure 6.14. The 100 MW (0.2 pu at 500 MW base) output with 55% series 

compensation represents an unstable electrical mode scenario that can be seen from the 

growing oscillation in the electromagnetic torque and the PCC voltage of the wind farm. 

The unstable electrical mode is damped out by the proposed controllers C-I and C-II. The 

electromagnetic torque with and without the STATCOM is shown in Figure 6.14 (a). The 

PCC voltage is shown in Figure 6.14 (b), which is also stabilized following the fault 

clearance. Reactive power and DC voltage of the STATCOM shown in Figure 6.14 (c) 

shows a significant improvement in the performance with controller C-II over the 

performance with controller C-I. Particularly controller C-II reduces the peak over shoot 

in the DC voltage that reflects as a reduced overshoot in the AC voltage at the PCC. The 

reactive power output of the STATCOM is also reduced with C-II without compromising 

the aim of stabilizing the unstable electrical mode oscillation. 

Figure 6.15 shows the performance of the wind farm at a 300 MW output condition, 

which is quite similar to the 100 MW output case. The electromagnetic torque and the 

PCC voltage, both are stabilized successfully with the proposed STATCOM controllers 

and the potential for the SSR is mitigated.  
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The case studies presented validate the proposed controllers for the mitigation of 

subsynchronous resonance in a double-cage induction generator based wind farm. With 

the control of the modulation index, the DC voltage is controlled smoothly, which then 

minimizes the voltage overshoot at the PCC. Dynamic response of the STATCOM is also 

improved noticeably with controller C-II. From the transient simulations no torsional 

interaction is found which corroborates the small signal analysis. Accurate correlation of 

the FFT estimated frequencies and calculated damped frequencies validates the small 

signal model of the study system and the proposed controllers of the STATCOM. 

 
(a) Electromagnetic torque 

 
(b) PCC voltage 

 
(c) STATCOM reactive power and DC link voltage 

Figure 6.14 Transient performance of a 500 MW wind farm producing 100 MW  

 

4 4.5 5 5.5 6
-5

-2

1

4

7

time (s)

T
e 

(p
u)

 

 

4 4.5 5 5.5 6
-5

-2

1

4

7

time (s)
T
e 

(p
u)

 

 

with C-I

with C-II

without STATCOM

4 4.5 5 5.5 6
0

0.5

1

1.5

2

time (s)

V
s 

(p
u)

 
4 4.5 5 5.5 6

0

0.5

1

1.5

2

time (s)

V
s 

(p
u)

 

with C-I

with C-II

without STATCOM

4 4.5 5 5.5 6
-200

-100

0

100

200

time (s)

Q
st

 (
M

va
r)

 

 

4 4.5 5 5.5 6
0

0.5

1

1.5

2

time (s)

V
dc

 (
pu

)

 

with C-I

with C-II

with C-I

with C-II

4 4.5 5 5.5 6
-4

-1.5

1

3.5

6

time (s)

T
e 

(p
u)

 
4 4.5 5 5.5 6

-4

-1.5

1

3.5

6

time (s)

T
e 

(p
u)

 

without STATCOM with C-I

with C-II



187 

 

 

 

(a) Electromagnetic torque 

 
(b) PCC voltage 

Figure 6.15 Transient performance of a 500 MW wind farm producing 300 MW  

6.6.3 Transient SSR with Terminal Fault 

A fault is created at the wind farm terminal and performance of the wind farms is 

examined with the two STATCOM controllers. The terminal fault study is carried out in 

two sets: one deals with the variable size of wind farm, whereas the other deals with the 

variable output of a large wind farm. In both cases the series compensation level is kept 

constant at 50%. 

6.6.3.1 Variation in Wind Farm Size 

Wind farms of 100 MW and 300 MW ratings are considered in this section. The impacts 

of the fault at the location 1F on the wind farms are discussed in detail with the proposed 

STATCOM controllers.  Figure 6.16 shows the impacts of a terminal fault on a 100 MW 

wind farm.  

Without the STATCOM, the equivalent wind turbine generator speed falls below the 

upper resonant speed threshold value of 0.337 rad/s and the speed does not recover after 

the fault is cleared, as shown in Figure 6.16 (a). However STATCOM with the proposed 

controllers successfully stabilizes the generator speed. The shaft torque is shown in 

Figure 6.16 (b). The peak shaft torque is reduced and the maximum overshoot lies within 

the stress limit of 1.3pu. It is seen that with controller C-I the shaft torque sees a peak 

immediately after the fault is cleared, whereas with C-II this is not seen. However, the 

settling time remains quite similar for both controllers. The PCC voltage grows to an 

unacceptable magnitude as seen from Figure 6.16 (c). With the STATCOM, the PCC 

voltage is restored after the fault is cleared. Though the PCC voltage peak is reduced to 
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1.8pu, it is still not acceptable. However, C-II reduces the peak overshoot in the PCC 

voltage substantially to 1.17pu. The STATCOM reactive power and the DC voltage for 

the corresponding operating condition are shown in Figure 6.16 (d). Figure 6.17 shows 

the performance of the 300 MW wind farm for a similar fault at the location 1F . In this 

case, the speed also falls below the upper resonant speed of 0.42 pu, as depicted in Figure 

6.17 (a). However, the speed is restored with the STATCOM. The corresponding shaft 

torque is shown in see Figure 6.17 (b). The high shaft torque is also reduced to an 

acceptable value of 1.2pu. It is concluded that for a fault very close to the wind farm, the 

peak overshoot in the PCC voltage may be a concern and it can be addressed through the 

STATCOM with a suitable controller. The equivalent circuit analysis very accurately 

predicts the threshold values of the speed that may cause the instability in the system. 

 
(a) Generator speed 

 
(b) Shaft torque 

 
(c) PCC voltage 

4 4.5 5 5.5 6
0

0.4

0.8

1.2

1.6

time (s)


g (

pu
)

 
4 4.5 5 5.5 6

0.9

0.95

1

1.05

1.1

time (s)


g (

pu
)

 

with C-I

with C-II
without STATCOM

URS: 0.337 pu

4 6 8 10
-20

-7.5

5

17.5

30

time (s)

T
sh

 (
pu

)

 
4 6 8 10

0.5

0.75

1

1.25

1.5

time (s)

T
sh

 (
pu

)

 

with C-I

with C-II

without STATCOM

4 4.5 5 5.5 6
0

1.5

3

4.5

6

time (s)

V
s 

(p
u)

 

 

4 4.5 5 5.5 6
0

0.5

1

1.5

2

time (s)

V
s 

(p
u)

 

 

with C-I

with C-II

without STATCOM



189 

 

 

 

 
(d) STATCOM reactive power and DC link voltage 

Figure 6.16 Transient performance of a 100 MW wind farm  

 
(a) Generator speed 

 
(b) Shaft torque 

Figure 6.17 Transient performance of a 300 MW wind farm  

6.6.3.2 Variation in Wind Farm Output 

The study is now extended to a 500 MW wind farm producing variable power output 

connected to the 50% series compensated line. This section presents the fault response of 

the wind farm following a symmetrical fault at the wind farm terminal (location 1F ) when 

the power output is 100 MW. Figure 6.18  (a) shows the generator speed. It is seen that 

the terminal fault causes only a small drop in the speed, which does not destabilize the 

system as it does with a wind farm of 100 MW size shown in Figure 6.16 (a).  Figure 

6.18  (b) shows the shaft torque and Figure 6.18  (c) shows the PCC voltage. Following 

the wind farm terminal fault, the overshoot in the shaft torque and PCC voltage are also 

found to be small. The shaft torque is stabilized rapidly with both the STATCOM 
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controllers. The oscillations in the PCC voltage are stabilized much faster with controller 

C-II in comparison to controller C-I. Simulations for other output conditions reveal the 

similar results though not shown.  

 
(a) Generator speed 

 
(b) Shaft torque 

 
(c) PCC voltage 

Figure 6.18 Transient performance with 100 MW output  

6.7 TRANSIENT SSR STUDIES WITH WIND FARM 
COLLECTOR CABLE 

The effectiveness of the STATCOM with controller C-II is investigated for a more 

realistic wind farm of 300 MW size with collector cable. The wind farm is split into three 

groups named as Group-I, Group-II, and Group-III. Each group consists of identical 

double-cage induction generators and is connected to the PCC through the collector 

cables. The Group-I collector cable is assumed to be the longest and the collector cable 

for Group-III is assumed to be the shortest.  For the fault analysis, 60% and 70% series 

compensation levels are considered and a six-cycle symmetrical fault at the remote 
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terminal (location 2F ) is simulated at 4s. Figure 6.19 shows the performance with 60% 

series compensation. The electromagnetic torques with and without STATCOM are 

shown in Figure 6.19 (a) and (b), respectively.  It is seen that the oscillations without 

STATCOM in the electromagnetic torque sustain longer in the case of Group-III, in 

comparison to the Group-I and Group-II. However, with the STATCOM controller C-II 

the oscillations in all three groups are damped out within 0.2s after the fault is cleared, as 

seen from Figure 6.19 (b). Figure 6.19 (c) and Figure 6.19 (d) shows the shaft torque of 

each group with and without the STATCOM, respectively. It is observed that with 

STATCOM controller C-II, peak overshoot in the shaft torque is reduced substantially, 

irrespective of the cable length.  

To demonstrate another case, series compensation level is increased to 70% and 

simulation results are depicted in Figure 6.20. Following the fault at the remote end, 

oscillations without STATCOM in the electromagnetic torque of each group grow and 

become unstable as seen from Figure 6.20 (a). These oscillations are damped out 

successfully with the STATCOM controller C-II shown in Figure 6.20 (a). The large 

shaft torque shown in Figure 6.20 (c) are also successfully alleviated by STATCOM 

controller C-II that is shown in Figure 6.20 (d).  

 
(a) Electromagnetic torque without STATCOM 

 
(b) Electromagnetic torque with STATCOM (C-II) 

2.8 3 3.2 3.4 3.6 3.8 4
-1

0.25

1.5

2.75

4

time (s)

T
e 

(p
u)

Group-I

2.8 3 3.2 3.4 3.6 3.8 4
-1

0.25

1.5

2.75

4

time (s)

T
e 

(p
u)

Group-II

2.8 3 3.2 3.4 3.6 3.8 4
-1

0.25

1.5

2.75

4

time (s)

T
e 

(p
u)

Group-III

2.8 3 3.2 3.4 3.6 3.8 4
-1

0.25

1.5

2.75

4

time (s)

T
e 

(p
u)

Group-I

2.8 3 3.2 3.4 3.6 3.8 4
-1

0.25

1.5

2.75

4

time (s)

T
e 

(p
u)

Group-II

2.8 3 3.2 3.4 3.6 3.8 4
-1

0.25

1.5

2.75

4

time (s)

T
e 

(p
u)

Group-III



192 

 

 

 

 
(c) Shaft torque without STATCOM 

 
(d) Shaft torque with STATCOM (C-II) 

Figure 6.19 Transient response of a 300 MW wind farm with collector cable with 60% 
compensation 

 
(a) Electromagnetic torque without STATCOM 

 
(b) Electromagnetic torque with STATCOM (C-II) 

 
(c) Shaft torque without STATCOM 
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(d) Shaft torque with STATCOM (C-II) 

Figure 6.20 Transient response of a 300 MW wind farm with collector cable with 70% 
compensation 

6.8 SRR MITIGATION IN A SINGLE-CAGE INDUCTION 
GENERATOR BASED WIND FARM 

In this section, the SSR mitigation in a single-cage induction generator based wind farm 

with a STATCOM is presented. In Chapter 3 a detailed SSR analysis is carried out at 

various operating conditions. The critical series compensation levels are found to be 

above 75% for different sizes of wind farms, which are beyond realistic levels of 

compensation. However, a fault at the terminal of the wind farm, then with a realistic 

compensation (50%) level may cause severe shaft torque rise resulting in the shaft 

fatigue.  

The study system shown in Figure 6.1 is now considered by replacing the double-cage 

induction generator by single-cage induction generator. A 300 MW wind farm with 80% 

series compensation is chosen to simulate an unstable operating condition. Figure 6.21 

shows the impact of the remote end fault on the wind farm. The fault causes growing 

oscillations in electromagnetic torque, shaft torque, PCC voltage, and generator speed. 

With the proposed STATCOM controllers, the unstable electromagnetic torque is now 

stabilized as shown in Figure 6.21 (a). Similarly, the shaft torque is also stabilized with 

the proposed controllers, as shown in Figure 6.21 (b). The stabilized PCC voltage and 

generator speed are shown in Figure 6.21 (c) and (d), respectively. In all cases, it is found 

that the performance of C-II is better than the performance of C-I. 
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(a) Electromagnetic torque 

 
(b) Shaft torque 

 
(c) Generator speed 

 
(d) PCC voltage 

Figure 6.21 Impact of remote fault on a 300 MW wind farm with 80% compensation 

Figure 6.22 shows the impacts of a terminal fault on the 300 MW wind farm. In this case 

a realistic 50% series compensated line is considered. Without the STATCOM the 

electromagnetic torque continues to oscillate for a longer period and it is damped out with 

the proposed STATCOM. This is depicted in Figure 6.22 (a). Following the fault 

clearance, the high shaft torque is witnessed in Figure 6.22 (b). The proposed controllers 

are able to minimize the rise in the shaft torque that increases the shaft life. Figure 6.22 

(c) shows the impact of fault on generator speed that is stabilized within 2s. High 
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magnitude of PCC voltage is experienced without the STATCOM as shown in Figure 

6.22 (d). This is minimized successfully by the proposed STATCOM controllers. 

However, controller-II performance is better than the controller-I. This analysis validates 

the performance improvement using the STATCOM at the PCC irrespective of the type 

of induction generators used in the wind farm. 

 
(a) Electromagnetic Torque 

 
(b) Shaft torque 

 
(c) Generator speed 

 
(d) PCC voltage 

Figure 6.22 Impact of terminal fault on a 300 MW wind farm with 50% compensation 
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6.9 CONCLUSIONS 

A STATCOM based strategy to mitigate the potential for the SSR oscillations in the wind 

farm is presented in this chapter. A part of this chapter is reported in [133]. Two 

controllers are proposed in this chapter for the STATCOM. The controller C-I is not 

equipped with the DC voltage control, whereas controller C-II employs DC voltage 

control. From the detailed eigenvalue analysis and electromagnetic transient simulation it 

is concluded that a STATCOM employed at the PCC alleviates the potential of SSR. A 

voltage controller can mitigate the SSR oscillation and increase the stability of the 

system. Instability due to the fault at the terminal can also be successfully addressed by 

the proposed controller. The STATCOM controller is also effective for the single 

induction generator based wind farms. 
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Chapter 7  

7 SUBSYNCHRONOUS RESONANCE STUDY OF WIND 
FARM CONNECTED TO LINE COMMUTATED 
CONVERTER BASED HVDC LINES 

7.1 INTRODUCTION 

A study of subsynchronous resonance in a wind farm connected to a line-commutated 

converter (LCC) based HVDC line is presented in this chapter. Subsynchronous 

interactions between HVDC current controllers and turbine-generator shaft of 

synchronous generators have been observed in past. Previous analysis shows that the 

HVDC converter has the potential to create subsynchronous torsional oscillations in the 

turbine-generator that is connected to the same bus as the HVDC converter [38]-[41]. The 

potential of torsional interaction reduces as the impedance between the two increases or 

as additional AC circuits are connected.  

As the application of HVDC for the wind farm interconnection grows, a threat of SSR 

interaction also intensifies. However, SSR interaction of the wind farm with HVDC lines 

has not yet been fully explored. Parallel AC and HVDC study system is also considered 

for the analysis. Thus, this chapter illustrates a very compressive study of the SSR in 

wind farms connected to LCC HVDC systems. Small signal analysis and its validation 

through the time domain simulation is carried out to investigate the potential of 

subsynchronous resonance. Various sensitivity studies are also carried out to evaluate the 

impact of parameter variation and its potential impact on the sensitive oscillatory modes. 

7.2 SYSTEM DESCRIPTION 

The study system considered is presented in Figure 7.1. An aggregated IG based wind 

farm is connected to a LCC HVDC line and series compensated parallel AC transmission 

line. The wind farm size is varied between 500 MW and 700 MW. The HVDC line 

considered here is the CIGRE Benchmark System proposed in [127]. For simplicity, the 
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multiple AC filter banks at each station are presented by a single capacitor bank. AC 

shunt filters yield oscillatory modes which are above the synchronous frequency, hence 

simiplified AC filter representations would not affect the SSR analysis. This has been a 

common practice for the study of SSR [34], [78]. 

 

Figure 7.1 Study system 

7.3 STUDY SYSTEM MODELING 

The study system is divided into four sub-systems: i) mechanical drive train, ii) induction 

generator, iii) AC network, and iv) HVDC system. The drive train and induction 

generator models are taken from Chapter 2.  

7.3.1 AC Network 

The AC network in this system includes the shunt capacitor at generator terminal, 

interfacing transformer, AC filter at rectifier bus and series compensated transmission 

line. The dynamic equations of the network are written as: 

 g ds ds d s g qs

d
C V I I C V

dt
    (7.1) 

 g qs qs q s g ds

d
C V I I C V

dt
    (7.2) 

 1t d ds t d s t q d

d
L I V R I L I V

dt
     (7.3) 

 1t q qs t q s t d q

d
L I V R I L I V

dt
     (7.4) 

 1 1 1f d d rd d s f q

d
C V I I I C V

dt
     (7.5) 
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 1 1 1f q q rq q s f d

d
C V I I I C V

dt
     (7.6) 

 1 1 1d ds d s q cd bd

d
L I V RI LI V V

dt
      (7.7) 

 1 1 1q qs q s d cq bq

d
L I V RI LI V V

dt
      (7.8) 

 1cd d s cq

d
C V I CV

dt
   (7.9) 

 1cq q s cd

d
C V I CV

dt
   (7.10) 

where, 

 gC   : Power factor correction capacitor at wind turbine generator 

terminal (pu) 

 tR   : Transformer winding resistance (pu) 

 tL   : Transformer winding leakage inductance (pu) 

 fC   : AC filter capacitance at rectifier bus (pu) 

 R   : AC transmission line resistance (pu) 

 LX   : AC transmission line inductance (pu) 

 C   : Capacitance in series with AC transmission line (pu) 

 ,ds qsV V  : d-q axis wind turbine terminal voltage (pu) 

 ,ds qsI I  : d-q axis generator stator current (pu) 

 ,d qI I   : d-q axis transformer current (pu) 

 1 1,d qV V  : d-q axis rectifier bus voltage (pu) 

 1 1,d qI I  : d-q axis series compensated line current (pu) 

 ,cd cqV V  : d-q axis voltage across series capacitor (pu) 

 ,rd rqI I  : d-q axis rectifier current (pu) 

 ,bd bqV V  : d-q axis infinite bus voltage. (pu) 
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7.3.2 HVDC Transmission System 

The HVDC converters are equipped with constant current (CC) and constant extinction 

angle (CEA) controllers.  The DC line can be modeled as an equivalent T network: two 

series impedance placed on both sides of the lumped charging capacitance that is put at 

the midpoint of the line. The base values for the AC and DC quantities should be chosen 

such that the per unit values of any DC quantities will remain unchanged when converted 

to the reference frame of the AC system [34], [78], [128].  The differential equations of 

the DC transmission line are written as: 

 dc dr dr dc dr dc

d
L I V R I V

dt
    (7.11) 

 dc dc dr di

d
C V I I

dt
   (7.12) 

 dc di dc dc di di

d
L I V R I V

dt
    (7.13) 

The equivalent voltage at rectifier  drV and inverter  diV are derived as: 

  1

33 2
cos tr

dr dr

X
V V I

 
   (7.14) 

  2

33 2
cos ti

di di

X
V V I

 
   (7.15) 

where, 

 dcL  : DC transmission line inductance (pu)  

 dcR  : DC transmission line resistance (pu) 

 dcC  : DC link capacitance (pu) 

 drV  : Rectifier station DC bus voltage (pu) 

 diV  : Inverter station DC bus voltage (pu) 

. dcV  :   DC link capacitor voltage (pu) 

 drI  : DC current injected from rectifier (pu) 

 diI  : DC current absorbed by inverter (pu) 

 1V  : Rectifier station AC bus voltage (pu) 
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 2V  : Inverter station AC bus voltage (pu) 

7.3.3 HVDC Current Regulator 

The current regulator at each station is modeled as shown in Figure 7.2and Figure 7.3 

[78].  

 

Figure 7.2 Rectifier station current regulator 

 

Figure 7.3 Inverter station current regulator 

The differential equations of the current regulator are now written as: 

      1refr
dr dr

r r

Kd
I I

dt T T
     (7.16) 

      1refi
di m dr

i i

Kd
I K I

dt T T
     (7.17) 

7.3.4 Complete System Model 

The differential equations of each subsystem are linearized. The state space model of the 

study system is then developed by aggregating all the linearized sub-systems. The 

complete state space model of the system is written as: 

1
I

I

K

sT
∑

diI

ref
diI 

1
R

R

K

sT
∑

drI  

ref
drI 
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 sys sys sys sys sysx A x B u         (7.18) 

where, 

 t t t t t
sys WT G N DCx x x x x     (7.19) 

 t
WT t tg gx          (7.20) 

 1 1 2 2
t
G ds qs d q d qx I I E E E E          (7.21) 

  t
DC dr dc dix I V I         (7.22) 

When AC line is not series compensated: 

 1 1 1 1
t
N ds qs d q d q d qx V V I I V V I I            (7.23) 

When AC line is series compensated: 

 1 1 1 1
t
N ds qs d q d q d q cd cqx V V I I V V I I V V              (7.24) 

The state space models of the drive train and the induction generator remain same as it is 

described in Chapter 2. 

7.4 SMALL SIGNAL ANALYSIS 

7.4.1 Eigenvalue Analysis 

The system eigenvalues are calculated at several operating points using the state space 

model of the study system. To simplify the analysis, the inverter station voltage is 

assumed to be constant [34]. Table 7.1 and Table 7.2 show the eigenvalues of the AC-DC 

system without and with series compensation, respectively. Table 7.1 shows the 

eigenvalues of the AC-DC system with a 500 MW wind farm. To evaluate the mutual 

interaction between the rectifier station current regulator and the wind farm without series 

compensation, no series compensation is applied in this case.  Without an HVDC system, 

six pairs of complex conjugates and one real eigenvalue are obtained, whereas with 

HVDC system ten pairs of complex conjugates and one real eigenvalue are obtained. All 

of the oscillatory and non-oscillatory modes are shown in Table 7.1. 

Table 7.1 presents the calculated eigenvalues of the study system without series 

compensation. It is seen that the electromechanical mode is influenced by the HVDC 
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system. The electromechanical mode eigenvalues obtained with only AC system are         

-3.444 ± 25.619i, which are changed to -3.059 ± 23.949i when HVDC system is 

considered.  The stability of the torsional mode is also found to be weakened a little. 

Table 7.2 shows the eigenvalues of the AC-DC system with 50% series compensated AC 

transmission line. The calculated electrical mode eigenvalues are -0.851 ±169.94i without 

HVDC, which change to -15.777 ± 188.67i when HVDC system is considered. HVDC 

system interconnection shows a substantial improvement in the electrical mode stability. 

It is mentioned in Chapters 3, 4 and 5 that the induction generator effect, SSR, in wind 

farms is typically caused by the unstable electrical mode. It is seen from Table 7.2 that 

the stability of the electromechanical mode is reduced slightly with HVDC system.  

Table 7.1 AC-DC System eigenvalue without series compensation 

Mode AC System AC-DC System 

Elect-mech. mode 
Torsional mode 

-3.444 ± 25.619i 
-0.882 ± 3.7232i 

-3.059 ± 23.949i 
-0.787 ± 3.4081i 

Other modes -10.66 ± 1804.6i 
-14.40 ± 1050.6i 
-11.88 ± 376.73i 
-58.83 ± 3.5293i 
-2.015 
 

-112.4 ± 3233.5i 
-103.8 ± 2618.6i 
-141.1 ± 1477.2i 
-43.21 ± 856.89i 
-13.87 ± 376.73i 
-42.20 ± 315.04i 
-90.50 ± 102.05i 
-58.95 ± 2.8489i 
-3.785 

Table 7.2 AC-DC System eigenvalues with series compensation 

Mode AC System AC-DC System 

Sup.-syn. mode 
Electrical mode 

Elect-mech. mode 
Torsional mode 

-7.444 ± 583.3i 
-0.851 ± 169.94i 
-4.494 ± 31.44i 
-0.601 ± 3.563i 

-21.57 ± 568.78i 
-15.77 ± 188.67i 
-3.957 ± 28.044i 
-0.675 ± 3.5127i 

Other modes -10.61 ± 1886.4i 
-14.03 ± 1132.5i 
-60.30 ± 3.6407i 
-5.541 

-106.9 ± 3251.3i 
-97.03 ± 2648.5i 
-138.6 ± 1488i 
-34.61 ± 879.78i 
-47.53 ± 323.38i 
-47.53 ± 323.38i 
-71.24 ± 103.71i 
-59.64 ± 3.3395i 
-4.803 
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Comparing Table 7.1 and Table 7.2 it is also found that the stability of electromechanical 

mode declines with HVDC system in both cases; without series compensation and with 

series compensation. However, series compensation improves the stability of the 

electromechanical mode of an induction generator based wind farm. Moreover, it is seen 

that the stability of the torsional mode is improved with the rectifier station current 

regulator. All other modes shown in able 7.2 are substantially damped, hence not 

discussed. 

A detailed eigenvalue analysis is carried out for the variation in wind farm size, series 

compensation level and power output. Table 7.3 presents the selected eigenvalues of the 

study system for three different sizes (500 MW, 600 MW, and 700 MW) of wind farms 

and series compensation levels. The DC line power flow is set at 400 MW. With 50% 

series compensation, as the wind farm size increases the electrical mode stability 

decreases slightly. The oscillatory frequency of the electrical mode also decreases with 

the increase in the size of the wind farm. Similarly, the electromechanical mode 

eigenvalues also become less stable with a larger wind farm. However, the behavior of 

the torsional mode is opposite to the above trend.  

As the wind farm size increases, keeping series compensation level constant at 50% the 

torsional mode becomes more stable. However, as the series compensation level 

increases, the electrical and electromechanical modes become more stable, but the 

torsional mode becomes less stable. The study is extended to investigate the impacts of 

variable power outputs of a 700 MW wind farm. Table 7.4 illustrates the calculated 

eigenvalues for different operating conditions. It is observed that at a constant 

compensation level when the wind farm output increases, all the aforementioned modes 

become more stable.  
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Table 7.3 AC-DC system eigenvalues with different wind farm sizes 

Mode 500 MW 600 MW 700 MW 

50% series compensation 

Sup. syn.  mode 
Electrical mode 
Elect-mech. mode 
Torsional mode 

-21.572 ± 568.78i 
-15.777 ± 188.67i 
-3.9572 ± 28.044i 
-0.6750 ± 3.5127i 

-19.933 ± 574.7i 
-15.5     ± 182.26i 
-3.6507 ± 26.667i 
-0.7388 ± 3.5149i 

-18.781 ± 579.32i 
-15.252 ± 177.18i 
-3.4147 ± 25.318i 
-0.8286 ± 3.5446i 

70% series compensation 

Sup. syn.  mode 
Electrical mode 
Elect-mech. mode 
Torsional mode 

-26.223 ± 603.1i 
-29.351 ± 157.16i 
-4.576   ± 30.604i 
-0.6098 ± 3.542i 

-23.88   ± 610.21i 
-29.412 ± 147.93i 
-4.2401 ± 29.457i 
-0.6397 ± 3.5366i 

-22.14   ± 615.79i 
-29.198 ± 140.14i 
-3.9536 ± 28.351i 
-0.6785 ± 3.5372i 

90% series compensation 

Sup. syn.  mode 
Electrical mode 
Elect-mech. mode 
Torsional mode 

-30.724 ± 632.27i 
-50.116 ± 144i 
-5.4154 ± 34.189i 
-0.5542 ± 3.5693i 

-27.716 ± 640.43i 
-53.635 ± 136.89i 
-5.0899 ± 33.421i 
-0.5642 ± 3.5637i 

-25.428 ± 646.88i 
-56.544 ± 132.03i 
-4.787   ± 32.661i 
-0.5763 ± 3.5589i 

Table 7.4  AC-DC system eigenvalues with different wind farm outputs 

Mode 500 MW 600 MW 700 MW 

50% series compensation 

Sup. syn.  mode 
Electrical mode 
Elect-mech. mode 
Torsional mode 

-18.138 ± 580.42i 
-15.042 ± 177i 
-3.0108 ± 26.47i 
-0.5431 ± 3.4407i 

-18.378 ± 580.01i 
-15.128 ± 177.08i 
-3.1742 ± 25.98i 
-0.6481 ± 3.4607i 

-18.781 ± 579.32i 
-15.252 ± 177.18i 
-3.4147 ± 25.318i 
-0.8285 ± 3.5446i 

70% series compensation 

Sup. syn.  mode 
Electrical mode 
Elect-mech. mode 
Torsional mode 

-21.49 ± 617.22i 
-29.253 ± 139.85i 
-3.6139 ± 29.124i 
-0.5079 ± 3.4931i 

-21.744 ± 616.66i 
-29.236 ± 139.97i 
-3.7588 ± 28.791i 
-0.5745 ± 3.5048i 

-22.14   ± 615.79i 
-29.198 ± 140.14i 
-3.9536 ± 28.351i 
-0.6785 ± 3.5372i 

90% series compensation 

Sup. syn.  mode 
Electrical mode 
Elect-mech. mode 
Torsional mode 

-24.733 ± 648.71i 
-56.678 ± 132i 
-4.4777 ± 33.181i 
-0.4770 ± 3.5403i 

-25.012 ± 647.97i 
-56.621 ± 132.02i 
-4.6137 ± 32.961i 
-0.5176 ± 3.5465i 

-25.428 ± 646.88i 
-56.544 ± 132.03i 
-4.787   ± 32.661i 
-0.5763 ± 3.5589i 

7.4.2 Participation Factor Analysis 

From the eigenvalue analysis, different modes of the AC-DC system have been 

identified. The influence of different states on any particular mode is now studied through 

the participation factor analysis.  Figure 7.4 (a) shows the participation factors associated 

with the super synchronous mode. This mode is largely impacted by the series capacitor 

and the transmission line current. Stator currents of the induction generator influence this 



206 

 

 

 

mode only slightly, as seen in Figure 7.4 (a). Figure 7.4 (b) shows the participation 

factors of the electrical mode of AC-DC system. This mode is seen to be affected by the 

DC line current and rectifier current regulator along with a series capacitor and line 

current. Figure 7.4 (c) shows the participation factors associated with the 

electromechanical mode, which is contributed by the generator speed and rotor induced 

d-axis voltages. This mode is also seen to be sensitive to generator inertia constant and 

rotor circuit parameters. Similarly Figure 7.4 (d) shows the participation factors 

associated with the torsional mode. This mode does not have any contribution from the 

electrical network. Hence, no interaction with the rectifier station current controller is 

anticipated.  

 
  (a) Super-synchronous mode (b) Electrical mode 

  
  (c) Electromechanical mode (d) Torsional mode 

Figure 7.4 Participation factor of selected modes 

7.4.3 Sensitivity Analysis 

In this section, sensitivity analysis is carried out by varying different system parameters 

of the study system. The important parameters which may affect the performance of the 

wind farm and HVDC stations are: i) level of series compensation, ii) rectifier firing 

angle, iii) DC line power flow, and iv) Rectifier station current controller gain and time 

constant. 
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7.4.3.1 Variation in Series Compensation 

The impact of series compensation is tested with AC system and AC-DC system. Three 

modes (as discussed above) are considered. When the compensation level increases from 

20% to 90%, the electrical mode eigenvalue of the AC system moves towards origin and 

crosses the imaginary axis at critical series compensation level as shown in Figure 7.5 (a). 

For a 700 MW wind farm the critical series compensation level is found to be around 

55% without the HVDC line. In the case of an AC-DC system, although the electrical 

mode stability is reduced, this mode may never become unstable, as depicted in Figure 

7.5 (a). This indicates that there will be no potential for the SSR due to induction 

generator effect. Figure 7.5 (b) and (c) show the impact of series compensation level on 

the electromechanical mode and torsional mode, respectively, with AC and AC-DC 

system, respectively. Neither of these modes are found to become unstable with increase 

in the series compensation level. 

 
(a) Electrical mode 

  
(b) Electromechanical mode 
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(c) Torsional mode 

Figure 7.5 Impact of series compensation 

7.4.3.2 Variation in Rectifier Firing Angle 

The firing angle is varied between 10º to 20º keeping all other system parameters 

unchanged. The rated firing angle is taken as 18º [13]. The DC line power flow is set at 

400 MW and the series compensation level is chosen as 50%. As the firing angle 

increases, the rectifier absorbs more reactive power as shown in Figure 7.6, which results 

in a reduction in the voltage of the wind farm interconnection bus.  The impact of 

variation in firing angle on the electrical mode, electromechanical mode, and the torsional 

mode is shown in Figure 7.7 (a), (b) and (c), respectively. It is observed that with the 

increase in firing angle, the electrical mode becomes less stable. The electromechanical 

mode becomes less stable until 16º but subsequently it becomes more stable. The 

torsional mode however becomes more stable with the increased firing angle. Thus, the 

firing angle variation has no destabilizing impact on induction generator based wind farm 

as all the low frequency modes tend to become more stable with higher value of firing 

angle. 

 

Figure 7.6 Variation in reactive power of the rectifier with firing angle 
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(a) Electrical mode 

 
(b) Electromechanical mode 

 
(c) Torsional mode 

Figure 7.7 Impact of rectifier firing angle 
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increases with increase in the DC line power flow. The oscillatory frequency of the 

torsional mode remains quite constant. 

 
(a) Electrical mode 

 
(b) Electromechanical mode 

 
(d) Torsional mode 

Figure 7.8 Impact of DC line power flow 
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(c), respectively. Figure 7.9 (a) shows that the stability of the electrical mode declines 

with the increased regulator gain. However, this mode remains stable even with a gain of 

100. The electromechanical mode also becomes less stable, but the oscillatory frequency 

increases nominally which is illustrated in Figure 7.9 (b). The torsional mode becomes 

slightly more stable with increase in the controller gain as shown in Figure 7.9 (c).   

 
(a) Electrical mode 

 
(b) Electromechanical mode 

 
(c) Torsional mode 

Figure 7.9 Impact of current regulator gain 
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electrical mode stability increases until the time constant attains a value of 0.01 sec. as 

seen from the Figure 7.10 (a). Thereafter, a rise in the electrical mode damped frequency 

is observed and then the stability decreases. However, this mode does not become 

unstable within the range of variation considered in this case.   Figure 7.10 (b) and (c) 

show the variation in the time constant and its impact on the electromechanical and 

torsional modes. The stability of the electromechanical mode is seen to be improving, 

whereas the torsional mode stability declines in a narrow band. Within the range of 

variation of the time constant, no potential for subsynchronous resonance interaction is 

seen. This concludes that there may not be any adverse interaction between the current 

regulator time constant and the wind turbine generator modes, which would cause 

instability. 

 
(a) Electrical mode 

 
(b) Electromechanical mode 
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(c) Torsional mode 

Figure 7.10 Impact of current regulator time constant. 

7.5 ELECTROMAGNETIC TRANSIENT SIMULATIONS 
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therefore essential to validate these results and study the performance of the AC-DC 
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below. 
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voltage are shown in Figure 7.11 (c).  The DC link capacitor voltage and rectifier firing 
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angle are shown in Figure 7.11 (d), whereas the rectifier station DC voltage and current 

are shown in Figure 7.11 (e). A low frequency oscillation is observed in all the 

aforementioned parameters which are then damped out subsequently within 2 sec. after 

the fault is cleared. To estimate the oscillatory frequency, an FFT analysis of the 

electromagnetic torque and shaft torque is carried out, which is depicted in Figure 7.11 

(f). Two estimated frequencies are found as 3.51 rad/s and 24.3 rad/s, which represent the 

torsional mode and electromechanical mode damped frequencies, respectively. These 

FFT estimated frequencies match very closely with the calculated values of 3.408 rad/s 

and 23.949 rad/s provided in Table 7.1. From the system eigenvalues depicted in Table 

7.1, it is seen that the electromechanical mode and the torsional mode both remain stable 

at the operating condition considered for this study. This is now reasonably validated 

with the time domain simulation result. All other modes shown in Table 7.1 are also 

found to be stable from the small signal analysis which is reasonably validated with the 

time domain simulations. 

 
(a) Wind farm power output and DC power flow 

 
(b) Electromagnetic torque and shaft torque 
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(c) Generator speed and PCC voltage 

 
(d) DC link capacitor voltage and firing angle 

 
(e) Rectifier DC voltage and DC current 

 
(f) FFT of Electromagnetic and shaft torque 

Figure 7.11 Impact of fault at  on 500 MW wind farm with uncompensated AC line 

and HVDC line 

7.5.2 AC-DC System with Series Compensated AC Line 

In order to validate the small signal analysis presented in Sec. 7.4, time domain 

simulations of the study system are performed considering the series compensated AC 

line. The electromagnetic transient simulation results with 70% series compensation are 

discussed below. 

Figure 7.12 shows the performance of the AC-DC system comprising a 500 MW wind 

farm during a remote terminal fault in the presence of series compensation. The DC line 

power flow is set at 400 MW and 100 MW power flows through the series compensated 

line. The impacts of the fault on the wind farm power output and DC line power flow are 

shown in Figure 7.12 (a), which shows the multiple frequency components. The 
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electromagnetic torque and shaft torque following the fault clearance are shown in Figure 

7.12 (b). The generator speed and the PCC voltage corresponding to the remote end fault 

are shown in Figure 7.12 (c), whereas Figure 7.12 (d) shows the DC link voltage and 

firing angle of the rectifier station. The results show the presence of multiple low 

frequency components which can be seen from the oscillations in power flow, torque, and 

generator speed. The FFT of electromagnetic and shaft torque is shown in Figure 7.12 

(e). This shows that the oscillation in electromagnetic torque is dominated by the 

electromechanical, electrical, and torsional modes. Similarly, the oscillation in the shaft 

torque is dominated by the torsional system dynamics, although a small influence of the 

electromechanical mode is present. The estimated modal frequencies match very closely 

with the calculated damped frequencies shown in Table 7.3. The stability of all modes 

predicted in Table 7.3 is reasonably validated with the time domain simulation results. 

There is no potential for the induction generator effect SSR obtained here. No interaction 

between the current regulator and the torsional system is found.  

 
(a) Wind farm power output and DC power flow 

 
(b) Electromagnetic and shaft torque 

 
(c) Generator speed and PCC voltage 
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(d) DC link voltage and firing angle 

 
(e) FFT of Electromagnetic and shaft torque 

Figure 7.12 Impact of fault at on 500 MW wind farm with series compensated AC 

line and HVDC line 

Figure 7.13 shows the performance of a 700 MW wind farm for a symmetrical fault in 

the AC network. The wind farm power output and DC line power flow are shown in 

Figure 7.13 (a), which are similar to the case study with the 500 MW wind farm depicted 

in Figure 7.12 (a). In both cases the fault results in a high overshoot in the power output 

of the wind farm. However, the DC line power flow variation remains within 30 MW.  

The electromagnetic torque and shaft torque are shown in Figure 7.13 (b). The peak 

electromagnetic torque is found to be less in comparison to the corresponding torque seen 

with a 500 MW wind farm. The post fault oscillations in the shaft torque are damped out 

gradually, and the response is comparable with the response of the shaft torque of a 500 

MW wind farm. The electromagnetic torque and shaft torque return to pre-fault condition 

after the fault is cleared, which is predicted by the eigenvalue analysis. It is noted that the 

electromechanical mode and torsional mode are found to be substantially stable from the 

eigenvalues shown in Table 7.3. The oscillations in all other parameters such as generator 

speed, AC voltage, DC voltage, etc. are also found to be similar to the corresponding 

values shown in Figure 7.12 and as such, are not shown here.  The FFT of 

electromagnetic and shaft torque shows the modal frequencies which match with the 

calculated values depicted in Table 7.3. Simulations with variation in the output of a wind 
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farm are also carried out, which shows similar results and are, therefore not reported here. 

In all cases, there is a close correlation between the time domain study and small signal 

analysis which validates the small signal analysis. 

 
(a) Wind farm power output and DC power flow 

 
(b) Electromagnetic and shaft torque 

Figure 7.13 Impact of fault at on the 700 MW wind farm 

7.5.3 DC Line Fault 

The scenario of a DC line fault is created by simulating a fault of 100ms duration at the 

receiving end of the DC line. The fault in the DC line causes the cessation of the power 

flow through the DC line; hence, all power is transferred through the series compensated 

line. The impacts of the fault in the wind farm output and DC line power flow are shown 

in Figure 7.14 (a). It is found that the DC fault results in an electrical mode oscillation in 

the wind turbine generator which can be also be seen from the power output of the wind 

farm. The electromagnetic torque and shaft torque of the wind farm are shown in Figure 

7.14 (b). Although a large overshoot is seen in the electromagnetic torque, the shaft 

torque remains stable with almost negligible variations.  Similarly the generator speed 

and the PCC voltage are depicted in Figure 7.14 (c). The oscillations in the speed contain 

electrical mode and electromechanical mode damped frequency components, whereas the 

voltage oscillation is largely characterized by the electrical mode oscillation. The stable 

shaft torque shows no interaction between the current regulator and the torsional system. 
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However, this operating condition is shown to be stable from the eigenvalue analysis 

illustrated in Table 7.3, and is now reasonably validated with the PSCAD/EMTDC 

studies. The corresponding DC link capacitor voltage and the firing angle of the rectifier 

station are shown in Figure 7.14 (d). The DC voltage falls rapidly after the occurrence of 

the fault and then recovers to normal value gradually following the fault being cleared. 

However, the firing angle increases up to 100 degree during the fault. 

 
(a) Wind farm power output and DC power flow 

 
(b) Electromagnetic and shaft torque 

 
(c) Generator speed and PCC voltage 

 
(d) DC link voltage and firing angle 

Figure 7.14 Impact of DC line fault 
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7.5.4 Blocked HVDC Line 

During a contingency, the HVDC line may be blocked for some time. In this scenario all 

the power output of the wind farm flows through the series compensated AC transmission 

line. To simulate such a scenario, an HVDC line which is connected to 700 MW wind 

farm is blocked. Hence, the 700 MW power flows through the 70% series compensated 

line. The electromagnetic torque and shaft torque following a LLLG fault at the remote 

end of the line are shown in Figure 7.15. From the small signal analysis it is predicted 

that 70% series compensated line may experience the induction generator effect SSR 

which is also found in the time domain simulations. The electromagnetic torque 

following the fault grows steadily and gets destabilized. The corresponding shaft torque 

also shows subsynchronous oscillations. It is noted that even though the shaft torque 

oscillation involves multiple frequency components, the instability in the shaft torque is 

only caused by the unstable electrical mode oscillation in the electromagnetic torque. 

Therefore, no torsional interaction is seen here. This correlates with the results presented 

in chapters 3, 4 and 5 which has suggested that  series compensated line does not cause 

torsional interaction in an IG based wind farm. 

 

Figure 7.15 Impact of fault during blocked HVDC system 

7.5.5 Overloaded DC Line 

Figure 7.16 shows a condition where all of the power output of the wind farm is 

scheduled to flow through the DC line. This makes the series compensated AC line 

remain idle except for a very small charging current flow in the line.  In this condition, an 

LLLG fault is simulated at the remote end of the series compensated AC line. The fault 

starts at t=4s and is cleared after 6 cycles. Figure 7.16 (a) shows the electromagnetic 

torque and shaft torque following the fault clearance. From the FFT, it is found that the 

oscillation in the electromagnetic torque contains the electromechanical and torsional 
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mode frequency components, whereas, the shaft torque oscillates primarily at torsional 

mode frequency.  Figure 7.16 (b) shows the DC line power flow and the DC voltage 

following the fault being cleared. The system remains stable, which is also found in the 

eigenvalue analysis. 

 
(a) Electromagnetic torque and shaft torque 

 
(b) DC line power flow and DC voltage 

Figure 7.16 Impact of fault during DC line carrying 700 MW 

7.6 CONCLUSIONS 

The modal analysis of an induction generator based wind farm connected to a series 

compensated line in parallel with an HVDC line is presented in this chapter. A part of 

this chapter is reported in [133]. In this chapter a detailed study of the potential for SSR is 

carried out through small signal analysis. Eigenvalue analysis, participation factor 

analysis, and sensitivity studies are conducted to investigate the impact of series 

compensated line and HVDC system on the stability of an induction generator based 

wind farm. Time domain simulations of the study system are subsequently carried out in 

PSCAD/EMTDC which validates the small signal analysis. The following conclusions 

are drawn: 

(a) Induction generator based wind farms may experience potential SSR due to the 

induction generator effect, only when radially connected to a series compensated 

transmission line. 

4 4.5 5 5.5 6
0

0.5

1

1.5

2

time (s)

T
e 

(p
u)

4 5 6 7 8 9
0.8

0.9

1

1.1

1.2

time (s)

T
sh

 (
pu

)

4 4.5 5 5.5 6
400

550

700

850

1000

time (s)

P
D

C
 (

M
W

)

4 5 6 7 8 9
0.8

0.9

1

1.1

1.2

time (s)

V
dc

 (
pu

)



222 

 

 

 

(b) The critical compensation level in such condition for a 700 MW wind farm is 

around 55%, which is a realistic level of compensation, currently used in power 

systems. 

(c) When the wind farm is connected to the LCC HVDC transmission system along 

with the series compensated line, no subsynchronous resonance interaction is 

observed. 

(d) No interaction between a rectifier station current regulator and torsional system is 

found. 

Based on the system studies conducted, it is thus concluded that an LCC HVDC 

controller may not cause the potential for subsynchronous resonance in an induction 

generator based wind farm. However, subsynchronous resonance instability may be 

experienced if the HVDC line is blocked during a contingency and the wind farm is 

exposed to only an AC line with series compensation greater than its critical 

compensation level.  
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Chapter 8  

8 HARMONIC RESONANCE IN WIND FARM 

8.1 INTRODUCTION 

The use of shunt capacitor banks at the terminal of the wind turbine generator is very 

common to achieve a power factor in the range of 0.95 lagging (under-excited) to 0.90 

leading (over-excited). These capacitances are also needed to offset reactive power losses 

within the wind farm generating facilities and to react to sudden momentary dips in 

voltage commonly seen in gusty wind conditions which could in turn add stress to the 

Grid. However, the amount of reactive power support depends upon the grid code which 

introduces the constraints over the choice of capacitor size to be connected.  Typically 

these capacitor banks are deployed in the 34.5 kV or 27.6 kV collector systems and/or at 

the generating substation. In the transmission level also, large switched shunt capacitors 

are connected for steady state voltage support. However, the presence of multiple shunt 

capacitors in the network increases the risk of parallel and series resonance in the power 

system [80], [84]. 

In 2010, wind turbine generators from a 101.2 MW full converter based wind farm 

connected to Hydro One 230 kV Chatham-Lauzon C23Z and C24Z  circuits tripped on 

transient overvoltage whenever the 220 Mvar capacitor bank located upstream of the 

wind farm switched on line in the morning for voltage support. Tripping did not occur 

when the capacitor bank switched off in the evening. 

The above incident continued for months, causing substantial revenue losses. Corrective 

measures were immediately taken which consisted of increasing the threshold voltage 

and time-delaying the overvoltage trip settings on the turbines. 

The transmission capacitor connected to the system and owned by Hydro One is 

equipped with a synchronous control unit (SCU) to ensure zero crossing for both closing 
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and opening of the circuit breakers. This SCU was overhauled to ensure that it was 

working properly and to remove any doubts that it could cause the turbines to trip. 

Henceforth, no further incidents were reported. However, the reasons for the overvoltage 

tripping of wind turbines were still undefined and a project was undertaken to determine 

the causes and suggest mitigate reasons. This chapter presents a result of the study. A 

comprehensive analysis of the turbine tripping incidents is performed by examining the 

fault recorder data. The Fast Fourier Transform (FFT) analyses of the recorded voltage 

and current signals are used to show the presence of harmonic components before, 

during, and after the switching of the capacitor banks. 

An extensive frequency scan analysis is conducted to characterize the system equivalent 

impedance at the interconnecting bus, as a function of frequency. Thus, frequency scan 

analysis reveals a potential for harmonic resonance in the wind farm.  

In 2011 a second 101.2 MW wind farm was connected to the same line-tap connections 

thereby doubling the generating capacity. The scope of the study was then extended to 

determine the potential for harmonic resonances in both wind farms and 

recommendations were made to avoid wind turbines from tripping under the new 

scenario. 

8.2 HARMONIC RESONANCE 

Network resonance phenomena in wind farms are typically caused by the presence of 

inductive sources in parallel and/or in series with capacitive network elements [80]. Long 

underground cables can additionally cause series and parallel resonance in the 

interconnected system along with the power factor correction capacitors. 

There are two types of harmonic resonances: series and parallel resonances. In a series 

resonant circuit the inductive reactance and capacitive reactive components appear in 

series with a source of harmonic current. Series resonance points are identified by the 

dips in the network impedance versus frequency plot on the high voltage side of the 

interconnection transformer at the wind farm. In a parallel resonant circuit the capacitive 

and inductive components appear in parallel to a harmonic current source. Parallel 
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resonance is associated with high impedance at resonance frequency which results in an 

increased voltage distortion and harmonic current. The parallel resonance points are 

identified as the peaks in the driving point impedance measured at the low voltage side of 

the interconnection transformer. If the harmonic currents from the wind farm align with 

the resonant modes, significant voltage rise may result. Since the studied wind farm 

employs power electronic converters for grid interfacing, a characteristic harmonics 

current emission may cause parallel resonance with the network elements at certain 

resonant frequencies. 

8.3 STUDY SYSTEM DESCRIPTION 

In this chapter, harmonic resonance analyses are carried out for a 101.2 MW wind farm 

tapping Hydro One 230 kV Chatham-Lauzon C23Z and C24Z circuits. This wind farm 

was connected to the grid in early 2009. The simplified study system of this wind farm is 

shown in Figure 8.1 consisting of 44 Siemens SWT-2.3-93, 60 Hz wind turbines totaling 

101.2 MW. The wind turbines are connected to 4 x 34.5 kV collectors at a Wind 

Generating Substation (WGS) arranged in four groups (G-1, G-2, G-3 and G-4) and 

located approximately 12 km from a single 230 kV circuit line-tap. These wind turbines 

are Siemens 2.3 MW, 690V asynchronous generators connected through a four quadrant 

full bridge converter (AC/DC - DC/AC). 

 

Figure 8.1 Grid connected wind farm 
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The Wind Farm also has 6 x 5.9 Mvar capacitor banks in-service at 34.5 kV bus primarily 

to provide from 0.95 lag to 0.9 lead requirements. There is a 220 MVAR capacitor bank 

at Chatham substation approximately 36 km from the Point of Common Coupling (PCC) 

to the wind farm. Each group in the wind farm is connected to the PCC through 

underground 34.5 kV cables. 

8.4 IMPEDANCE SCAN 

The driving point impedance is obtained from the frequency scan of the equivalent circuit 

of the network.  The peaks in this impedance at different frequencies indicate network 

resonant modes. Voltage amplification may occur if the injected harmonics current aligns 

with any of the resonant mode frequencies which lead to a large harmonic current 

through the capacitor banks. The harmonic impedance of a transmission system is 

dependent on the system configuration and system strength. Hence, this analysis of the 

wind farm harmonic performance is performed for a comprehensive construction of all 

reactive components and all possible ranges of system strength.  

The impedance scan is performed at the low voltage side of the interfacing transformer 

shown in Figure 8.1. Initially when the project was undertaken, a simplified model of the 

system was available in which the grid was represented by a single equivalent circuit. 

Later, a more realistic network configuration was supplied by Hydro One which 

presented the grid as two sections. Figure 8.2 and Figure 8.3 show the two equivalent 

circuits of the study system utilized for the impedance scan. Since all the wind farm 

power factor correction capacitors are connected at the PCC, the driving point impedance 

of the system is calculated at the 34.5 kV bus to investigate the potential for parallel 

resonance. The wind farm is treated as a harmonic current source. 
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Figure 8.2 Equivalent system-I 

 

Figure 8.3 Equivalent system-II 

According to the IEEE standard 519-1992, the parallel resonance in a system can be 

approximately calculated from the short level of the system at the capacitor bus, as: 

  (8.1) 

where, Rh is the parallel resonant frequency harmonic order, such as 5th or 7th, SCMVA is 

the short circuit level at the bus of interest, and CAPMVAR is the rating of the capacitor 

bank.  

SC
R

CAP

MVA
h

MVAR


A: Wind farm capacitor bank (0-35.4 Mvar) 
B: Interconnecting transformer 
C: Overhead line (12 km) 
D: Overhead line (24 km) 
E: Hydro One capacitor bank (220 Mvar) 
F: Overhead line (57 km) 
G: ChathamSS 
H: Lauzon SS 

A: Wind farm capacitor bank (0-35.4 Mvar)
B: Interconnecting transformer 
C: Overhead line (12 km) 
D: Hydro One capacitor bank (220 Mvar) 
F: Equivalent Hydro One network  
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From the data provided, the system strength at the PCC is found to be 627 MVA and 578 

MVA corresponding to the configurations shown in Figure 8.2 and Figure 8.3, 

respectively. Figure 8.4 shows the variation in the calculated harmonic order with respect 

to the size of the park capacitor bank installed at the wind farm. There are six capacitor 

banks; each rated 5.9 MVAR at 34.5 kV. It is found that as the capacitor bank size 

increases, the harmonic order of parallel resonance decreases. System-II shows lower 

resonance frequencies in comparison to the System-I, as shown in Figure 8.4. Although 

this method is simplistic, it gives an indication of the resonance order. More accurate 

resonant frequencies can be obtained through the impedance scan. 

 

Figure 8.4  Capacitor bank size and harmonic order 

The impedance scan is now performed at the LV side of the interconnecting transformer 

at the PCC with equivalent network systems developed in PSCAD/ EMTDC.  Two 

equivalent systems shown in Figure 8.2 and Figure 8.3 are considered here. 

8.4.1 Impedance Scan with Equivalent System-I 

The impedance scan is carried out with the equivalent system-I and the results are shown 

in Figure 8.5. In this system the grid is represented by an equivalent voltage source 

behind the reactance which represents the grid strength. During this study the grid 

strength is kept constant at 7290 MVA as provided by Hydro One. The driving point 

impedance is measured across the wind farm shunt capacitor bank (A), and the wind farm 

is modeled as a harmonic current source. 

8.4.1.1 Impact of Park Capacitors 

Figure 8.5 shows the driving point impedance measured at the PCC for different sizes of 

park capacitor while the transmission network capacitor (D) remains connected. The 
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number of capacitors is indicated in Figure 8.1 and each capacitor is rated 5.9 Mvar. For 

one park capacitor bank there are two resonant peaks: one around the 6th harmonic and 

the other around 11th harmonic. The 6th harmonic resonance is caused by the 220 MVAR 

capacitor bank, whereas the 11th harmonic resonance is caused by the park capacitor. The 

magnitude of the impedance at the 11th harmonic is much higher than the impedance at 

the 6th harmonic. As the number of park capacitors increase the resonant harmonic orders 

and corresponding magnitude of the impedance is decreased. For a specific set of 

capacitors, the resonance frequencies are found around 5th and 7th harmonic orders. 

Incidentally, there is also the characteristic harmonic current of the wind farm voltage 

source converter. Thus, if the harmonic currents injected by the wind farm align with any 

of the resonance order, a substantial harmonic over voltage may occur at the PCC due to 

voltage magnification. 

 

Figure 8.5 Driving point at PCC with system-I 

8.4.1.2 Impact of Short Circuit Level 

Figure 8.6 shows the driving point impedance at different short circuit level varying 

between 4000 MVA and 10000 MVA.  Figure 8.6 (a) shows the impact of short circuit 

level when only one park capacitor is connected. It is found that the resonance caused by 

the transmission network capacitor is substantially influenced by the system short circuit 

level and it varies between 4th and 7th harmonic. In contrast, the short circuit level has 

little impact on the resonance mode caused by the park capacitor. The influence of the 

short circuit level with two park capacitors is depicted in Figure 8.6 (b). This illustrates a 

similar influence on resonance due to the transmission network capacitor. Table 8.1 

summarizes the exact resonance order with respect to the change in short circuit level. In 

Table 8.1 ‘lower’ represents the resonance caused by the transmission network capacitor 

and ‘higher’ represents the harmonic resonance caused by the park capacitors. 
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  (a) One park capacitor (b) Two park capacitors 

Figure 8.6 Impact of short circuit level on driving point impedance with system-I 

Table 8.1 Impact of short circuit level on harmonic resonance order  

SCL 
(MVA) 

With one park capacitor With two park capacitors 

Lower Higher Lower Higher 

4000 4.17 10.87 4.08 7.883 

6000 5.10 10.88 4.97 7.95 

8000 5.88 10.90 5.67 8.03 

10000 6.56 10.92 6.27 8.18 

8.4.2 Impedance Scan with Equivalent System-II 

The impedance scan is now carried out with the equivalent system-II in which the 

numbers (size) of the park capacitor bank is varied sequentially.  

8.4.2.1 Impact of Park Capacitors 

The driving point impedance at the PCC is shown in Figure 8.7 for the rated short circuit 

level of 7200 MVA and 2600 MVA at Chatham SS and Lauzon SS, respectively. Two 

resonant frequencies are obtained with one park capacitor and the large transmission 

network capacitor. One resonance occurs around 10th harmonic, whereas another 

resonance is observed around the 6th harmonic with a relatively small magnitude of the 

peak driving point impedance. This indicates the potential for the parallel resonance if the 

grid or wind farm has an ambient harmonic of 10th or 6th order, or the wind turbine 

inverters inject harmonic currents of similar order.  

The harmonic resonance orders are changed when two park capacitors are switched on. 

The lower order resonance is obtained at a frequency very close to the 6th order harmonic 

and the higher order resonance appears at the frequency close to the 7th harmonic. Since 

the 7th harmonic is a characteristic harmonic of the wind farm grid side inverter, its 
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injection in the network may lead to harmonic voltage amplification due to the resonance.  

With three park capacitors, these resonance orders further shift towards lower order 

harmonics. In this case the peak magnitude of the driving point impedance is found to be 

higher at lower resonance order in comparison to the same with one and two park 

capacitors. At the same time, the peak magnitude of the impedance corresponding to the 

higher resonant frequencies is decreased significantly. Similarly, with more capacitors at 

the wind farm, higher order harmonic resonance disappears and resonance is seen 

between the 4th and 5th harmonic, which is mainly caused by the large transmission 

capacitor connected at 230 kV bus. The peak magnitude of the impedance remains almost 

the same for four, five, and six park capacitors.  From the calculated driving point 

impedance with different wind farm capacitors, it is found that the resonance order is 

reduced substantially with the increase in the size of park capacitors. This matches very 

well with the predicted harmonic orders shown in Figure 8.4.  

 

Figure 8.7 Driving point impedance at PCC 

8.4.2.2 Impact of Short Circuit Level 

The short circuit level of the power system plays a critical role in the parallel resonance 

as shown in(8.1). Hence, to investigate the impact of grid strength on the wind farm in 

view of parallel resonance, the short circuit level at each substation is varied. This study 

is carried out with one park capacitor and then extended to two park capacitors. Figure 8. 

(a) shows the effect of change in grid strength on the resonance with one park capacitor. 

It is found that the higher order resonance is least affected, whereas the lower order 

resonance is substantially affected. The lower order resonance frequency increases with 

the grid strength and varies between the 4th and 7th harmonic. The peak magnitude of the 

impedance is seen to be large corresponding to the higher resonance order, and small 

corresponding to the lower resonance order. A similar study done with two park 
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capacitors is shown in Figure 8. (b). With two park capacitors, the peak magnitude of the 

impedance at higher order resonance decreases to half in comparison to the same with 

one capacitor. However, the resonance order varies between the 7th and 8th harmonic for 

an increase in the grid short circuit level at Chatham SS. The change in the lower 

resonance order is found to be similar as it seen with one park capacitor. 

Figure 8.9 shows similar studies with the change in short circuit level of the grid at 

Lauzon SS. Since the operating strength at this substation was 2600 MVA, the 

investigation is carried out with a variation between 1000 MVA and 4000 MVA. Figure 

8.9 (a) shows the impact with one park capacitor which is found to be negligible on the 

higher resonance order, whereas lower resonance order varies within a narrow range of 

frequency. The magnitude of the impedances also does not vary. The effect of grid 

strength on the resonance with two wind farm capacitors is shown in Figure 8.9 (b). The 

resonance due to the wind farm capacitors is found to be unaffected by the change in 

short circuit level. The resonance due to the transmission network capacitor is found to 

change within a small range of frequencies. Table 8.2 and Table 8.3 summarize the 

impact of short circuit level on the resonance. The exact resonance orders are listed in 

these tables. 

 
 (a) One park capacitor (b) Two park capacitors 

Figure 8.8 Impact of short circuit level at Chatham SS on parallel resonance 
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 (a) One park capacitor (b) Two park capacitors 

Figure 8.9 Impact of short circuit level at Lauzon SS 

Table 8.2 Impact of short circuit level at Chatham SS 

SCL  
(MVA) 

With one park capacitor With two Park capacitors 

Lower Higher Lower Higher 

4000 4.58 10.05 4.47 7.32 

6000 5.42 10.08 5.27 7.40 

8000 6.11 10.10 5.88 7.53 

10000 6.75 10.13 6.32 7.75 

Table 8.3 Impact of short circuit level at Lauzon SS 

SCL 
(MVA) 

With one park capacitor With two Park capacitors 

Lower Higher Lower Higher 

1000 5.7 10.03 5.5 7.47 

2000 5.81 10.08 5.61 7.47 

3000 5.86 10.10 5.68 7.47 

4000 5.9 10.12 5.71 7.47 

8.5 FIELD DATA ANALYSIS 

Five events of wind turbines tripping in this large wind farm were experienced when the 

transmission side capacitor was switched on in the morning. To investigate the reason 

behind the turbines tripping, field data for all five events were obtained and waveforms 

were analyzed through Fast Fourier Transform analyses. 

Figure 8.10 shows the typical event logging meter set up at the wind farm substation 

which recorded the waveforms during the switching events that tripped the wind turbines. 

The monitoring meter used was TESLA 3000. It has the capacity to record the data at a 

rate of 32-384 samples per cycle. However, in this case the data was recorded at a rate of 

96 samples per cycle. The meter recorded the 34.5 kV bus voltage and current at the PCC 
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of the wind farm. The 230 kV bus voltage and current are also recorded. Figure 8.11 

shows the front panel of the measurement units at the wind farm. 

 

Figure 8.10 Event logger devices 

 

Figure 8.11 Front panel of the wind farm measurement unit 

8.5.1 Event-A (14th Jan. 2010) 

This event occurred in the morning when the wind farm was producing 95 MW from its 

101.2 MW installed capacity. When the Chatham capacitor and two of six park capacitors 
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went into service, large distortion in voltage and current at the PCC were experienced as 

shown in Figure 8.12.  Fourteen wind turbines tripped due to temporary over voltage 

(TOV). The PCC voltage and corresponding FFT plots are shown in Figure 8.12 (a) and 

(b), respectively. Similarly PCC current and its FFT plots are shown in Figure 8.12 (c) 

and (d), respectively. From the FFT a large peak in the magnitude of both voltage and 

current are observed at the 7th harmonic. Another peak at the 6th harmonic is also detected 

in both voltage and current. However, the impact of the 6th harmonic is larger in the case 

of voltage than the current. The FFT of all three phases showed almost identical behavior. 

This observation is now correlated with the impedance scanning results shown in Figure 

8.7. Two park capacitors cause a network resonance around the 7th harmonic which is 

also found from correlation with field measurement. Thus it appears that the over voltage 

that caused the relay to trip the turbines was caused due to a resonance at the 7th 

harmonic. 

 
  (a) Voltage at PCC  (b) FFT of PCC voltage 

 
  (c) Current at PCC  (d) FFT of PCC current 

Figure 8.12 PCC voltage and current for event-A 

8.5.2 Event-B (20th Jan. 2010) 

Event-B relates to turbines tripping for a similar capacitor switching during a low wind 

power output condition. The power output of the wind farm was 24 MW, when the 

transmission network capacitor switching took place. Due to this switching, four turbines 
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tripped. The voltage and current at the PCC are shown in Figure 8.13. The FFT of PCC 

voltage shows peaks at the 10th and 6th harmonics. The FFT of the current also shows a 

peak at the 10th harmonic. Correlating with the impedance scan result in Figure 8.7 it is 

observed that the peaks are quite close to the predicted value with one park capacitor. The 

peak around the 6th harmonic is indicative of a resonance caused by the capacitor at the 

Chatham SS. 

 
  (a) Voltage at PCC  (b) FFT of PCC voltage 

 
  (c) Current at PCC  (d) FFT of PCC current 

Figure 8.13 PCC voltage and current for event-B 

8.5.3 Event-C (21st Jan. 2010) 

Event-C presents the case of an operating condition when the wind farm power output 

was 84 MW. When the transmission network capacitor was put into service, thirteen 

turbines tripped due to the voltage amplification shown in Figure 8.14 (a). The FFT of the 

voltage depicted in Figure 8.6 (b) shows two peaks: one at the 10th harmonic and another 

at the 6th harmonic. The PCC current and its FFT are shown in the Figure 8.14 (c) and 

Figure 8.14 (d), respectively. The magnitude peak at the 10th harmonic in the FFT of 

voltage waveform matches well with the prediction from the frequency scan with one 

capacitor. The magnitude peak at the 6th harmonic also matches with the frequency scan 

which shows that this resonance is caused by the transmission network capacitor at 

Chatham SS. 
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. 

 
  (a) Voltage at PCC  (b) FFT of PCC voltage 

 
  (c) Current at PCC  (d) FFT of PCC current 

Figure 8.14 PCC voltage and current for event-C 

8.5.4 Event-D (22nd Jan. 2010) 

The event-D represents the case of an operating condition when the power output of the 

wind farm was at about 35 MW. The switching of capacitor in the networks resulted in 

the tripping of 33 wind turbines. The PCC voltage, current, and their FFT are shown in 

Figure 8.15. From the FFT of voltage shown in Figure 8.15 (b), voltage amplification is 

observed at the 9th and 6th harmonics.  The network is already seen to be resonant at the 

10th harmonic with one park capacitor. It is therefore anticipated that the overvoltages are 

seen due to harmonic resonances at the 9th and 10th harmonics. 

 

  (a) Voltage at PCC  (b) FFT of PCC voltage 
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  (c) Current at PCC  (d) FFT of PCC current 

Figure 8.15 PCC voltage and current for event-D 

8.5.5 Event-E (23rd Jan. 2010) 

Event-E reports tripping 19 wind turbines following the switching of the transmission 

capacitor bank at Chatham SS. This occurred when the wind farm output was 95 MW.  

Distorted voltage and current at the PCC are shown in Figure 8.16. The FFT of the PCC 

voltage is shown in Figure 8.16 (b) showing resonant peaks at the 6th and between the 9th 

and 10th harmonics. From the frequency scan study it is found that these harmonic 

resonances are due to the combination of one park capacitor and one large transmission 

network capacitor. Since the FFT of voltage wave form matches very closely with the 

frequency scan result, it can be concluded that the overvoltage caused by the harmonic 

resonance in turn, caused the wind turbines to trip.  

 
  (a) Voltage at PCC  (b) FFT of PCC voltage 

 
 (c) Current at PCC  (d) FFT of PCC current 

Figure 8.16 PCC voltage and current for event-E 
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8.6 CAPACITOR SWITCHING 

It was noted that replacing the synchronization unit of the transmission capacitor at 

Chatham SS prevented any further turbines tripping. Hence, it was decided to perform a 

detailed analysis of the capacitor switching when capacitors in the three phases are not 

synchronized properly. This study is represented in this section. 

It is known that energizing a shunt capacitor bank at or near a voltage peak produces high 

voltage and current transients or surges. These surges produced from the capacitor bank 

propagate to the remote end of an interconnected network and may cause over voltages in 

medium and low voltage networks [129]. Inrush current associated with the capacitor 

switching is in the order of 5 pu of the rated current of the capacitor bank, and at 

frequencies of 200-600 Hz depending upon the source impedance and size of the 

capacitor bank. 

In the study system there is a large 220 MVAR capacitor bank at Chatham SS and this 

capacitor bank is put into service every morning for voltage support. In order to 

investigate the impact of asynchronous switching of this capacitor bank, time domain 

simulation is carried out. Figure 8.17 shows a typical reference signal used for capacitor 

switching. It is always expected that all three phases are switched on at the zero crossing 

of the corresponding phase voltage. Any delay towards the right of the ideal switching 

point is referred to as the positive delay and delay towards the left of the ideal zero 

crossing point is termed the negative delay in switching. In a 60 Hz system, positive peak 

occurs at +4.16ms delays and negative peak occurs at -4.16ms delays from the zero 

crossing of the phase voltage.  

Figure 8.18 shows the PCC voltage (34.5 kV Bus) and capacitor bank (230 kV Bus) 

terminal voltage when the three poles of the capacitor banks are switched synchronously, 

i.e. at zero crossing, of the corresponding phase voltage. The ‘A’ phase of the capacitor 

bank is switched on at 5 sec, ‘B’ phase and ‘C’ phase are switched on after 120 degree 

and 240 degrees shift respectively. It is seen that there is no distortion in the voltages due 

to synchronous switching. The distortion seen in the 34.5 kV bus voltage is due to the 
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ambient harmonic in the network injected by the grid side voltage source converter of the 

wind turbines.  

 

Figure 8.17 Reference signal for capacitor switching 

 

Figure 8.18 Synchronized switching of capacitor 

In the synchronous control units (SCU) that are commercially used for the switching of 

capacitor banks in a switching, a delay of ±1ms is considered acceptable. Figure 8.17 

depicts the typical switching sequence of the large capacitors. The switching delay 

depends upon the inherent variation of the operating time of the circuit breaker [129].  

A detailed investigation into the impact of switching delay in the capacitor switching on 

the wind farm is now performed. Figure 8.19 (a) shows the voltage at both 34.5 kV and 

230 kV buses when there is a +1ms delay in the switching of phase ‘A’ breaker. Figure 

8.19 (b) shows the FFT of the voltages. It is observed that depending on the network 

condition, switching of the large capacitor causes distortion in the voltage between the 6th 

– 7th harmonic. As mentioned earlier, the disturbance propagates to the PCC of the wind 

farm. The distortion at the 34.5 kV bus is comparatively larger and may cause over 

voltage at the wind turbine terminals. 
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(a) Voltage 

 
(b) FFT of the voltage 

Figure 8.19 Impact of +1ms delay in switching of phase ‘A’ 

Figure 8.20 (a) shows the voltages at both 34.5 kV and 230 kV buses for a +1ms delay in 

the switching of all three phases of the circuit breaker. The distortion in the voltages is 

found to be identical due to the simultaneous delay in the switching. The impact of a        

-1ms delay on the bus voltages is shown in Figure 8.20 (b). The 34.5 kV bus voltage 

distortions with negative switching delay are found to be more than the positive 

switching delay.  Figure 8.21 shows the impact of a +5ms delay on the voltage and its 

FFT. With the +5ms delay all phases are switched on very close to the positive peak of 

the voltage at the capacitor bank. This voltage of 34.5 kV bus is found to be severely 

distorted. The FFTs of the voltage at both 34.5 kV and 230 kV buses show a high 

harmonic content at the 6th harmonic frequency. Figure 8.22 shows the impact of a -5ms 

delay on the voltage. With a -5ms delay, the ‘A’ phase and ‘B’ phase pole of the circuit 

breaker are switched on at maximum negative magnitude of the voltage, whereas the ‘C’ 

phase is switched on at the positive maximum voltage magnitude. Here again, a high 

harmonic content at the 6th harmonic is observed. Further, it is found that the voltage 

distortion is higher at the 34.5 kV bus side, i.e. at the terminals, of the wind farms. This 

harmonic over voltage could potentially cause the turbines to trip. 
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(a) Impact of +1 ms delay 

 
(b) Impact of -1 ms delay 

Figure 8.20 Impact of ±1ms delay in three phase switching 

 
(a) Voltage 

 
(b) FFT of voltage 

Figure 8.21 Impact of +5ms delay in three phase switching. 

 
(a) Voltage 
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(b) FFT of voltage 

Figure 8.22 Impact of -5ms delay in three phase switching 

From the FFT of the 34.5 kV bus voltage for different wind turbine tripping events shown 

in Figure 8.12 to Figure 8.16, it is evident that there is an over voltage around the 6th 

harmonic. Now, from the FFT of simulated 34.5 kV bus voltages with unsynchronized 

switching of transmission capacitor, a high generation of 6th harmonic is also noted. The 

network impedance plots already demonstrate a resonant mode around the 6th harmonic. 

It is therefore concluded that one of the reasons for turbine trip is the overvoltage caused 

by unsynchronized switching of the transmission capacitor. This is further confirmed by 

the fact that when the SCU was repaired and synchronized switching was reestablished, 

no turbine trips occurred after that point. 

8.7 IMPEDANCE SCAN WITH TWO IDENTICAL WIND 
FARMS 

The study system in Figure 8.1 showed a single wind farm connected to the transmission 

network. Later in 2011 another wind farm of identical size was connected to the 230 kV 

line. The new wind farm also has six park capacitors connected at the PCC. The new 

configuration of the system is shown in Figure 8.23. Considering the potential for 

harmonic resonance and its impact on the wind turbines, a comprehensive analysis is now 

carried out with the second wind farm.  

8.7.1 Impact of Park Capacitors 

The impedance scan is carried out at two points: point-A and point-B, which are the 

PCCs of both the wind farms, as shown in Figure 8.23. Since there are six capacitors at 

each WF, seventy two combinations of the capacitors are likely. Due to the symmetry of 

the circuit, similar performance of both wind farms is anticipated. Hence, the number of 
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capacitors is sequentially varied in both wind farms and corresponding network driving 

point impedance are obtained.  

 

Figure 8.23 Two wind farms connected to grid 

Figure 8.24 shows the driving point impedance at the PCC of each wind farm for 

different combinations of park capacitors. In this case, one out of six capacitors at WF-I 

is connected while all six capacitors at WF-II are switched in sequence. With one 

capacitor at each WF the impedance peaks are obtained at the 9th and 11th harmonics as 

shown in Figure 8.24 (a) and (b). As the number of capacitors increase at WF-II, 

resonance peaks of WF-II shifts towards lower harmonic order. However, the resonance 

at PCC of the WF-I remains constant at the 10th harmonic and the peak magnitude of the 

driving point impedance corresponding to the resonant frequency remains very high. 

However, the peak magnitude of the impedance corresponding to the resonant 

frequencies at PCC of the WF-II is reduced with the increase in the number of park 

capacitors.  Only during the symmetrical combination of capacitors, both wind farms are 

exposed to a parallel resonance of identical characteristic. 

Figure 8.25 shows the driving point impedance for two park capacitors at WF-I and one 

to six capacitors switched in sequence at WF-II. Two capacitors at each WF results in a 

resonance close to the 7th harmonic which, incidentally, is a characteristic harmonic 
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injected by wind turbines. The peak magnitude of the impedance is also found to be large 

in both cases. As the number of park capacitor at WF-II increases, the peak magnitude of 

the impedance decreases as does the resonance order.   

 
(a) WF-I 

 
(b) WF-II 

Figure 8.24 Impedance with one capacitor at WF-I and six capacitors sequentially 
switched at WF-II 

 
(a) WF-I 

 
(b) WF-II 

Figure 8.25 Impedance with two capacitors at WF-I and six capacitors sequentially 
switched at WF-II 
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The driving point impedance of WF-I and WF-II with three park capacitors at WF-I and 

six sequentially switched capacitors at WF-II is shown in Figure 8.26. The harmonic 

order reduces with the increase in the size of park capacitors. The peak amplitude of the 

corresponding impedance is also reduced. With three capacitors at each wind farm, the 

potential for harmonic resonances are found at the 5th and 6th harmonics, as shown in 

Figure 8.26 (a). The resonance at the 5th harmonic is caused by the transmission network 

capacitor, whereas the resonance at the 6th harmonic is originated from the park 

capacitors. The two resonances close to each other indicate a larger risk of voltage 

distortion as these resonances may be magnified by the harmonic current injection from 

the wind farm converter and switching harmonic produced by the large transmission 

network capacitor. The impedance scan results with four park capacitors at WF-I and six 

capacitors sequentially switched at the WF-II are presented in Figure 8.27 where Figure 

8.27 (a) depicts the scanned impedance at the PCC of WF-I and Figure 8.27 (b) shows the 

same at the PCC of WF-II. The resonance orders at WF-I are limited within the 4th and 6th 

harmonics. However, these vary from 4th to 10th harmonic at the PCC of WF-II. 

 
(a) WF-I 

 
(b) WF-II 

Figure 8.26 Impedance with three capacitors at WF-I and six capacitors sequentially 
switched at WF-II 
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(a) WF-I 

 
(b) WF-II 

Figure 8.27 Impedance with four capacitors at WF-I and six capacitors sequentially 
switched at WF-II 

Figure 8.28 shows the impedance scan for five capacitors at the PCC of WF-I and one to 

six capacitors connected sequentially at the PCC of WF-II. With five capacitors WF-I 

sees the network impedance peaks at the 4th and 5th harmonics.  Figure 8.29 shows the 

driving impedance with six capacitors at WF-I and one to six capacitors at WF-II. The 

resonances in both wind farms are found to be similar. It is observed that the peak 

magnitude of the driving point impedance is reduced with the increase in the number of 

park capacitors. 
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(b) WF-II 

Figure 8.28 Impedance with five capacitors at WF-I and six capacitors sequentially 
switched at WF-II 

 
(a) WF-I 

 
(b) WF-II 

Figure 8.29 Impedance with six capacitors at WF-I and six capacitors sequentially 
switched at WF-II 

From the detailed impedance scan with two identical wind farms, it is observed that park 

capacitors along with the large transmission network capacitor develop the potential for 

parallel resonance in the wind farms. If the harmonic current injection from the wind 

farm converters align with any of these network resonances, voltage magnification is 

anticipated, which may trip the turbines. With the increased number of park capacitors, 

both resonance orders come very close to each other thereby increasing the risk of 

parallel resonance. Hence, it is recommended to avoid the symmetrical energization of 

the park capacitors in both wind farms. Particularly with one and two capacitors, the 

adverse impact of the parallel resonance increases due to the fact that the resonance 
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occurs around a harmonic order which is very close to the characteristic harmonic of the 

converter current injected into the grid. 

8.7.2 Impact of Short Circuit Level 

It is seen from the impedance scan with one wind farm that the short circuit level of the 

Hydro One network plays a critical role in parallel resonance at the PCC. Hence, a 

detailed study is conducted in which the short circuit level of the Hydro One network at 

Chatham SS is varied between 4000 MVA and 16000 MVA. The short circuit level of the 

network at Lauzon SS is kept constant at the rated value of 2600 MVA. The driving point 

impedance with a few selected combinations of the park capacitors are chosen and 

discussed in this section. 

Figure 8.30 shows the impedance at the PCCs of both wind farms with one park capacitor 

at each wind farm. It is found that the lower order resonance frequency is largely affected 

by the system short circuit level, whereas the resonance around the 11th harmonic remains 

almost stable. Due to symmetry of the circuit, the driving point impedance at both the 

PCC seems to be identical. Figure 8.31 shows a similar study with two park capacitors at 

each wind farm. The lower order resonance frequency varies between the 5th and 8th 

harmonic order, whereas the resonance around 8th harmonic remains quite constant, 

irrespective of the system short circuit level. From the field experience of wind turbines 

tripping, it is anticipated that these two combinations may pose a greater risk of harmonic 

voltage amplification in the system at low voltage side of the transformer. Another case 

study with two park capacitors at WF-I and five park capacitors at WF-II is shown in 

Figure 8.32. Within the range of short circuit level considered, the resonance frequency at 

WF-I varies between the 5th and 8th harmonic order, whereas, at WF-II it varies between 

the 4th and 6th harmonic order. 
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Figure 8.30 Driving point impedance at the PCC with one park capacitor at each wind 
farm 

 

Figure 8.31 Driving point impedance at the PCC with two park capacitors at each wind 
farm 

 

Figure 8.32 Driving point impedance at the PCC with two park capacitors at WF-I and 
five park capacitors at WF-II. 

From the impedance scan results, several recommendations are made for the two wind 

farms.  Table 8.4 shows the combinations of the park capacitors which are safe for the 

WF-I and where no potential for voltage distortion due to the parallel resonance is 

anticipated. These are indicated by the ‘√’ marks. Similarly, Table 8.5 shows the 

combinations of the park capacitors which may not cause any risk of parallel resonance at 

the WF-II. With the recommended combinations, although parallel resonance may occur, 

they are at frequencies different from the characteristic harmonic orders of the current 

injected by the grid connected inverter of the wind turbines. 
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Table 8.4 Recommended combinations of capacitors for WF-I 

 Number of capacitors at WF-I 

N
um

be
r 

of
 c

ap
ac

it
or

s 
at

 W
F

-I
I  1 2 3 4 5 6 

1 × × × √ √ √ 

2 × × × × √ √ 

3 × × × × × √ 

4 × × × × × × 

5 × × × × × × 

6 × × × × × × 

Table 8.5 Recommended combinations of capacitors for WF-II 

 Number of capacitors at WF-I 

N
um

be
r 

of
 c

ap
ac

it
or

s 
at

 W
F

-I
I  1 2 3 4 5 6 

1 × × × × × × 

2 × × × × × × 

3 × × × × × × 

4 √ × × × × × 

5 √ √ × × × × 

6 √ √ √ × × × 

8.8 HARMONIC CURRENT INJECTION STUDY 

To evaluate the impacts of harmonic current injection under the resonance conditions, a 

study is conducted by injecting the characteristic harmonic currents into the network at 

the PCC of wind farm. The maximum harmonic currents obtained from the manufacturer 

specification of the wind turbine inverter are injected into the network. This information 

is confidential and hence not provided in the thesis. The wind farm is therefore modeled 

as a controlled current source. All harmonic components are first injected individually, 

and then injected simultaneously. The percent of Total Harmonic Distortion (THD) of the 

PCC voltage is calculated for all cases. Although all maximum harmonics will not be 

injected together, this study is still conducted to determine the impact during a worst case 
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scenario. The study is conducted first with one wind farm, and then followed with both 

wind farms.  

8.8.1 One Wind Farm 

Considering only one wind farm, the characteristic harmonic currents are injected into the 

network. Figure 8.33 shows the PCC voltage with injection of all (3rd, 5th, 7th, 11th and 

13th) harmonic currents from the wind farm at different short circuit levels.  The THD of 

the corresponding PCC voltages are calculated and depicted in Table 8.6, which shows 

the THD at different short circuit levels for different harmonic current injections. Since 

one capacitor results in a resonance around the 11th harmonic order, the 11th harmonic 

current injection substantially increases the THD in the PCC voltage which violates the 

IEEE 519 regulation of 5% [130]. Irrespective of the short circuit level, the THD remains 

above 10% when all of the harmonic currents are injected simultaneously. As stated 

earlier, all of the maximum harmonic currents will never be injected simultaneously in 

real life. However, this study predicts the relative impact of injection of various 

harmonics. 

 
Figure 8.33 PCC voltage with one park capacitor. 

Table 8.6  PCC voltage THD (%) with one park capacitor at wind farm 

SCL  
(MVA) 

max
3I  

max
5I  

max
7I  

max
11I  

max
13I  

 max

3,5,7,11,13
n

n

I



 
4000 0.37 0.84 1.09 10.59 1.59 10.98 
6000 0.40 2.25 0.90 11.09 1.64 11.66 

10000 0.35 2.11 0.27 11.33 1.64 11.84 
12000 0.36 2.06 2.29 11.66 1.64 12.37 
16000 0.41 2.02 1.57 12.65 1.69 13.22 

 

Figure 8.34  shows a similar study’s results with two park capacitors at the PCC. From 

the impedance scan it is evident that two park capacitors along with a transmission 
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capacitor result in resonances between the 6th and 8th order harmonic. It is found that the 

distortions in the PCC voltage at 4000 MVA and 16000 MVA short circuit levels are 

higher than other short circuit levels. Injection of the maximum 7th harmonic alone for 

these SCLs can cause voltage THD in excess of that specified by IEEE 519 standard. The 

THD of the PCC voltage for different short circuit levels are summarized in Table 8.7.  

Figure 8.35 and Table 8.8 show the voltage waveforms with three park capacitors at the 

PCC and THD of the PCC voltage for the corresponding short circuit level, respectively. 

It is noted that with three park capacitors the resonance orders are found between the 5th 

and 7th order of harmonics, the 5th being the dominant. Voltage THDs at the wind farm 

with maximum 5th harmonic current injection alone can be much higher than the level 

prescribed by IEEE 519, for a wide range of system short circuit levels. 

It is concluded that harmonic resonance in the Port Alma wind farm is substantially 

influenced by the number of park capacitors connected at the PCC and the short circuit 

level of the Hydro One network at the Chatham SS.  Out of the three cases discussed 

here, the resonance issue with one capacitor and three capacitors is more severe than the 

two capacitors, found from the study over a wide range of short circuit levels. 

 

Figure 8.34 PCC voltage with two park capacitors. 

Table 8.7 PCC voltage THD (%) with two park capacitors at wind farm 

hI


 
max
3I  

max
5I  

max
7I  

max
11I  

max
13I  

 max

3,5,7,11,13
n

n

I



 
SCL 

 (MVA) 
4000 0.42 0.97 6.40 1.62 0.47 6.82 
6000 0.41 3.62 2.40 1.65 0.50 4.77 

10000 0.38 3.28 0.22 1.67 0.49 3.80 
12000 0.38 3.15 3.30 1.68 0.49 4.98 
16000 0.42 3.02 12.11 1.71 0.53 12.81 
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Figure 8.35 PCC voltage with three park capacitors. 

Table 8.8 PCC voltage THD (%) with three park capacitors at wind farm 

hI


 
max
3I  max

5I  max
7I  max

11I  max
13I   max

3,5,7,11,13
n

n

I

  

SCL 
(MVA) 
4000 0.47 1.16 1.63 0.86 0.27 2.29 
6000 0.43 9.82 2.88 0.88 0.28 10.45 

10000 0.43 7.55 0.21 0.89 0.28 7.75 
12000 0.43 6.90 0.96 0.90 0.29 7.16 
16000  0.48 6.21 1.23 0.92 0.36 6.51 

 

8.8.2 Two Wind Farms 

When two wind farms are connected to the Hydro One transmission network, potential 

for parallel resonance increases as witnessed from the impedance scanning results shown 

in previous section. To examine the impact of resonance in terms of THD of the PCC 

voltage, several characteristic harmonic currents are injected into the network, and 

corresponding voltage THDs are calculated.  

Figure 8.36 shows the PCC voltage of both wind farms with all characteristic harmonic 

current injection. The voltage wave forms depicted in Figure 8.36 (a) and Figure 8.36 (b) 

are identical due to the symmetrical circuit configuration. Table 8.9 shows THD of the 

PCC voltages at both wind farms. It is seen that injection of the 11th harmonic alone 

increases the THD beyond acceptable limits. At the 12000 MVA short circuit level, 

injection of the 7th harmonic alone also causes substantial rise in the THD.  

Harmonic currents are now injected to the network with one park capacitor at WF-I and 

two park capacitors at WF-II. The simulation results are shown in Figure 8.38 and the 

corresponding THD of the PCC voltages are illustrated in Table 8.10.  
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(a) WF-I 

 
(b) WF-II 

Figure 8.36 PCC Voltage with one park capacitor at each wind farm. 

Table 8.9 PCC Voltage THD (%) with one park capacitor at each wind farm 

hI


 max
3I  max

5I  max
7I  max

11I  max
13I   max

3,5,7,11,13
n

n

I

  

SCL 
(MVA) 

WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II 

4000 0.50 0.50 0.36 0.36 1.38 1.38 6.28 6.28 1.31 1.31 6.58 6.58 
6000 0.44 0.44 3.23 3.23 0.87 0.87 6.55 6.55 1.34 1.34 7.49 7.49 

10000 0.44 0.44 2.89 2.89 0.55 0.55 6.69 6.69 1.35 1.35 7.44 7.44 
12000 0.43 0.43 2.76 2.76 7.95 7.95 6.84 6.84 1.36 1.36 10.94 10.94 
16000 0.42 0.42 2.64 2.64 2.67 2.67 7.38 7.38 1.38 1.38 8.40 8.40 

 

Figure 8.37 shows the PCC voltage at both wind farms with one park capacitor at WF-I 

and two park capacitors at WF-II. The voltage THD in percent at both the PCC is given 

in Table 8.10. With this configuration, parallel resonance at WF-I will occur around the 

11th harmonic, whereas it will occur around the 7th harmonic at WF-II. Therefore, 

injection of the 11th harmonic current alone causes unacceptable voltage distortion at the 

PCC of WF-I and injection of the 7th harmonic current results in the distortion in voltage 

at the PCC of WF-II. It is seen that with all harmonic current injections, the THD of the 

PCC voltage at both wind farms increases beyond the acceptable limit of 5% [84], [130]. 

Figure 8.38 shows similar study results with a different combination of park capacitors. 

In this case three capacitors are connected across the PCC of WF-II along with one park 
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capacitor at the WF-I. Table 8.11 shows the THD of the PCC voltages. Injection of only 

the 5th and 11th harmonics may cause unacceptable voltage THD levels. 

  
(a) WF-I 

 
(b) WF-II 

Figure 8.37 PCC voltage with one capacitor at WF-I and two capacitors at WF-II. 

Table 8.10 PCC voltage THD (%) with one capacitor at WF-I and two capacitors at  
WF-II 

hI


 max
3I  max

5I  max
7I  max

11I  max
13I   max

3,5,7,11,13
n

n

I

  

SCL 
(MVA) 

WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II 

4000 0.52 0.56 0.32 0.43 3.04 8.90 12.65 0.03 1.59 0.35 13.11 8.93 
6000 1.27 0.53 4.24 5.37 1.44 2.47 12.85 0.20 1.90 0.43 13.58 5.94 

10000 0.60 0.49 3.48 4.57 0.46 0.64 13.35 0.06 1.71 0.36 13.90 4.66 
12000 0.61 0.48 3.25 4.27 1.23 3.47 13.92 0.08 1.70 0.37 14.44 5.53 
16000 0.98 0.50 3.19 4.03 3.15 8.72 15.24 0.18 1.94 0.40 15.95 9.63 

  
(a) WF-I 
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(b) WF-II 

Figure 8.38 PCC voltage with one capacitor at WF-I and three capacitors at WF-II. 

Table 8.11 PCC voltage THD (%) with one capacitor at WF-I and three capacitors at 
WF-II 

hI


 max
3I  max

5I  max
7I  max

11I  max
13I   max

3,5,7,11,13
n

n

I

  

SCL 
(MVA) 

WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II 

4000 0.54 0.63 0.26 0.52 0.64 1.94 12.55 0.01 1.63 0.20 12.89 2.11 

6000 0.97 0.55 8.29 16.40 1.30 2.83 13.21 0.07 1.84 0.22 15.69 16.66 

10000 0.56 0.54 5.63 11.22 0.40 0.75 13.51 0.04 1.67 0.21 14.73 11.26 

12000 0.57 0.53 4.90 9.73 0.60 1.42 13.78 0.07 1.71 0.22 14.73 9.85 

16000 0.84 0.57 4.39 8.62 0.83 1.61 15.06 0.19 1.79 0.28 15.78 8.79 

 

Three other combinations of park capacitors are also examined. These combinations are 

two capacitors at each wind farm, two capacitors at WF-I with three capacitors WF-II, 

and two capacitors at WF-I with five capacitors at WF-II. Figure 8.39 shows the PCC 

voltage of both winds farms when each wind farm employs two park capacitors at the 

PCC. Figure 8.40 depicts the voltage at the PCC of both wind farms corresponding to the 

harmonic injection when two capacitors are connected at the PCC of WF-I along with 

three capacitors at the PCC of WF-II. Similarly, Figure 8.41 shows the PCC voltage 

waveforms with two capacitors at WF-I and five capacitors at the PCC of WF-II. For 

each case discussed above, the calculated THD of the PCC voltages are given in Table 

8.12, Table 8.13 and Table 8.14. In general it is seen that only the 5th and 7th harmonic 

injections from the two wind farms can create unacceptable voltage THD conditions over 

a substantial range of short circuit level of the Hydro One network at the Chatham SS. It 

is concluded that variation in the short circuit level of the Hydro One network, the 

combination of park capacitors, and injection of harmonic currents from the wind turbine 
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inverter together play a critical role in the harmonic voltage amplification in the wind 

farm. The excessive amplification in voltage may further cause the turbines to trip.  

  
(a) WF-I 

 
(b) WF-II 

Figure 8.39 PCC voltage with two capacitors at both wind farms 

 
(a) WF-I 

 
(b) WF-II 

Figure 8.40 PCC voltage with two capacitors at WF-I and three capacitors at WF-II 

 
(a) WF-I 

4 4.02 4.04
-2

-1

0

1

2

P
C

C
 V

ol
ta

ge
 (

pu
) 4000 MVA

6 6.02 6.04

6000 MVA

8 8.02 8.04
time (s)

10000 MVA

10 10.02 10.04

12000 MVA

12 12.02 12.04

16000 MVA

4 4.02 4.04
-2

-1

0

1

2

P
C

C
 V

ol
ta

ge
 (

pu
) 4000 MVA

6 6.02 6.04

6000 MVA

8 8.02 8.04
time (s)

10000 MVA

10 10.02 10.04

12000 MVA

12 12.02 12.04

16000 MVA

4 4.02 4.04
-2

-1

0

1

2

P
C

C
 V

ol
ta

ge
 (

pu
) 4000 MVA

6 6.02 6.04

6000 MVA

8 8.02 8.04
time (s)

10000 MVA

10 10.02 10.04

12000 MVA

12 12.02 12.04

16000 MVA

4 4.02 4.04
-2

-1

0

1

2

P
C

C
 V

ol
ta

ge
 (

pu
) 4000 MVA

6 6.02 6.04

6000 MVA

8 8.02 8.04
time (s)

10000 MVA

10 10.02 10.04

12000 MVA

12 12.02 12.04

16000 MVA

4 4.02 4.04
-2

-1

0

1

2

P
C

C
 V

ol
ta

ge
 (

pu
) 4000 MVA

6 6.02 6.04

6000 MVA

8 8.02 8.04
time (s)

10000 MVA

10 10.02 10.04

12000 MVA

12 12.02 12.04

16000 MVA



259 

 

 

 

 
(b) WF-II 

Figure 8.41 PCC voltage with two capacitors at WF-I and five capacitors at WF-II 

Table 8.12 PCC voltage THD (%) with two capacitors at both wind farms. 

hI


 max
3I  max

5I  max
7I  max

11I  max
13I   max

3,5,7,11,13
n

n

I

  

SCL 
(MVA) 

WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II 

4000 0.58 0.58 0.38 0.38 36.70 36.70 1.48 1.48 0.45 0.45 36.47 36.47 

6000 0.51 0.51 7.21 7.21 2.35 2.35 1.51 1.51 0.46 0.46 7.71 7.71 

10000 0.50 0.50 5.70 5.70 0.40 0.40 1.53 1.53 0.46 0.46 5.91 5.91 

12000 0.49 0.49 5.17 5.17 1.63 1.63 1.54 1.54 0.47 0.47 5.64 5.64 

16000 0.48 0.48 4.75 4.75 2.83 2.83 1.57 1.57 0.47 0.47 5.74 5.74 

Table 8.13 PCC voltage THD (%) with two capacitors at WF-I and three capacitors at 
WF-II 

hI


 max
3I  max

5I  max
7I  max

11I  max
13I   max

3,5,7,11,13
n

n

I

  

SCL 
(MVA) 

WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II 

4000 0.61 0.66 0.32 0.47 2.54 2.61 1.56 0.77 0.46 0.26 3.02 2.80
6000 0.96 0.59 22.23 33.40 2.97 2.78 1.85 0.79 0.97 0.30 22.49 33.53 

10000 0.51 0.55 10.93 16.41 2.19 2.28 1.61 0.80 0.48 0.27 11.28 16.59 

12000 0.81 0.62 8.81 13.09 2.99 2.85 1.73 0.87 0.77 0.43 9.43 13.42 

16000 1.74 0.90 7.43 11.00 4.06 3.20 2.31 1.08 1.78 0.72 8.48 11.49 

Table 8.14 PCC voltage THD (%) with two capacitors at WF-I and five capacitors at 
WF-II 

hI


 max
3I  max

5I  max
7I  max

11I  max
13I   max

3,5,7,11,13
n

n

I

  

SCL 
(MVA) 

WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II WF-I WF-II 

4000 0.70 0.92 0.13 0.92 4.42 0.89 1.62 0.39 0.48 0.14 4.78 1.63 

6000 0.69 0.75 0.41 5.05 2.74 0.51 1.70 0.41 0.62 0.17 3.28 5.14 

10000 0.56 0.74 0.11 5.63 1.29 0.26 1.66 0.41 0.49 0.15 2.24 5.70 

12000 0.59 0.73 0.23 6.01 47.36 9.48 1.68 0.41 0.53 0.16 47.40 11.25 

16000 1.18 0.70 1.07 6.32 24.00 4.27 1.98 0.47 1.17 0.27 24.08 7.64 
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8.9 CONCLUSIONS 

In 2010, the tripping of several wind turbines was reported in a 101.2 MW wind farm in 

Ontario. The turbines tripped in the mornings following the switching of the 220 MVAR 

transmission network capacitor with power factor correction park capacitors installed at 

the wind farm. The trippings of the wind turbines caused substantial revenue loss which 

continued for several days. Mitigative measures were immediately taken. The over 

voltage trip settings on the turbines were time-delayed and the threshold voltage for trip 

was also increased. Further, the synchronous control unit responsible for operating the 

Hydro One transmission capacitor was also replaced. Due to these actions, the tripping of 

wind turbines stopped. However, the original reason for the turbine trip remained 

unknown. This project was therefore undertaken to investigate the primary reason behind 

the turbines tripping. This chapter presents a detailed analysis of the turbine trip events 

through a comprehensive study of network resonances, and makes recommendations to 

prevent future potential trip events in the 101.2 MW wind farm as well as in a similar 

wind farm of 101.2 MW that has been radially connected at the same bus. 

A detailed system model in PSCAD/EMTDC software was developed for the two wind 

farms and the transmission network with extensive data provided by Hydro One and the 

wind farm owner. The variation of network impedance as a function of frequency was 

investigated for a wide range of system short circuit levels and different combinations of 

park capacitors with the transmission capacitor. The fault recorder data for the different 

turbine trip events was examined. Fast Fourier Transform (FFT) analysis was performed 

to determine the harmonic components in the voltages at the terminal of wind farm and at 

the 230 kV transmission bus. The harmonic impact of unsynchronized capacitor 

switching of three phases of the transmission capacitor was investigated. The harmonics 

generated by the unsynchronized capacitor switching were correlated with the resonant 

frequencies obtained from frequency scanning of the network impedance, as well as with 

the major harmonic components seen in the fault recorder data at the wind farm. 
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Frequency scanning studies were then performed with the two identical wind farms and 

the network resonant frequencies were determined for different combinations of park 

capacitors in both wind farms. Critical combinations of park capacitors in both wind 

farms were obtained for which the resonant frequencies were around the characteristic 

harmonic injections from wind turbine generators.  

Actual harmonic injection levels were then obtained from the wind turbine generator 

manufacturers. These are not reported for confidentiality reasons. Maximum levels of 

individual characteristic harmonics were injected from the WTGs in the PSCAD/EMTDC 

model and voltage THDs were obtained at the wind farm terminals. 

The following conclusions are made: 

(a) Two resonant modes are seen in the network impedance. One is caused by the 

large transmission capacitor around the 4th – 6th harmonic, and the other one is 

caused by the park capacitor which varies from the 13th to 7th harmonic depending 

upon the number of park capacitors connected. 

(b) Both the network resonance frequencies are strongly influenced by the system 

short circuit level. There are specific short circuit levels seen for which these 

resonance frequencies can align with the frequencies of characteristic harmonics 

injected by wind turbines. 

(c) Unsynchronized switching of the transmission capacitor leads to the generation of 

the 6th harmonic currents, which together with a network resonance at the 6th 

harmonic can result in a high overvoltage. This harmonic amplification around the 

6th harmonic is seen to be one of the main causes of wind turbine trips. 

(d) Overvoltages may also be caused by harmonic amplification of frequencies 

around those of characteristic harmonics injected by the wind turbines at critical 

short circuit levels. These are typically the 11th, 7th and 5th harmonics.  

(e) Overvoltages due to a combination of harmonic resonances in both iii) and iv) are 

seen to be the cause of wind turbine trippings. 

(f) A table of potentially safe and unsafe combinations of park capacitors in both 

wind farms has been prepared after network resonance studies over a wide range 

of system short circuit levels. The unsafe combinations are those for which the 



262 

 

 

 

network resonant frequencies tend to align with the frequencies of injected 

characteristic harmonics. 

(g) A conservative study is performed with maximum injection of individual 

harmonics from the wind turbines. This is studied to indicate potential problems. 

It is seen that for the critical (unsafe) combinations of park capacitors, maximum 

harmonic injection even of individual 7th , or 11th or their combination can result 

in voltage THDs in excess of that prescribed by IEEE standard 519. 

(h) It is therefore recommended that the unsafe combinations of park capacitors 

should be avoided. However, if these combinations must be used for college 

support or factor correction, suitable harmonic filters may be installed, after 

performing network resonance studies with updated system information.  
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Chapter 9  

9 CONCLUSIONS AND FUTURE WORK 

9.1 GENERAL CONCLUSION 

A detailed study of the potential for subsynchronous resonance in induction generator 

based wind farms connected to series compensated line and line commutated converter 

(LCC) based HVDC line is presented in this thesis. Subsequently, mitigation of 

subsynchronous resonance using a FACTS device - STATCOM is described. A 

comprehensive study of turbine trippings in an actual wind farm in Ontario due to 

harmonic resonance is also reported here. 

A broad review of the work done and major contributions made in the thesis are 

discussed below. Suggestions are also included for future research in the area of 

subsynchronous resonance in wind farms. 

9.2 MODELING OF WIND FARM COMPONENTS 

In Chapter 2 a detailed model of an induction generator based wind farm connected to 

series compensated transmission line is developed for a study of SSR phenomenon. The 

overall model comprises multi-mass wind turbine, induction generator, and series 

compensated transmission line. The non-linear dynamic equations of each component are 

developed in d-q frame of reference and linearized to express the study system in a linear 

state space form.This model of the grid connected wind turbine generator system is 

reasonably validated with time domain simulations carried out with electromagnetic 

transient simulation software PSCAD/EMTDC.  

For subsynchronous resonance studies in wind farms, eigenvalue analysis may be 

sufficient to predict the modal frequencies and small signal stability. However, during the 

large disturbances in a network, such as a terminal fault, eigenvalue analysis may not be 

adequate to predict the stability behavior of the induction generator based wind farm 

connected to series compensated line. For this purpose, an equivalent circuit analysis is 
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introduced. The slip dependent roots are calculated which indicate the resonant speed 

limits for different sizes of wind farms and levels of series compensation. This equivalent 

circuit analysis is utilized to calculate the resonant speed of the wind turbine generators. 

The stability margin of the aggregated wind turbine generator during a generator terminal 

fault is predicted from this analysis. 

9.3 SUBSYNCHRONOUS RESONANCE ANALYSIS OF 
SINGLE-CAGE INDUCTION GENERATOR BASED 
WIND FARM 

In Chapter 3 a comprehensive analysis of the subsynchronous resonance in single-cage 

induction generator based wind farms is presented. System eigenvalues are calculated 

from the linearized system for different operating scenarios: change in wind farm size, 

change in level of series compensation, and change in wind farm power output. From the 

calculated eigenvalues, the potential for subsynchronous oscillations is examined. It is 

found that single-cage induction generator based wind farms may experience 

subsynchronous resonance instability with high percent of series compensation. The 

critical compensation levels are found above 70%.  

Participation factor analysis is performed to determine the factors affecting different 

critical modes in the wind farm. It is found that the electrical mode that causes the 

induction generator effect is associated with the voltage across the series capacitor, and 

currents in the stator and series compensated line. This mode is decoupled from the 

mechanical drive train system of the wind turbine. The electromechanical mode is found 

to be contributed by the generator speed and induced voltage in the rotor. The torsional 

mode is associated with the mechanical properties of the torsional system. A sensitivity 

analysis is also carried out for the various oscillatory modes with respect to changes in 

several electrical and mechanical parameters. This shows that the electrical mode is 

significantly affected by the stator and rotor resistance, whereas the mechanical 

parameters are found to influence the torsional mode. 

Non-linear time domain simulations are carried out with PSCAD/EMTDC software over 

a wide range of operating conditions and the small signal model is reasonably validated. 
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The critical series compensation levels obtained from eigenvalue analysis are 

substantiated through the electromagnetic transient simulations. 

Although no torsional interaction is observed, even at realistic level of series 

compensation (50%), a symmetrical fault at the wind farm terminals may cause 

significant rise in the shaft torque. This scenario was predicted by the proposed 

equivalent circuit analysis and reasonably validated by PSCAD/EMTDC simulations. 

These studies were not available previously in SSR literature. 

9.4 SUBSYNCHRONOUS RESONANCE ANALYSIS OF 
DOUBLE-CAGE INDUCTION GENERATOR BASED 
WIND FARM 

Most of the large induction generators used in wind farms are equipped with two rotor 

cages. Hence, Chapter 4 presents a comprehensive analysis of subsynchronous resonance 

in double-cage induction generator based wind farms connected to a series compensated 

line.  

The SSR study is conducted through small signal analyses followed by time domain 

simulations using PSCAD/EMTDC. State space model of the study system is developed 

and eigenvalue analysis is used to predict system stability over a broad range of series 

compensation levels and wind farm sizes. Effect of variable power output is also 

investigated. It is found that double-cage induction generator based wind farms are quite 

susceptible to subsynchronous resonance, even at a realistic level of series compensation. 

For wind farms between 100 MW and 500 MW, the critical series compensation levels 

are obtained between 45% and 60%, which was not reported earlier in literature. Beyond 

the critical compensation levels, self-excitation due to induction generator effect is 

predicted from the eigenvalue analysis, which is then reasonably validated with the time 

domain simulations carried out with PSCAD/EMTDC. No torsional interaction is 

witnessed in this study. 

Participation factor analysis is conducted for selected subsynchronous modes, and the 

system states contributing to these modes are determined.  Sensitivity analysis is further 
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performed to examine how various modes are affected by variations in the electrical and 

mechanical parameters of the wind turbine generator system. 

A thorough analysis of the impacts of fault location is carried out in this chapter. It is 

found that symmetrical faults at the terminal of the wind farm can cause high shaft 

torques in small wind farms, even with a realistic level of series compensation (50%). 

Although, a single occurrence of such an event may not have significant impact on the 

shaft, repeated occurrences may result in shaft failure due to cyclic fatigue. 

9.5 SUBSYNCHRONOUS RESONANCE ANALYSIS IN 
IEEE SECOND BENCHMARK SYSTEM 

Chapter 5 presents the subsynchronous resonance analysis in wind farms connected to 

non-radial series compensated lines. The mutual interactions between two wind farms 

connected to radial series compensated lines are also reported in detail. The IEEE Second 

SSR Benchmark system is modified for the studies by replacing the large synchronous 

generator with an equivalent aggregated wind farm.  

From eigenvalue analysis it is found that there is no potential for subsynchronous 

resonance in wind farms which are connected to a non-radial series compensated line. 

This is also reasonably validated with detailed non-linear electromagnetic transient 

simulations carried out with PSCAD/EMTDC software. Small signal and transient 

simulations are also carried out for a system with the outage of the uncompensated line. 

Still, no potential for subsynchronous resonance is observed. During this contingency, the 

system configuration is comparable with the modified IEEE First Benchmark system. 

During such a system condition, the electrical mode oscillation sustains for a longer 

period without destabilizing the system, even at high level of series compensation (say 

90%). This is due to the high resistance of the transmission line which increases the 

damping of the electrical mode. 

The time domain simulation of two induction generator based wind farms connected to 

radial series compensated line exemplifies the mutual interaction between two similar 

wind farms when connected to a series compensated line. In such a scenario, no potential 
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for subsynchronous resonance is found. However, the elctromechanical mode of each 

wind farm is lightly affected by the same mode of the other wind farm. Series 

compensated transmission lines with low /X R  ratio improves the system damping and 

a line resistance above its critical value successfully mitigates the instability in a wind 

farm following a symmetrical fault in the network. 

9.6 SUBSYNCHRONOUS RESONANCE MITIGATION IN 
SERIES COMPENSATED WIND FARM USING 
STATCOM 

Chapter 6 proposes a STATCOM based technique for mitigation of SSR in wind farms. 

Two STATCOM controllers are proposed in this chapter. In the first controller C-I, the 

DC voltage remains uncontrolled, whereas in the second controller C-II, the DC voltage 

control is incorporated. The complete system state space model is developed and 

reasonably validated with time domain simulations using PSCAD/EMTDC.  Double-cage 

induction generators are used in this chapter to represent the wind turbine generator 

system. 

The proposed STATCOM controller C-I is proposed for voltage control purpose. Since 

the series capacitors do not cause torsional interactions in a wind farm, no SSR damping 

controller is necessitated to mitigate the subsynchronous resonance oscillations caused by 

the induction generator effect. It is found that the STATCOM controller C-I is capable of 

mitigating the potential for subsynchronous resonance in wind farms at any series 

compensation level. This is seen from eigenvalue analysis and time domain simulations 

as well. However, the uncontrolled DC voltage causes large overshoot in the AC side 

voltage following the fault in the network.  

In the STATCOM controller C-II, the modulation index and the displacement angle are 

independently controlled. With the modulation index control, the overshoot in the AC 

voltage is considerably reduced. Similarly, the DC voltage is also controlled effectively 

by the displacement angle. The performance of STATCOM controller C-II is found to be 

superior over the performance of the controller C-I. The improvement is manifested as 
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decreasing overshoot in voltage, reduced reactive power output of the STATCOM and 

faster damping. 

The proposed STATCOM controller employed at the PCC also successfully mitigates the 

unstable electromagnetic toque oscillations caused by system electrical fault at the 

terminal of wind farms. 

9.7 SUBSYNCHRONOUS RESONANCE STUDY OF 
WIND FARM CONNECTED TO LINE COMMUTATED 
CONVERTER (LCC) BASED HVDC LINES 

Around the world, HVDC is being increasingly relied upon to integrate large amounts of 

wind power systems, both onshore and offshore. However, HVDC converters can 

potentially create subsynchronous torsional oscillations in turbine generators that are 

connected to the same bus as the HVDC converter. 

In Chapter 7 an analysis of the potential of subsynchronous resonance in wind farms 

connected to the LCC HVDC line is presented. Detailed studies are also carried out with 

parallel series compensated AC lines and HVDC lines. The state space model of the 

study system is developed and system eigenvalues are calculated at different operating 

conditions. Participation factor and sensitivity analysis are also performed to investigate 

the influence of various components in the HVDC line on the SSR. Time domain 

simulations are carried out in electromagnetic transient simulation software 

PSCAD/EMTDC that validates the small signal analysis.  

From small signal analysis it is found that the HVDC converter current regulator does not 

have any adverse interactions with wind turbine generator. The study with the AC-DC 

system shows that the HVDC current regulator stabilizes the electrical mode of a wind 

farm connected to series compensated line. This is also confirmed by the sensitivity 

analysis and time domain simulations. The AC line faults are simulated and no instability 

is found in the wind farms. The sensitivity study reported in Chapter 7 clearly shows that 

there is no potential for torsional interactions between the wind farm shaft system and 

HVDC current regulator. 
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After a detailed analysis, it is found that symmetrical faults in the network may excite the 

electromechanical mode and torsional mode but no torque increase is anticipated. When 

the HVDC line is blocked, the connected wind farm may suffer from potentially unstable 

SSR oscillations. In such a scenario the effective series compensation must be reduced to 

a safe limit. 

9.8 WIND FARM HARMONICS RESONANCE  

Chapter 8 presents a detailed analysis of the turbine trip events through a comprehensive 

study of network resonances and makes recommendations to prevent future potential trip 

events in the 101.2 MW wind farm and a similar wind farm of 101.2 MW that has been 

radially connected at the same bus. 

The variation of network impedance as a function of frequency was investigated for a 

wide range of system short circuit levels and different combinations of park capacitors 

with the transmission capacitor. Two resonant modes are seen: one is caused by the large 

transmission capacitor and the other is caused by the park capacitor. Both network 

resonance frequencies are strongly influenced by the system short circuit level. 

Frequency scanning studies were then performed with the two identical wind farms and 

the network resonant frequencies were determined for different combinations of park 

capacitors in both wind farms. A table of potentially safe and unsafe combinations of 

park capacitors in both wind farms has been prepared after network resonance studies 

over a wide range of system short circuit levels.  

The harmonics generated by the unsynchronized capacitor switching were correlated with 

the resonant frequencies obtained from frequency scanning of the network impedance, as 

well as with the major harmonic components seen in the fault recorder data at the wind 

farm. Unsynchronized switching of transmission capacitor leads to generation of 6th 

harmonic currents, which together with a network resonance at the 6th harmonic can 

result in a high overvoltage. 

A conservative study is performed with maximum injection of individual harmonics from 

the wind turbines. It is seen that for the critical (unsafe) combinations of park capacitors, 
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maximum harmonic injection even of individual 7th , or 11th or their combination can 

result in voltage THDs in excess of that prescribed by IEEE standard 519.It is therefore 

recommended that the unsafe combinations of park capacitors be avoided. However, if 

these combinations must be used for voltage support or power factor correction, suitable 

harmonic filters may be installed, after performing network resonance studies with 

updated system information.  

9.9 CONTRIBUTIONS 

The following are the major contributions of this thesis: 

(a) A comprehensive model for the study of subsynchronous resonance in induction 

generator based wind farm has been developed. This model is adequate for small 

signal analysis. An equivalent circuit model is also presented for investigating 

system stability for symmetrical faults at generator terminals. Both models are 

reasonably validated by electromagnetic transient studies using PSCAD/EMTDC. 

Such a detailed combined model has not been reported previously in literature.  

(b) The potential for the subsynchronous resonance in both single-cage and double-

cage induction generator based wind farms connected to a series compensated line 

is examined. The single-cage and double-cage induction generators constitute a 

large majority of all of the commercially operating wind farms. Small signal 

analysis of the potential SSR is reasonably validated with electromagnetic 

transient simulations with PSCAD/EMTDC software.  Studies are conducted for 

these commercially used double-cage wind turbine generators. It is shown for the 

first time in this thesis that induction generator based wind farms are susceptible 

to SSR even at realistic levels of series compensation (50%). This interaction was 

not known or presented in any previous literature.  

(c) The study of subsynchronous resonance is also carried out with induction 

generator based wind farms connected to a non-radial series compensated line. 

Eigenvalue analysis results are reasonably validated by electromagnetic transient 

simulations. This study confirms that there is no potential for SSR oscillations in 
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the wind farms connected to non-radial series compensated lines. The mutual 

interaction between two wind farms connected to the series compensated line is 

also studied. No such SSR analysis of such wind farms was reported previously. 

(d) A STATCOM with two types of controllers is proposed to mitigate the induction 

generator effect SSR. Performance of the controllers has been reasonably 

validated with time domain simulations at different operating conditions. The 

proposed STATCOM control alleviates both steady state SSR and high shaft 

torque due to faults at generator terminals. These STATCOM controllers are 

proposed for the first time in literature. 

(e) A thorough analysis of SSR interaction between a rectifier controller and the wind 

turbine generator is presented. It is concluded that there is no potential for adverse 

interaction between the HVDC current controller and the wind turbine torsional 

system.  

(f) A comprehensive analysis of wind turbine trippings in an actual large wind farm 

has been performed. The causes of these tripping have been identified through 

network resonance analysis and recommendations made to avoid such trippings in 

future. Such a study with large commercially operating wind farm has not been 

reported anywhere before. 

9.10 FUTURE WORK 

The suggestions for the future research are mentioned below. 

(a) This thesis presents a comprehensive analysis of the subsynchronous resonance 

by considering an aggregated wind farm model. Large wind farms in the range of 

hundreds of MW are spread over large geographical areas. Hence, all wind 

turbines may not experience the same wind speed. A separate study therefore may 

be carried out to investigate the impact of the different wind speeds on the 

performance of the different wind turbine generators connected to the same series 

compensated lines. 
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(b) A detailed subsynchronous resonance analysis should be performed with other 

types of wind farms connected to LCC HVDC lines and series compensated 

transmission lines. Particularly a DFIG based wind farm should be considered for 

the analysis whose controllers may have an interaction with HVDC rectifier 

current controller. 

(c) In this thesis, mitigation of subsynchronous resonance using only STATCOM is 

presented. A comprehensive study with other FACTS devices such as SVC and 

TCSC may also be performed to mitigate SSR in induction generator based wind 

farms.  
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     Appendix-A 

A.1  DERIVATION OF DOUBLE-CAGE INDUCTION 
GENERATOR PARAMETERS. 

In literature there are two types of double cage induction generator models available. 

Figure A.1 (a) and (b) represent the above mentioned models which are equal among 

themselves. Since manufacturers’ data is not readily available to the researchers, the 

constant parameter model of the double-cage is adopted for the various kind of studies 

related to the grid integration of fixed speed wind farms. In [106], a new method has been 

proposed to derive different parameters of a double-cage induction generator from the 

manufacturer provided data: nominal mechanical power, nominal power factor, 

maximum torque, starting torque, and current. In [107] a detailed study of equivalence 

between the different double cages induction motor models with six, seven, and eight 

parameters has been presented. Since model Figure B.1 (b) is available in 

PSCAD/EMTDC software, the conversion of the parameters from the model shown in 

Figure B.1 (a) is presented here. 

 

(a) Model-I 
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(b) Model-II 

Figure A.1 Equivalent circuit of double-cage induction generator 

 

(a) Rotor circuit of Model-I 

 

(b) Rotor circuit of Model-II 

Figure A.2  Equivalent impedance of rotor circuit of a double-cage induction generator. 

For the conversion of parameters, conditions adapted are , ,  

and the slip is considered as 1: assuming the machine is at stand still. Figure A.2 (a) and 

(b) now only shows the rotor circuit of the both model. The equivalent input impedance 

of the model is shown in Figure A.2 (a). 
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The equivalent input impedance of the model is shown in Figure A.2 (b)  
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Comparing (A.3) – (A.6) and  (A.9)-(A.12) 

  (A.13) 

  (A.14) 

  (A.15) 

  (A.16) 

Example: 

For a 500 kW induction machine, data are given for the model I (Figure A.1 (a)) which 

are converted to model II (Figure A.1 (b)). 

Table A.1 Calculation of Model-II parameters from Model-I parameters 

Model I 
Figure 2.8 (a) 

Model II 
Figure 2.8 (b) 

 

 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

If the parameters for model-II are known, then through the reverse transformation model-

A parameters can be calculated. However, this is not required here. 
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A.2 INITIALIZATION OF INDUCTION GENERATOR 
BASED WIND TURBINE 

Small signal analysis of subsynchronous resonance phenomenon purely depends upon the 

accurate linearized model of the wind turbine, generator circuit, and network. Various 

power system dynamics simulation software applications are available for such study. 

Wind turbine models must be integrated into power system dynamics simulation software 

packages which could present a challenge.  One of the problems that must be solved to 

make this possible is the calculation of the initial conditions of the wind turbine from 

load flow data in order to be able to initialize the dynamic model correctly. If the 

initialization is not carried out correctly, the system will start at an unsteady condition. In 

some cases, the system may move toward an equilibrium condition after some time, and 

the desired state, as obtained from the initial load flow may not be achieved. In a worst 

case scenario, instead of moving toward a convergence, the system may become unstable. 

Table A.2 shows the known variables which are obtained from the load flow study. With 

these variables the unknown variables are calculated which are also mentioned in Table 

A.2 

Table A.2 List of known and unknown parameters for initialization 
 of induction generator based wind turbine 

Parameters 

Single-cage  

Induction generator 

Double-cage  

Induction Generator 

Model-I Model-II Model-I Model-II 

Known   

Unknown 
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     Appendix-B 

B.1 WIND TURBINE DATA 

Table B.1 Wind turbine torsional system data [19], [93] 

Parameter Per unit value 

 4 s 

 0.3 pu/ el. rad 

 0.5 s 

Table B.2 Wind turbine torsional system data used 
in second wind farm in Chapter 5. [19] 

Parameter Per unit value 

 4 s 

 0.2 pu/ el. rad 

gH  0.75 s 

B.2 SINGLE-CAGE INDUCTION GENERATOR DATA 

Table B.3 Single-cage induction generator data [19], [22], [105] 

Parameters IG-1 IG-2 IG-3 IG-4 IG-5 

P  2.3 MW 2.3 MW 2 MW 1.3 MW 0.75 MW 

V  690 V 690 V 690 V 690 690 

f  60 Hz 60 Hz 60 Hz 60 Hz 60 Hz 

sR
 0.005604 0.005604 0.00488 0.0063 0.006 

sX   0.1431 0.1098 0.09247 0.1574 0.1332 

rR
 0.007246 0.0072 0.00549 0.0113 0.008 

rX   0.0514 0.1015 0.09955 0.1181 0.1332 

mX
 3.2077 3.2366 3.9528 5.9043 4.3777 

 

 

tH

tgK

gH

tH

tgK
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B.3 DOUBLE-CAGE INDUCTION GENERATOR DATA 

Table B.4 Double-cage induction generator data [105], [112] 

Parameters IG-1 [112] IG-2 [112] IG-3 [120] 

P  2.3 MW 2.3 MW 1.3 MW 

V  690 V 690 V 690 V 

f  60 Hz 60 Hz 60 Hz 

sR 0.00506 0.00506 0.0074 

sX  0.13176 0.12552 0.1485 

1rR 0.01199 0.011658 0.0129 

1rR 0.01923 0.018624 0.0124 

1rX  0.21172 0.28565 0.1345 

2rX  0.072175 0.078995 0.0499 

rmX 3.8892 4.0058 4.369 

mX 0.00506 0.00506 0.0074 
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Appendix-C 

C.1 FIRST BENCHMARK SYSTEM 

 

Figure C.1 First Benchmark System connected to widn farm 

 

System Base = 892.4 MVA. 

Base Voltage = 500 kV. 

Table C.1 First Benchmark System parameters 

tX 0.14 pu 

R 0.02 pu 

LX 0.50 pu 

bX  0.06 pu 

cX   10% 100% bX  

C.2 SECOND BENCHMARK SYSTEM 

 

Figure C.2 Second Benchmark System-I connected to widn farm 
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Figure C.3 Second Benchmark System-II connected to wind farm 

 

System Base = 100 MVA. 

Base Voltage = 500 kV. 

Table C.2 Second Benchmark System parameters 

System-I System-II 

tR  0.0002 1tR 0.0004 

tX  0.02 1tX 0.04 

1R  0.0074 2tR 0.0002 

1X  0.08 2tX 0.02 

2R  0.0067 R  0.0052 

2X  0.0739 X  0.054 

bR  0.0014 bR 0.0014 

bX  0.03 bX  0.03 

 

C.3 STATCOM 
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Figure C.4 Study system with STATCOM 

STATCOM: 

STATCOM size = 60 MVA/ 100 MW 

STATCOM base = 300 MVA. 

Base voltage = 25 kV.  

Table C.4 STATCOM parameters 

stR  0.0006 pu 

stX 0.1 pu 

dcC 5000 µF 

STATCOM Controller: 

Table C.5 STATCOM controller parameters 

Controller-I (C-I) Controller-II (C-II) 

LPT  0.0024 ,LP DCT T  
0.004, 
0.004 

G 0.05 1 2,G G 1, 0.1 

1T 0.015 1 2,T T 0.007,0.05 

2T 0.005 3 4,T T 0.002,0.05 

PK 0.1 1 1,P IK T 0.54, 0.016 

IT 0.5 2 2,P IK T 50,5 

C.4 HVDC SYSTEM 

HVDC system parameters taken from [78] and [127] 

 
Figure C.5 Wind farm connected to AC-DC system 
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HVDC base = 1000 MW 

Base voltage (DC) = 500 kV 

Table C.6 HVDC line parameters 

,tr tiX X 0.18 pu 

cfX  4 pu 

dcC 26 F  

dcR 2.5   

dcL 0.5968 H  
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