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Abstract: In this paper a time-domain simulation-based 

SSR analysis has been carried out in PSCAD/EMTDC 

employing the IEEE first-benchmark system with thyristor-

controlled series capacitor (TCSC). Though torsional-

mode detuning behavior of a TCSC is well known its 

tuning performance for certain firing angles is 

demonstrated employing modal-speed evaluations.  An 

attempt has been made to understand this nature of TCSC 

by obtaining its frequency response characteristics using 

frequency scanning technique. From the results it is 

inferred that the equivalent impedance of TCSC offers 

fictitious resistive component leading to mode-detuning. 

However, it is observed that at higher values of firing 

angle the resistive behavior diminishes thus resulting in 

mode-tuning.  

Key words: subsynchronous resonance, frequency 

response, series compensation, TCSC.  

1. Introduction 

   In a stability constrained power system, where 

transmission system expansion is restricted due to 

limited right-of-way, compensation using fixed series 

capacitors (FSC) has been the natural choice for 

improving the power transfer capability of 

transmission system [1]. However, in such systems 

there is a possibility of adverse interaction between 

the generator-turbine mechanical system and the 

electrical network compensated with fixed series 

capacitors – known as subsynchronous resonance 

(SSR) [2]-[6]. From the literature [7]-[12], it is clear 

that there has been a continued effort to analyze the 

SSR phenomenon employing various techniques 

such as eigenvalue analysis, frequency scanning and 

time-domain techniques to investigate different 

countermeasures for mitigating the SSR effects. With 

the development of flexible AC transmission systems 

(FACTS) there has been a continued effort to provide 

an effective solution to mitigate SSR [13]-[15]. 

Extensive studies both on computer simulations and 

field investigations [16]-[18], showed that a thyristor 

controlled series capacitor (TCSC) can reduce the 

SSR caused by a conventional fixed series capacitor 

and is generally used as a top-up with respect to a 

FSC  compensation. 

   It is well known that the eigenvalue analysis of 

SSR with just FSC itself is not straight forward since 

it requires detailed modeling of network transients in 

addition to other components and controllers. 

Whereas with TCSC such an analysis is much more 

complex [19]-[21] as it involves the modeling of 

thyristor devices and there has been a continued 

effort to evolve other techniques such as dynamic 

phasor models [22] and discrete-time models [23]. 

Under these circumstances, a detailed time-domain 

simulation-based analysis offers better insight into 

the SSR behavior of power system with TCSC [18, 

23]. 

   Encouraged by these observations the following 

study results are presented in this paper. To begin 

with an eigen-analysis of the IEEE first-benchmark 

system (FBS) for SSR study [24] has been done with 

FSC. Understanding difficulty in obtaining a linear 

model of TCSC, a simulation-based analysis is 

presented using the detailed modeling of TCSC. A 

simulation-based frequency response analysis of 

TCSC [25, 26] has been carried out to understand the 

SSR performance of the system with TCSC with 

regard to its firing angle and device rating. All 

simulations are performed on PSCAD/EMTDC [27]. 

2. The IEEE first-benchmark system 

   Fig. 1 shows the IEEE FBS used in the SSR 

analysis [24]. This system is characterized by 

many torsional modes that are distributed in a 

relatively wide frequency range in addition to 

the swing mode. 
The electrical and mechanical systems are modeled 

in PSCAD/EMTDC. The generator is represented by 
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synchronous machine master library component. 

Two damper windings are provided in the q axis 

while in the d axis one damper and field winding are 

considered. The mechanical system is represented by 

a multi-mass spring-dashpot system, with six lumped 

masses coupled by shaft sections of known torsional 

elasticity. The complete electrical and mechanical 

data for the studied system are presented in [24], with 

mechanical damping being considered as specified in 

[6]. The generator is provided with a single-time-

constant static exciter which is equipped with a 

Delta-P-Omega PSS (see Appendix for exciter and 

PSS parameters). 

 

 
Fig. 1. IEEE first-benchmark system. 

2.1. Case studies with fixed compensation levels 

   A MATLAB-based eigenvalue program is used in 

the assessment of the dynamic characteristics of the 

system for FSC. Since there are six rotor masses, the 

IEEE FBS has five torsional modes. Each of the 

torsional modes has its largest SSR interaction at a 

certain value of the series compensation level xFC. 

This means that torsional interaction is a discrete 

event. Therefore, any compensation level can be used 

unless the network subsynchronous mode coincides 

with any of the torsional mode frequency. By 

repeated runs of the eigenvalue programme with 

different xFC, the level of series compensation 

associated with the maximum torsional interaction 

for a given mode is determined. The results are 

tabulated in Table 1 for all torsional modes. It is 

noted that torsional mode- 5 damping remains 

unaltered due to its high value of modal inertia [6] 

indicating that mode-5 cannot be controlled by any 

means. 

 
Table 1: Frequency of torsional modes and the  capacitive 

reactance for the maximum torsional interaction. 

Mode Frequency 

(Hz) 
xFC (pu)   

Torsional mode-4 32.285 0.18 

Torsional mode-3 25.54 0.29 

Torsional mode-2 20.21 0.38 

Torsional mode-1 15.74 0.44 

 

   A partial eigenvalue listing is presented in Table 2 

for two compensation levels: xFC = 0.35 and xFC = 

0.29. As can be seen from the table, xFC = 0.35 leads 

to a stable operation whereas for xFC = 0.29 torsional 

mode-3 becomes unstable -see Table 1. 

 
Table 2: Eigenvalues for the IEEE FBS with FSC only. 

xFC = 0.35 xFC = 0.29 Comments 

-4.6311±j616.63 -4.6155±j595.11 Supersynchronou

s mode 

-3.1001±j136.75 -4.6744±j159.09 Subsynchronous 

mode 

-0.6233±j160.31 0.7031±j160.05 Torsional mode-

3 

 

   While presenting the corresponding time-domain 

simulation run it is found that the following 

difficulties are generally faced: 

 The stability inferences made out of the 

eigenvalue analysis about any particular 

mode is very difficult to infer from the time-

domain simulation as a time-domain 

response is generally made up of many 

modes associated with the system. 

 As an extension to the determination of 

eigenvalues, the participation factor -based 

analysis provides information about a 

dominant state variable with respect to a 

mode and observing which in the time-

domain simulation, the stability information 

of that particular mode can be inferred. 

However, such an analysis is found to be 

effective in the power swing (i.e., mode-0) 

oscillation studies and they fail in the 

analysis of the stiff systems such as SSR 

studies especially when multiple modes are 

unstable. 

   In this connection, the mode identification using 

modal-speed calculation [28] is found to be very 

effective in time-domain simulations. Further, the 

modal speed deviation can also be used as a control 

signal for the supplementary controllers to damp the 

torsional oscillations [29, 30]. 

   In an effort to calculate the modal speed in the 

simulation responses, the modal speed deviation 

ΔωMl corresponding to the mode l is approximately 

obtained as follows: 
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   Where, vl
T
 is a vector containing the left 

eigenvector components corresponding to individual 

angular speed deviations of the rotor masses of the 

turbine-generator system (ΔωHP, ΔωIP,… ΔωEXC). It is 

to be noted that these eigenvectors are obtained 



corresponding to the unconnected mechanical system 

neglecting damping. 

   For the case in hand, the time-domain simulation is 

started initially with generator as a voltage source 

and then the power is ramped up to the required level 

i.e., to Pg =1.0, and then the generator-turbine system 

are switched at 3 s. A test disturbance in the form of 

a step change in the mechanical power of all the 

turbines, is applied at t = 3.5 s. The deviations in 

modal speeds for the case xFC = 0.29 are as shown in 

Fig. 2. In the figure, the growing oscillations clearly 

indicate the instability of mode-3. 

 

 
Fig. 2. Modal speed deviations for xFC = 0.29. 

 

2.2. Time-domain simulation with TCSC  

   The basic structure of a TCSC is a thyristor 

controlled reactor (TCR) in parallel with a fixed 

capacitor, as shown in Fig. 3.  

 

 
Fig. 3. Schematic diagram of a TCSC module. 

 

   In a practical TCSC implementation, several such 

basic modules may be connected in series to obtain 

the desired voltage rating and operating  

characteristics. The TCSC combination allows the 

fundamental frequency capacitive reactance to be 

smoothly controlled over a wide range by just 

adjusting the firing angle of the bi-directional 

thyristor pairs [14, 21] in the vernier  capacitive 

range [6]. 

 

2.2.1. Fundamental- frequency TCSC 

characteristics 

   The characteristic of the TCSC main circuit 

depends on the relative reactances of the capacitor 

bank 
TC

TC
C

x
1

and the thyristor branch xTCR 

=ωLTCR. The resonant frequency ωr of the LC-circuit 

formed by the inductance in the thyristor branch and 

the capacitance in the series capacitor bank is given 

by 
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   Assuming that the line current is sinusoidal, the 

equivalent reactance offered by the TCSC at the 

fundamental frequency can be represented as a 

variable reactance xTCSC. There exists a steady-state 

relationship between the firing angle α (measured 

with respect to the positive zero-crossing of the 

capacitor voltage) and the reactance xTCSC which can 

be described by the following equation [6] 
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   Where β represents the half of the conduction angle 

and is related to α as  

)4(  

   It is customary to define boost factor, Bf , as the 

ratio between the xTCSC and xTC as  
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   Of many other modes of operation of TCSC [6], in 

the present application only the capacitive vernier 

mode of operation is implemented. In this operating 

mode, the thyristor valves are gated in the region of 

αmin < α < 180
o
 such that the effective value of TCSC 

reactance is in the capacitive region. In this range 

xTCSC increases as α is reduced below 180
o
 and is  

maximum for α= αmin (which may correspond to xTCSC 

equal to be 3 times xTC). αmin is above a value of α  

which corresponding to the parallel resonance of 

TCR and the capacitor (at fundamental frequency) 



denoted as αres. The angle corresponding to resonance 

depends on the choice of K which is defined as the 

quotient between the resonant frequency ωr and 

network nominal frequency ω0 as  

  )6(
0 TCR
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   Reasonable values of K fall in the range of 2 to 3 

[31, 32]. Table 3 summarizes the variation of α res for 

different values of K. 

 
Table 3: Effect of K on α resonance. 

K 1.5 2 2.5 3 
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o
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o
 30

o
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o
 

 

   The variation of Bf as a function of α is shown in 

Fig. 4 for two different values of K in the capacitive 

vernier region. 

 

 
Fig.4. Boost factor vs α 

 

2.2.2. Case studies with constant reactance-control 

for TCSC 

   A TCSC device operating with an open-loop 

constant reactance-controller is considered to 

substitute for a portion of the FSC compensation in 

the IEEE FBS. The system is modified as shown in 

Fig. 5. For a given xTC and α setting, the device offers 

a reactance xTCSC as per Fig. 4. 

 

 
Fig. 5.IEEE FBS system with a TCSC. 

 

   A TCSC with xTC = 0.1 and K=2 is chosen for this 

case study. In all cases xFC is adjusted so that xFC + 

xTCSC = 0.29 for any firing angle we choose. Now 

TCSC is operated with a firing angle order of α = 

159.22
o
 which corresponds to a boost factor, Bf =1.1. 

From Fig. 6 it can be seen that mode-3 (which was 

unstable when xFC = 0.29 with only FSC 

compensation -see Fig. 2), is now stable due to the 

presence of TCSC even for the same effective 

capacitive compensation. This case demonstrates that 

TCSC when used as top-up compensation with 

respect to FSC can remove the possibility of torsional 

interaction with respect to mode-3. However, it is 

found that when TCSC firing angle is increased to α 

=170.92
o
 which corresponds to a boost factor of Bf 

=1.007, the system becomes unstable exciting mode-

3 -see Fig. 7. 

 

 
Fig. 6. Modal speed deviations for xFC + xTCSC = 0.29, xTC = 

0.1 and α =159.22
o
. 

 

   The above case study has been repeated with xTC = 

0.25 for a firing angle of α = 170.92
o
. From Fig. 8 it 

can be seen that the system is now stable. 

   A number of such simulations are carried out in 

PSCAD/EMTDC for different firing angles. Results 

are summarized in Table 4. From the table it is 

concluded that a TCSC operating under constant 

reactance-control offers a greater level of immunity 

to torsional interaction at higher device ratings.  

However, this may lead to increased cost of TCSC 

systems. 



Fig. 7. Modal speed deviations for xFC + xTCSC = 0.29, xTC = 

0.1 and α =170.92
o
. 

 
   Fig. 8. Modal speed deviations for xFC + xTCSC = 0.29, xTC 

= 0.25 and α =170.92
o
. 

 

3. Frequency response analysis of TCSC 

   In previous section it is observed that a TCSC 

operating in the capacitive vernier mode offers a way 

to effectively mitigate the SSR problem. It is also 

noticed that such a performance of TCSC depends on 

the rating of TCSC and the firing angle of the 

constant reactance controller. There has been many 

attempts in the literature to understand this behaviour 

of TCSC using frequency response analysis [18] and 

discrete-time modelling of TCSC [23, 33]. Though 

the discrete-time modelling approach is accurate, it is 

highly complex as it involves the discretization of the 

complete system. 
 

Table 4: Parametric variation of TCSC with xFC +xTCSC = 

0.29. 
xTC Bf α xTCSC xFC Stability 

inference 

 

 

0.10 

1.10 

1.05 

1.02 

1.01 

1.007 

159.22 

163.08 

167.27 

169.81 

170.92 

0.1100 

0.1050 

0.1020 

0.1010 

0.1007 

0.1800 

0.1850 

0.1880 

0.1890 

0.1893 

stable 

stable 

stable 

unstable 

unstable 

 

 

0.25 

1.10 

1.05 

1.02 

1.01 

1.007 

159.22 

163.08 

167.27 

169.81 

170.92 

0.2750 

0.2625 

0.2550 

0.2525 

0.2518 

0.0150 

0.0275 

0.0350 

0.0375 

0.0382 

stable 

stable 

stable 

stable 

stable 

 

   In this paper an attempt has been made to explain 

the behaviour of TCSC by using frequency response 

analysis [25, 26]. Because of the specific switching 

pattern of a TCSC device its operation can be 

considered to include both discrete and continuous 

characteristics and therefore determination of sub and 

supersynchronous frequency response of the device 

is not a straightforward task. Therefore, frequency 

response curves of TCSC are obtained by employing 

time-domain based frequency scanning (FS) method 

[34] using PSCAD/EMTDC. Frequency response is 

obtained over the network frequency range of 10 Hz 

to 100 Hz. The main objective of this study is to 

evaluate the equivalent impedance offered by a 

TCSC for different frequencies. Fig. 9 depicts the 

adopted scheme. 

 

 
Fig. 9. System configuration for obtaining the TCSC 

equivalent impedance. 

 

   The procedure listed in [34] is adopted to 

determine the frequency response of TCSC. 

Assuming the synchronous machine to be a voltage 

source a disturbance signal, vh , with particular 

frequency is added to the fundamental components. 



Then the instantaneous values of the voltage across 

the TCSC, vTCSC, and line current, iline, are measured. 

Having extracted the magnitude and angle 

information at the disturbance signal frequency, the 

ratio between the phasor voltage and current per 

phase provides the necessary TCSC equivalent 

impedance, ZTCSC at that frequency. The real and 

imaginary components of this impedance value are 

plotted against network frequency to draw 

conclusions. Here, capacitive reactance is treated as a 

positive quantity. 

 

3.1. Frequency response analysis - case studies 

   The following case studies are carried out 

1. Frequency response for different firing 

angle. 

2. Frequency response for different device 

rating. 
 

3.1.1. Frequency response for different firing 

angle 

   Using the FS technique described above, the 

equivalent impedances of a TCSC with xTC = 0.1 and 

K= 2 for α = 159.22
o
 and α = 170.92

o
 are obtained 

in the frequency range corresponding to torsional 

frequencies. It is to be noted that for a network 

frequency component of fer, a torsional mode having 

frequency (f0 −fer) may have the maximum  

interaction. For example, if fer=35 Hz it influences 

the torsional mode having frequency 60-35 = 25 Hz, 

i.e., torsional mode-3 in the IEEE FBS. The real and 

imaginary components of ZTCSC are drawn with 

respect to fer and are shown in Fig. 10. A close look 

at the figure shows that the reactance of the TCSC at 

nominal frequency is identical to that shown in Table 

4.. Further, it is interesting to see that TCSC offers a 

nonzero and positive resistance in subsynchronous 

frequency range [26]. It should be noted that while 

modelling the TCSC no explicit resistive elements 

are used, i.e., the device is assumed to be lossless. 

Thus, this fictitious resistive component of ZTCSC is 

imagined to offer damping for torsional modes. A 

relatively higher resistance offered by the TCSC at 

35 Hz for α = 159.22
o
 can be expected to provide 

additional damping for the torsional mode-3. The 

time-domain simulation presented in Fig. 6 confirms 

this inference. However, at α = 170.92
o
, the 

resistance offered by the TCSC is relatively small so 

that an insufficient damping presents a potential risk 

of tuning torsional interactions. This was confirmed 

already by the time-domain simulations -see Fig. 7. 

In addition, the resistance of the TCSC which is 

entirely a positive number for all frequency range 

drops to zero at 60 Hz. 

 

 
Fig. 10. Frequency response curves for xTC = 0.1 and 

different firing angles. 

 

3.1.2,. Frequency response for different device 

ratings 

   In this case ZTCSC plots are obtained for different 

TCSC device ratings, xTC . Fig. 11 shows the 

frequency response curves for various device ratings 

for α = 159.22
o
. It is interesting to note that with an 

increase in device rating, resistance offered by the 

device at subsynchronous frequencies increases 

offering more damping. 

 

 
Fig. 11. Frequency response curves for α = 159.22

o and 

different xTC. 

 

   The above study is repeated for α = 170.92
o
 and the 

corresponding ZTCSC plots are shown in Fig. 12. From 

the figure it can be seen that for the chosen angle 

with xTC= 0.25 the TCSC offers relatively more 



resistive component than in a case when xTC=0.1. 

This inference, to some extent, explains the reason 

for no mode-3 interaction with higher rating of the 

device for higher values of α (compare Figs. 7 and 8). 

 

 
Fig. 12. Frequency response curves for α = 170.92

o
 and 

different xTC. 

 

   From the above frequency response analysis the 

following observations were made: 

 At fundamental frequency the device 

impedance is purely capacitive, at 

subsynchronous frequencies it possesses 

considerable resistive component whereas at 

supersynchronous frequencies the resistive 

value is negligibly small. 

 For a given value of xTC, the TCSC resistive 

behaviour increases as we move away from 

180
o
. 

 For a given α, the resistive behaviour of 

TCSC increases with device ratings. 

However, higher device ratings are generally 

not chosen as it is not economical. To 

overcome the problem of torsional 

interactions with low device ratings for 

higher α is generally handled by employing a 

subsynchronous resonance damping 

controller [33]. 

 

4. Conclusions 

   In this paper simulation-based SSR analysis is 

presented with the IEEE FBS employing 

PSCAD/EMTDC for both fixed and variable series 

compensation. A full-fledged model of TCSC is 

included in the system and the effects of firing angle 

on the modal interactions are demonstrated for 

different device ratings. Employing frequency 

scanning technique, frequency response curves of 

TCSC are obtained using which reasoning is made to 

explain the SSR behavior of the system with TCSC.  

 

5. Appendix : Test system data and operating 

conditions 

5.1. System operating condition 

   Pg=1.0, Vg=1.0, Eb=1.0 

5.2. Exciter data 

   Single-time-constant static exciter is with KA=200, 

TA=0.025 s. 

5.3. Delta-P-Omega PSS data 

   The Delta-P-Omega PSS uses a phase lead circuit 

(with center frequency fm=2.37 Hz and angle lead 

Φm=22.29
o
) with gain set to Ks=1.25 so that the 

swing-mode damping factor is about 5% for FSC 

compensation of xFC=0.3. 
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