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Abstract 
 

Series compensation in transmission line with fixed series capacitor may cause Subsynchronous Resonance (SSR) at certain compensation 

level. This paper presents the application of static synchronous series compensator (SSSC) to mitigate impact of SSR. For analysis of SSR, 

IEEE first benchmark model is used and SSSC is located in transmission line at generator end. The linearized state space equation of SMIB 

system without and with SSSC has been developed to carry out eigenvalue analysis to identify potential modes for SSR. The AVR and 

PSS in the generator control loop coordinated with SSSC can successfully mitigate SSR. Time domain simulation is also carried out to 

confirm the results obtained with eigenvalue analysis. 

 
Keywords: Subsynchronous Resonance; Simulation; Eigenvalues; Static Synchronous Series Compensator. 

 

1. Introduction 

Series compensation of transmission line with fixed series capaci-

tors has been used widely in long power transmission systems for 

enhancing power transfer capability and improving different stabil-

ity limits [1]. But the different power system components such as 

generators, transformers, transmission lines and series capacitors 

experience an electrical resonance when series compensation 

reaches to a certain level [2-3]. 

In thermal power plants, the components of turbo-generator such as 

synchronous generator, different pressure stages of turbine are con-

nected through different shaft sections which have been modeled as 

torsional springs with different stiffness coefficient depending upon 

shaft section diameter. Hence, such spring-mass model of turbo-

generator has several modes of oscillations, known as torsional 

modes, when resonant frequency of electrical network becomes 

complementary to one of the torsional frequencies of turbo-genera-

tor mechanical system. This will result in either undamped or un-

stable oscillations which may endanger the turbo-generator and this 

phenomena is known as SSR [4-6]. 

The emergence of Flexible AC Transmission Systems (FACTS) has 

improved the steady state and dynamic performance of power sys-

tem to a great extent. FACTS devices can control power flow in 

interconnected power system which may provide a number of ben-

efits such as prevention of unwanted loop flows; transfer a power 

over intended path; enhancing transfer capability of line pushing 

towards their thermal limits [7-8]. In [9], small signal performance 

of the power system has been shown to be improved by controlling 

the damping characteristic of power system by controlling the op-

eration mode and response time of FACTS controller. Hence, tak-

ing this advantage of FACTS controller, their capability to influ-

ence SSR mitigation has been assessed in [10]. 

This paper investigates the capability of SSSC to mitigate SSR. The 

mathematical model of IEEE FBM with synchronous generator 

model 2.2 equipped with AVR and PSS has been developed. The 

linearized state space equations have been formulated to carry out 

eigenvalue analysis along with SSSC to demonstrate their dynamic 

characteristic to control torsional modes of oscillations. 

2. Analysis of SSR for IEEE FBM 

IEEE First Benchmark Model (FBM) shown in Fig. 1 is adopted for 

SSR analysis [4]. The turbo-generator rated at 892.4 MVA is con-

nected to 500 kV long transmission line through a step up trans-

former. The reactance of this transformer is denoted as XT. The im-

pedance of the line is represented by R + j XL whereas there are two 

options for series compensation. In case one, the series compensa-

tion is considered with fixed series capacitor and in other case fixed 

series capacitors are replaced with SSSC. The connecting reactance 

between transmission network and infinite bus is represented by 

XSYS. The mechanical system of turbo-generator is represented by 

six lumped masses: a high pressure turbine (HP), an intermediate 

pressure turbine (IP), two low pressure turbines (LPA, LPB), the 

generator (GEN) and the exciter (EXC). These rotating masses are 

mechanically coupled by soft shaft sections. The parameters of the 

system shown in Fig. 1 are given in Appendix. 
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Fig. 1: IEEE FBM for SSR Study. 

 

2.1. Synchronous generator modeling 

The synchronous generator model is derived from [11] based on the 

usual assumptions relevant to the two-axis theory and state space 

equations are derived in terms of flux linkages. The synchronous 

generator is modeled by taking one damper winding (kd) on d-axis 

along with its usual field winding (fd) and two damper windings on 

q-axis (kq1, kq2). The notations used in (1) are well described in Ap-

pendix. 

 

     
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                                       (1) 

Air gap electrical torque equation is given by (2) 

 

e qs qsds ds
T i i = −                                                                   (2) 

2.2. Shaft equations modeling 

The turbine-generator mechanical system shown in Fig. 1 is repre-

sented by four stages of turbine, one stage of generator and exciter 

each. These six masses of different inertias are interconnected by 

five soft steel shafts and can be represented by following shaft 

torque equations given in (3). 

 

     22 0H p D p K T  + + + =                                                   (3) 

 

Where [H] and [D] are diagonal matrix of inertias and damping co-

efficients, respectively, and [K] is shaft stiffness matrix. T gives 

torque vector acting on the shaft end and δ us the resulting angular 

position vector. The inertia constants, damping coefficient and shaft 

stiffness of different stages are given in Appendix. In this paper 

damping is ignored. 

2.3. Excitation system and PSS modeling 

Automatic voltage regulator restores the terminal voltage of alter-

nator during normal conditions as well as during disturbances. The 

gain KA is set high for the faster restoration of terminal voltage in 

the event of disturbance which ultimately results in negative damp-

ing torque. The effect of this negative damping torque may lead the 

system in oscillatory unstable mode under certain operating condi-

tions. The countermeasure to overcome this adverse impact of fast 

reacting AVR, the synchronous generator is equipped with power 

system stabilizer (PSS) which can stabilize the system in wider op-

erating range. The combined block diagram for AVR and PSS is 

presented in Fig. 2. 
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Fig. 2: AVR and PSS Block Diagram. 

 

The dynamic equations for AVR and PSS are given by set of equa-

tions in (4) and (5), respectively. The parameters of matrices are 

given in Appendix. 
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d
x A x B I x

dt

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2.4. Network interfacing 

Fig. 3 represents the electrical representation of IEEE FBM where 

transmission line is represented with lumped parameters. The ter-

minal of the generator is connected to infinite bus through these 

lumped parameters of transmission line which is shown to be com-

pensated by fixed series capacitor. In the analysis, series compen-

sation level is considered to be 50% which comes to 0.371 pu of 
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series capacitive reactance. Terminal voltage of the generator is rep-

resented in (5) using d-q transformation along with the transient 

voltage developed across the capacitor. 
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Fig. 3: Representation of IEEE FBM with Network Interfacing. 

3. SSSC modeling 

In Fig. 1, the active power transfer between bus 1 and bus 2 can be 

expressed in approximate form after ignoring the resistance of line 

by 

 

1 2

12 12
sin

L SSSC

V V
P

X X


−
                                                                     

(6) 

 

Where 
1

V and 
2

V are voltage magnitudes of bus 1 and bus 2, 
12
 is 

the transmission angle between these two bus voltages. The con-

cepts of controlling active power flow between two buses with se-

ries compensation can be better explained by (6). In (6), two modes 

of operation for SSSC can be observed, namely “constant angle 

strategy” and “constant power strategy”. The active power transfer 

for a given constant transmission angle 
12
 can be increased by re-

ducing the net reactance
L SSSC

X X− . This can be accomplished by 

increasing the controllable compensation level of SSSC. In constant 

power strategy, compensation level can be changed for reducing the 

transmission angle needed for constant active power flow in a given 

line. In this paper, constant angle strategy is adopted. 
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Fig. 4: (a) Schematic Block Diagram for SSSC Control. 

 

 
Fig. 4: (b) Phasor Relation with SSSC. 

 

Fig. 4 shows the block diagram of an SSSC and its main controls. 

A voltage-sourced inverter (VSI) and a coupling transformer are the 

main parts of SSSC. VSI of SSSC injects ac output voltage in series 

with transmission line. The control scheme of the SSSC as shown 

in Fig. 4 is based on constant angle strategy where SSSC compen-

sate the required equivalent voltage demanded by the change in 

power through the transmission line in normal as well as in any 

transient condition. Independent control of magnitude and phase 

angle of equivalent compensating voltage can be possible at the out-

put of VSI terminal. Compensating voltage magnitude can be esti-

mated by multiplying magnitude of line current and commanded 

reactance value of SSSC as shown in Fig. 4. Similarly, phase angle 

control for compensating voltage requires setting of 
/lag lead

 . To get 

fully capacitive compensation, 
lag
 is set to 090− and it is set to 090+

to obtain full inductive compensation. In Fig. 4 (a), k is the percent-

age compensation level. For these two phase angle of 
f ref
 , SSSC 

will not exchange any active power and will be responsible for con-

trolling only reactive power. The state space equation for SSSC is 

given in (7). 
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4. Simulation results and discussions 

Simulation of the work have been carried out using 

MATLAB/SIMULINK. Simulation results of SSR analysis of the 

test system shown in Fig. 1 is presented in this section. The line is 

compensated by 50%, i.e. k in Fig. 4 (a) is set to 50 %. Following 

three different case studies have been adopted for SSR analysis. For 

all the cases, both eigenvalue analysis and time domain simulations 

have been carried out to explain the SSR characteristic. 

Case 1: System with fixed series capacitors; equations (1)-(3), (5) 

are used for [A] matrix 

Case 2: System with SSSC; equations (1)-(3), (7) are used for [A] 

matrix 

Case 3: System with SSSC coordinated with AVR+PSS at genera-

tor; equations (1)-(5), (7) are used for [A] matrix 

Table 1 shows the eigenvalue results of SSR analysis where the 

comparison between different cases are presented. The objectives 

are to identify critical modes of oscillation which are responsible to 

force the system in state of SSR. The multi mass turbine-generator 

set has its own oscillating natural frequencies. When series com-

pensation level of 50% is applied in the network, the natural fre-

Reference

taV

i

ssscV



ir
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quency of oscillation of electrical network exactly matches with fre-

quency of torsional mode 1. So when the system will experience 

any kind of disturbance, then it will become unstable through this 

mode leading to damage of shaft. Fig. 5 shows the time domain re-

sponse of oscillations of masses and the shaft torque between LPA 

and LPB turbine for the disturbance applied at t = 10 Sec. It can be 

clearly seen from Fig. 5 and results tabulated in Table 1 that the 

frequency of oscillations exactly match with each other.  

 

 
Table 1: Eigenvalue Analysis of IEEE FBM for Different Cases 

Case I Case II Case III 

Modes of Oscillations IEEE FBM with 50% series com-
pensation 

IEEE FBM 50% series compensation 
is replaced by SSSC 

IEEE FBM SSSC+AVR-PSS 

-0.00± 297.97i -0.181 ± 297.97i -0.002 ± 297.97i Torsional mechanical mode #5 

-0.00021 ± 202.84i -0.025 ± 202.91i -0.008 ± 202.88i Torsional mechanical mode #4 

-0.00036 ± 160.50i -0.151 ± 160.53i -0.0059 ± 160.51i Torsional mechanical mode #3 
 0.0004 ± 126.94i -0.65 ± 126.95i -0.0022 ± 126.95i Torsional mechanical mode #2 

 0.001 ± 98.70i -0.016 ± 98.77i -0.039 ± 98.71i Torsional mechanical mode #1 

 0.00135   1.179 ± 12.12i -0.001 ± 12.13i Swing Mode 
-2.636 ± 130.35i -10.00 ±47.06i -3.89 ± 39.58i Subsynchronous Mode 

-4.716 ± 623.63i -118.218 ± 547.17i -84.56 ± 733.75i Supersunchronous mode 

-0.00  -3.47 ± 0.77i -0.64 ± 0.77i 

Other modes  
-0.998 , -4.4399  
 -20.467 , -33.194  

 

-20.509 , -32.808  

 

-2.763 ± 1.81i 

-20.470 , -24.055  

 -35.690 , -100.452  
-494.272  

 

 
Fig. 5: Oscillations of Masses and LPA-LPB Shaft Torque for Case 1. 

 

To stabilize the system, the approach of applying series compensa-

tion by fixed series capacitors has been modified and application of 

SSSC has been explored to evaluate its impact on SSR behavior of 

the system. The results of eigenvalue analysis of the system after 

incorporating SSSC have revealed that SSSC can successfully 

damp out the torsional modes of oscillations. Also, the application 

of SSSC increases distance of poles from the jw axis towards left 

hand side which is an indication of addition of more damping for 

all torsional modes. Even though SSSC increases the damping for 

torsional modes, it is failed to stabilize the swing mode and system 

becomes again sustain oscillatory unstable which is shown in fig. 6. 

In this analysis, the damping of mechanical system is considered as 

zero, this is the reason of low magnitude sustain oscillation. 

In order to completely suppress the oscillation, the coordination of 

PSS at the generator and SSSC has been proposed to achieve the 

stable operation of system. This coordinated operation of PSS and 

SSSC can successfully damped all oscillating modes and make the 

system stable. The dynamic responses shown in fig 7 further con-

firms the results obtained with eigenvalue analysis and gives the 

indication that the system can be operated with 50% series compen-

sation applied with SSSC provided the generator is equipped with 

PSS.  
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Fig. 6: Oscillations of Masses and LPA-LPB Shaft Torque for Case 2. 

 

 
Fig. 7: Oscillations of Masses and LPA-LPB Shaft Torque for Case 3. 

 

5. Conclusion 

In this paper, comprehensive modeling of IEEE FBM for SSR anal-

ysis is presented. The detailed model of synchronous generator with 

2.2 model equipped with AVR and PSS are interfaced with series 

compensated network for formulating linearized state space equa-

tions. SSSC is modeled with constant angle strategy to have the 

benefit of series compensation and to mitigate SSR. The eignevalue 

analysis with coordinated operation of SSSC with AVR and PSS 

can successfully mitigate the adverse impact of SSR and stabilized 

the system. 

6. Appendix 

Parameters for Turbine-Generator  

 

 
Reactance (pu) Time Constant (sec) Inertia Constant (H) (MW-s/MVA) Spring Constant (K) in pu torque/rad 

Xd 1.79 T’d0 4.3 HP turbine  0.092897 HP-IP 19.303 

X’d 0.169 T”d0 0.032 IP turbine 0.155589 IP-LPA 34.929 

X”d 0.135 T’q0 0.85 LPA turbine 0.85867 LPA-LPB 52.038 

Xq 1.71 T”q0 0.05 LPB turbine 0.884215 LPB-GEN 70.858 

X’q 0.228   Generator 0.868495 GEN-EXC 2.82 

X”q 0.2   Exciter 0.034217   
Xad 0.13       

 

Elements of Equation (1) are given in (A.1)-(A.4). 
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Elements of Equation (4) are given in (A.5)-(A.8) 
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Elements of Equation (5) are given in (A.9)-(A.13) 
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2 2 2

1
0

1 1

W

pss

W

T
A

T

T T T T

 
− 

   =   
+ − 

                                                            (A.9) 

 

1

2

T

pss STAB STAB

T
B K K

T

 
  =   

                                                         (A.10) 

 

   0 1 0 0 0 0 0 0 0 0 0 0I

=

                          (A.11) 

 

 1 2 3 4 5 1 2 3 4 5

T

m E E
x            =

        (A.12) 

 

 2

T

pss S
x v v=

                                                                        (A.13) 
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