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Abstract— Series capacitor compensation in AC 

transmission systems may cause sub synchronous resonance 

that can lend to turbine generator shaft failure. Series 

capacities also have a tendency to amplify the shaft stress 

during major network transient events. When the level of 

series compensation is increased sub synchronous 

Resonance will be more. The mode of oscillation between 

the electrical and mechanical system will be high. The major 

concern of sub synchronous resonance is self-excitation and 

Transient Toque amplification. This paper is mainly 

emphasized on analysis of Sub-Synchronous Resonance 

(SSR) and mitigation using SSSC (Static Synchronous 

Series Compensator). The mechanical turbine generator and 

electrical network system are based on FBM. A Simulation 

with FBM to study SSR is implemented using MATLAB. 

The SSSC is used as a countermeasure, and it is applied to 

system to damp out the SSR. Results are validated by 

simulation. 
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I. INTRODUCTION 

Series compensation of long lines using fixed capacitors is 

an economic solution to the problem of enhancing power 

transfer and improving system stability.[1]However, such 

system is prone to adverse interaction with the turbine-

generator shafts due to the Sub- Synchronous Resonance 

(SSR) phenomenon[2].The Problem of Sub-Synchronous 

resonance was first experienced at the Mohave plant in 

southern California resulting in the failure of  a turbine-

generator shaft. It was not recognized until a second shaft 

failure occurred in 1971 that the real cause of the failure was 

recognized as an SSR. Subsynchronous resonance (SSR) is 

defined as “An electric 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.”[1] 

A steam turbine driven generator has a very 

complex mechanical structure consisting of several rotating 

masses. These masses are connected to each other by shafts 

of finite stiffness. In order to study SSR, a detailed 

representation of turbine-generator mechanical system is 

necessary. When the generator is perturbed due to 

disturbances like faults, transmission line tripping, etc., 

oscillations occur between different masses of the turbine-

generator rotor. The frequency of these torsional oscillations 

is dependent on the masses and shaft stiffness of various 

sections. Normally these frequencies are in the sub 

synchronous range. 

Figure. 1 shows the series compensated 

transmission line. Normally, XC < XL, therefore 𝜔n < 𝜔B. 

These Subs Synchronous frequency currents appearing at 

the generator armature will produce a rotating magnetic 

field at a frequency of 𝜔n. The interaction of the armature 

magnetic field rotating at sub synchronous speed 𝜔n with 

rotor’s normal DC magnetic field rotating at synchronous 

speed 𝜔B develops an electromagnetic torque component at 

a frequency equal to 𝜔B − 𝜔n. If the frequency of this torque 

is near to the frequency of any one of the torsional modes, 

torsional interaction may occur. If the electromagnetic 

torque due to torsional interaction exceeds the inherent 

mechanical damping torque of the rotating system, the 

torsional modes will be destabilized. The coupled 

electromechanical system will experience growing 

oscillations. The frequencies of the network mode depend 

on system parameters and the percentage series 

compensation. Hence it can also be said that, “If the 

frequency of any one of the network modes is close to the 

frequency of any torsional mode, adverse torsional 

interaction may occur”. The consequences of 

subsynchronous resonance can be dangerous. If torsional 

oscillations build up, the turbine generator shaft will be 

damaged. Even if the oscillations do not grow, system 

disturbances can result in shaft torques of high magnitude, 

causing loss of fatigue life of the shaft. Therefore, while 

planning for fixed series compensation; the possibility of 

SSR must be analyzed. Appropriate countermeasures must 

be taken if this analysis reveals a potential SSR problem. 

FACTS controller SSSC (Static Synchronous Series 

Compensator) is used to mitigate the SSR. 

SSSC (Static Synchronous Series Compensator) is 

a series connected reactive power compensator device and 

implemented by a voltage source converter as shown in 

Figure 2. It injects voltage in phase quadrature   with the 

current. The net active power exchange with the line is only 

to compensate for the losses. The injected reactive voltage is 

regulated by controlling the phase angle of converter output 

voltages with respect to the line current.  

The thesis is organized as follows. An introduction 

to SSR, types of  SSR  interaction and analysis method is 

given in Section II. The system adapted here is an IEEE 

FBM Single diagram in section III. Transient simulation 

result For IEEE FBM in section IV. The SSSC modelling 

and Control circuit in section V. The result of SSSC with  

IEEE FBM to damp the SSR in section VI.   
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Fig. 1: A Series Compensated System 
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Fig. 2: SSSC (Static Synchronous Series Compensator) 

II. SSR (SUB SYNCHRONOUS RESONANCE) 

Subsynchronous resonance (SSR) is defined as “An electric 

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.”[1].Types of SSR 

Interaction:- [1]. Self –excitation (Steady state SSR). [2]. 

Transient Torque. SSR Anaysis Tools:- [1]. Frequency 

Scanning. [2].Eigen value Analysis. [3]. EMTP Analysis. 

Eigenvalue analysis uses the standard linear, state-space 

form of system equations and provides an appropriate tool 

for evaluating system conditions for the study of SSR, 

particularly for induction generator and torsional interaction 

effects.[1]  

III. IEEE FBM 

 
Fig. 3: IEEE FBM 

The Eigenvalue analysis and digital simulations were carried 

out with detailed generator model (2.2) using MATLAB. 

The test system is adapted from the IEEE First Benchmark 

Model (FBM). The single line diagram of the system is 

shown in Figure. 3 with network parameters shown therein. 

The FBM has several closely spaced torsional modes and 

hence it is a good system to study SSR. Mechanical 

(viscous) damping is neglected for the test system. 

For the study of torsional interactions, the lumped 

multimass model is adequate [1]. Here each major rotor 

element (generator, various turbine stages and rotating 

exciter) is considered to be a rigid mass connected to 

adjacent elements by shafts that are modelled as massless 

springs. 
𝑑𝛿𝑖

𝑑𝑡
=  𝜔𝑖 − 𝜔𝐵……………………………..(1) 

𝑑𝜔𝑖

𝑑𝑡
=  

𝜔𝐵

2𝐻𝑖
 ( 𝑇𝑚𝑖 −  𝑇𝑒𝑖 − 𝐾𝑖,𝑖−1(𝛿𝑖 − 𝛿𝑖−1 ) −  𝐾𝑖,𝑖+1 (𝛿𝑖   −

  𝛿𝑖+1)                                   …………………..(2) 

Where, 

𝑇𝑚𝑖  = Mechanical torque acting on mass ‘𝒊’ 

𝐾𝑖,𝑖−1 = Shaft stiffness coefficient for section i –(i-1) 

𝑇𝑒𝑖  = Electrical torque acting on mass ‘i’ (present 

Only for the generator)  

𝐾𝑖,𝑖−1 = Shaft stiffness coefficient for section i –(i-1) 

𝑇𝑒𝑖  = Electrical torque acting on mass ‘i’ (present 

only for the generator)  

𝛿𝑖= Angular position of mass ‘i’ in a  

Synchronously rotating frame 

𝜔𝑖 = Angular speed of rotor mass ‘i’ 

Inertia 

Inertia 

 Constant 

(H) 

Shaft section 

Spring 

constant (K) 

 in p.u 

torque/rad 

HP turbine 0.092897 HP-IP 19.303 

IP turbine 0.155589 IP-LPA 34.929 

LPA turbine 0.85867 LPA-LPB 52.038 

LPB turbine 0.884215 LPB-GEN 70.858 

Generator 0.868495 GEN-EXC 2.82 

Exciter 0.034217 
  

Table 1: Shaft Inertia and Spring Constants: Ieee Fbm 

Reactance Value (pu) Time Constant Value (sec) 

Xd 1.79 T'd0 4.3 

X'd 0.169 T''d0 0.032 

X''d 0.135 T'q0 0.85 

Xq 1.71 T''q0 0.05 

X'q 0.228 
  

X''q 0.2 
  

Xaσ 0.13 
  

Table 2: Synchronous Machine Parameters: Ieee Fbm 

IV. TRANSIENT SIMULATION AND RESULT 

The IEEE FBM is shown in Fig. 3. For which the data are 

taken from [6]. Mechanical damping is not considered for 

this test system. The compensation level at the nominal 

frequency is 60%. The system has four torsional modes is 

excited with three phases to ground fault for a duration of 

4.5 cycles. Figure 4 shows the torque in p.u. For different 

torque section between HP-IP, IP-LPA, LPA-LPB, LPB-

GEN. Fig. 4 shows that Turbine section torque oscillation is 

growing with time. 
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Fig. 4: System Response without SSSC (Turbine- generator 

shaft torsional torques during and after clearing a 4.5 cycles, 

with three phase fault. Compensation Level = 60 %) 

V. SSSC MODELLING AND CONTROL CIRCUIT 

Static Synchronous series compensator (SSSC) is modeled 

as a controlled voltage source in series with the transmission 

line. Figure 5 shows the schematic diagram of SSSC voltage 

source connected to the transmission line. The SSSC is 

based on voltage source converter with self-commutating 

devices like IGBTS.It injects variable reactive voltage 

(Voltage in quadrature with the current)in series with the 

line.Six pulse conversion is considered. The modulation 

index of the controller is kept constant. The injected voltage 

is directly proportion to DC side capacitor voltage. Figure 6 

shows the block diagram of the SSSC Controller. Control 

system consists of  a PLL, Measuring system, AC and DC 

voltage regulator, PWM modulator.  

 

 
Fig. 5: IEEE FBM with SSSC (a) SSSC as a voltage source 

connected to the transmission line 

PLL A phase-locked loop (PLL) which 

synchronizes on the positive-sequence component of the 

current I. The output of the PLL (angle Ɵ=ωt) is used to 

compute the direct-axis and quadrature-axis components of 

the AC three-phase voltages and currents (labeled as Vd, Vq 

or Id, Iq on the diagram). 

Measurement systems, measuring the q 

components of an AC positive - sequence of voltages V1 

and V2 (V1q and V2q) as well as the DC voltage Vdc. 

AC and DC voltage regulators, which compute the 

two components of the converter voltage (Vd_conv and 

Vq_conv) required to obtain the desired DC voltage (Vdcref) 

and the injected voltage (Vqref). The Vq voltage regulator is 

assisted by a feed forward type regulator which predicts the 

V_conv voltage from the Id current measurement. 
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Fig. 6: Control system block diagram of SSSC 



Application of Static Synchronous Series Compensator (SSSC) to improve Torsional Damping and Sub Synchronous Resonance (SSR) Mitigation 

 (IJSRD/Vol. 4/Issue 06/2016/220) 

 

 All rights reserved by www.ijsrd.com 970 

VI. SIMULATION RESULT OF SSSC IMPLEMENTATION WITH 

IEEE FBM TO DAMP THE SSR 
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Fig. 7: System Response with SSSC (Turbine Torque 

oscillation for complete system model) 

The transient simulation of the combined system with 

detailed three phase model of SSSC has been carried out 

using MATLAB - SIMULINK. The effectiveness of the 

proposed schemes in damping SSR oscillation is shown in 

the results obtained. Figure 7 shows an oscillation of all the 

turbine sections for system with a three phase SSSC. The 

torsional oscillation is decreasing slowly. 

VII. CONCLUSION 

SSR (Sub Synchronous Resonance) occurs mainly in series 

capacitor compensated transmission line. SSR is the result 

of torsional interaction between the electrical network and 

turbine generator mechanical system. This study is based on 

the IEEE first bench mark model.  

The SSSC is used as a countermeasure, and its 

injected quadrature voltage to the line current. The 

effectiveness of damping with SSSC is verified with 

MATLAB simulation. 

Appendix A  

A. Excitation System 

Regulator gain and time constant:  Ka = 200, Ta = 0.025 

POWER SYSTEM STABILIZER:- 

Tw = 10, Ks = 6.0, T1 = 0.1, T2 = 0.01,Vs (max)= 0.1 and 

Vs (min)= -0.1 
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