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Abstract 

Series compensation of a transmission line 

is necessary as it increases the power 

transfer capability of a transmission line. 

Employing series compensation also leads 

to phenomenon of sub synchronous 

resonance (SSR). Sub-synchronous 

resonance (SSR) is the process which 

leads to the turbine generator shaft 

damage. This work addresses 

Contributions of synchronous generator 

rotor motion and induction generation to 

sustained sub synchronous oscillation. 

This paper analyses and mitigate the sub 

synchronous resonance in series 

compensated transmission system by using 

of fuzzy logic with static synchronous 

series compensator SSSC device. The 

design of Kalman filter-damping controller 

is based on the magnitude of damping 

torque in the range of torsional mode 

frequencies. We apply the genetic 

algorithm to optimize the controller 

parameters. The proposed Kalman filter-

damping controller is highly frequency 

selective and effectively suppresses sub 

synchronous components of line current in 

the presence of close frequency 

oscillations. Analytical and simulation 

results at various system operating 

conditions demonstrate the effectiveness 

and robustness of the proposed Kalman 

filter-damping controller in mitigating 

SSR. 
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Introduction 

Sub-synchronous resonance (SSR) is the 

process which leads to the turbine 

generator shaft damage. This work 

addresses contributions of synchronous 

generator rotor motion and induction 

generation to sustained sub synchronous 

oscillation. The definitions regarding sub 

synchronous resonance phenomenon is 

presented, for analysis the IEEE second 

benchmark model system-1 is taken and 
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discussed in detailed. The sub-

synchronous resonance is known 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. With controlled series 

compensation, the resonance zone is 

prohibited for operation and the control 

system is designed in such a way that the 

compensator does not enter that area. Also, 

an SSSC is an ac voltage source operating 

only at the fundamental output frequency 

and its output impedance at any other 

frequency should be zero. The SSSC is 

unable to form a series resonant circuit 

with the inductive line impedance to 

initiate sub-synchronous system 

oscillations. 

Series capacitor compensation has been 

widely used in the AC transmission 

systems as an economical alternative for 

different purposes such as increasing 

power transfer capability through a 

particular interface, controlling load 

sharing among parallel lines, and enhances 

Steady state stability. However, the use of 

series compensation may bring about some 

new problem to power system operation. 

One of the problems is possibility of Sub-

Synchronous Resonance (SSR), which 

may lead to torsional oscillations of 

turbine generator shaft system and 

electrical oscillation with frequency below 

the sub synchronous frequency. Turbine-

generator shaft failure and electrical 

instability at oscillation frequencies lower 

than the normal system frequency result 

from SSR. The two shaft failures at the 

Mohave Generating Station in Southern 

Nevada led to the advancements in 

understanding the SSR phenomenon as 

well as explaining the interaction between 

series capacitor compensated lines and the 

torsion mode of steam turbine-generators. 

Turbine-generator electro mechanical 

interaction with series capacitors has 

historically been known as the phenomena 

of "Sub synchronous Resonance" (SSR). 

The interactions between power 

controlling devices, such as HVDC 

converters, static var systems, and power 

system stabilizers, and turbine-generators 

has lead to a recognition of a broad range 

of' turbine-generator torsional interactions 

which is nothing but the sub synchronous 

oscillations. In this regard, this work 

presents a comprehensive approach 

towards SSR and IEEE second benchmark 

model. 

In a long transmission line the use of static 

series synchronous compensation (SSSC) 

with fixed series capacitor enables fast 

control of power flow. There is a potential 

risk of sub synchronous resonance (SSR) 

due to the series capacitor. In this paper, 

we propose to use the Kalman filter (KF) 
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for state estimation of sub synchronous 

components present in series compensated 

line and the mitigation of SSR. This novel 

Kalman filter based SSR damping 

controller is referred to as Kalman filter-

damping controller. The design of Kalman 

filter-damping controller is based on the 

magnitude of damping torque in the range 

of torsional mode frequencies. We apply 

the genetic algorithm to optimize the 

controller parameters. The proposed 

Kalman filter-damping controller is highly 

frequency selective and effectively 

suppresses sub synchronous components 

of line current in the presence of close 

frequency oscillations. Analytical and 

simulation results at various system 

operating conditions demonstrate the 

effectiveness and robustness of the 

proposed Kalman filter-damping controller 

in mitigating SSR. There exists a 

substantial literature on the design and 

analysis of countermeasures to mitigate the 

sub synchronous resonance (SSR) and to 

improve system stability. The improved 

blocking filter is designed to suppress 

different SSR problems. The sub 

synchronous damping controller (SSDC) 

with the family of sub synchronous 

dampers (SSD) is proposed to provide 

positive damping by injecting damping 

currents into the generator. 

Related Work 

The use of fixed series capacitor in electric 

power transmission line significantly 

increases transient and steady state 

stability limits in addition to reactive 

power control. It is worth noting, however, 

that sub synchronous resonance is caused 

by interaction between two subsystems of 

the power systems, i.e., the electrical 

subsystem consisting of series 

compensated transmission lines, and the 

mechanical subsystem consisting of multi 

mass turbine-generators. If controlling 

measures are not incorporated, the 

interaction of these two subsystems can 

aggravate the oscillations of generator 

rotors at sub synchronous frequency and 

result in generator shaft failures with the 

family of sub synchronous dampers (SSD) 

is proposed to provide positive damping 

by injecting damping currents into the 

generator. Several other techniques have 

been proposed to alleviate SSR using 

FACTS (Flexible AC Transmission 

Systems) devices, for instance, the sub 

synchronous damping controller with 

STATCOM which provides positive 

damping in the range of critical torsional 

mode frequencies and the supplementary 

controller with SSSC which adjusts the 

gain and phase of modal speeds to improve 

the damping of torsional mode. Previous 

research has proposed several estimation 

algorithms that extract the sub 

synchronous components so as to 
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effectively mitigate SSR with hybrid 

compensation consisting of fixed capacitor 

and FACTS devices (such as STATCOM 

or SSSC). To estimate the sub 

synchronous voltage components, the 

authors of propose the low pass filters 

(LPF) estimation algorithm which is 

shown to provide more freedom for 

bandwidth selection than the recursive 

least square (RLS) algorithm. The 

suitability of two ambient algorithms for 

online monitoring of SSR modes, i.e., the 

frequency domain decomposition (FDD) 

and the RLS algorithm, where both 

algorithms are shown to have good 

performance on tracking the changes in 

damping levels of the torsional modes and 

therefore can provide early alarms. The 

mitigation of SSR using SSSC with an 

estimated sub synchronous voltage 

component in which low-pass filters are 

used in estimation algorithm. In our 

previous work, a sub synchronous current 

suppressor with band-pass filter is 

proposed to extract the sub synchronous 

components of line current, based on 

which the SSSC injects a proportional sub 

synchronous voltage to suppress the sub 

synchronous frequency current flowing 

through the generator and to mitigate SSR. 

In Thruster controlled series capacitor 

(TCSC) with Kalman filter is used to 

eliminate sub synchronous oscillations 

caused by SSR in power systems. In this 

paper, we propose an estimation algorithm 

that extracts the sub synchronous 

components of line current using Kalman 

filter. To mitigate SSR, SSSC injects a sub 

synchronous voltage in proportion to the 

estimated sub synchronous components of 

line current. The Kalman filter is a highly 

frequency selective, recursive model based 

least square estimator, which is widely 

used for state estimation of harmonics in 

power systems. This novel approach using 

Kalman filter is referred to as Kalman 

filter-damping controller. In what follows 

we discuss the advantage of the proposed 

approach over those used in the literature. 

 

Fig 1.architecture 

Proposed Work 

Static Synchronous Series Compensator 

Series compensation is a means of 

controlling the power transmitted across 

transmission lines by altering or changing 

the characteristic impedance of the line. 

The power flow problem may be related to 

the length of the transmission line. The 

transmission line may be compensated by 

a fixed capacitor or inductor to meet the 
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requirements of the transmission system. 

When the structure of the transmission 

network is considered, power flow 

imbalance problems arise. Inadvertent 

interchange occurs when the power system 

tie line becomes corrupted. This is because 

of unexpected change in load on a 

distribution feeder due to which the 

demand for power on that feeder increases 

or decreases. The generators are to be 

turned on or off to compensate for this 

change in load. If the generators are not 

activated very quickly, voltage sags or 

surges can occur. In such cases, controlled 

series compensation helps effectively. 

Series Compensator 

If the line voltage is in phase quadrature 

with the line current, the series controller 

produces reactive power, while if it is not, 

the controllers absorbs or produces real 

and reactive power. Examples of such 

controllers are Static Synchronous Series 

Compensator (SSSC), SSSC is a solid-

state voltage source inverter which injects 

an almost sinusoidal voltage of variable 

magnitude and phase in series with the 

transmission line. The injected voltage is 

almost in quadrature with the line current 

and hence emulates the equivalent 

inductance and capacitance reactance in 

series with transmission line. The 

applications of the SSSC are 1) to control 

the power flow, 2) to increase the power 

transfer capability, 3) to improve the 

transient stability, 4) to damp out power 

system oscillations, 5) to mitigate Sub-

Synchronous Resonance. When the series 

injected voltage leads the line current, it 

eliminates the inductive element causing 

the power flow and the line current 

decreases. When line current leads the 

injected voltage, it emulates the capacitive 

reactance thereby enhancing the power 

flow of the line. The VSC made up of 

IGBT’s or thyristors is the basic block 

used for modern FACTS devices. The 

VSC generates the ac voltage from dc 

voltage and the phase and magnitude of 

the output can be controlled thereby it can 

either inject or absorb the power by just 

reversing the polarity of the current. The 

SSSC uses a voltage source converter 

(VSC) to inject a controllable voltage in 

quadrature with line current which is able 

to rapidly provide the both capacitive and 

inductive compensation independent of 

power circuit. An SSSC with a suitable 

design can be used for improving the 

effectiveness in damping low frequency 

power oscillations in the power network. 

These features make the SSSC an better 

FACTS device for power flow control, 

power oscillation damping, to damp SSR 

and to improve the transient stability. 

 The main function of the SSSC proposed 

here is to dynamically control the power 

flow in the transmission line. The earlier 

control schemes proposed were based on 
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the line impedance control mode in which 

the SSSC compensating voltage is derived 

by multiplying the current amplitude with 

the desired compensating reactance Xqref. 

Since it is difficult to predict Xqref under 

varying network contingencies, the voltage 

control mode is considered in the proposed 

scheme. This controller is modified to 

operate the SSSC in the automatic power 

flow control mode. In the automatic power 

flow control mode, the reference inputs to 

the controller are reference powers P and 

Q, which are to be maintained in the 

transmission line despite system changes. 

Using dq transformation the line voltage 

and the line current are converted to 

corresponding d and q axis components 

using parks transformation. 

Voltage Stability 

Series capacitive compensation reduces 

the series reactive impedance to minimize 

the receiving end voltage variation and the 

possibility of voltage collapse. Figure 3.3 

(a) shows a simple radial system with 

feeder line reactance X, series 

compensating reactance Xc and load 

impedance Z. The corresponding 

normalized terminal voltage Vr versus 

power P plots, with unity power factor 

load and 0, 50, and 75% series capacitive 

compensation, are shown in figure 3.3(b). 

The “nose point” at each plot for a specific 

compensation level represents the 

corresponding voltage instability. So by 

cancelling a portion of the line reactance, a 

“stiff” voltage source for the load is given 

by the compensator. 

 

Transient Stability Enhancement 

The transient stability limit is increased 

with series compensation. The equal area 

criterion is used to investigate the 

capability of the ideal series compensator 

to improve the transient stability. 

 

Fig.2 Equal area criterion to illustrate the 

transient stability margin for a simple two-

machine system (a) without compensation 

and (b) with a series capacitor 

The pre-fault and post-fault systems 

remain the same for the series 

compensated system. The system, with and 

without series capacitive compensation, 

transmits the same power Pm. Both the 

uncompensated and the series 

compensated systems are subjected to the 

same fault for the same period of time. 
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Figures 2 (a) and (b) show the equal area 

criterion for a simple two machine system 

without and with series compensator for a 

three phase to ground fault in the 

transmission line. From the figures, the 

dynamic behavior of these systems are 

discussed. Prior to the fault, both of them 

transmit power Pm at angles 1 and s1 

respectively. During the fault, the 

transmitted electric power becomes zero, 

while the mechanical input power to the 

generators remains constant(Pm). Hence, 

the sending end generator accelerates from 

the steady-state angles 1 and s1 to 2 and s2 

respectively, when the fault clears. In the 

figures, the accelerating energies are 

represented by areas A1 and As1. After 

fault clearing, the transmitted electric 

power exceeds the mechanical 

input32power and therefore the sending 

end machine decelerates. However, the 

accumulated kinetic energy further 

increases until a balance between the 

accelerating and decelerating energies, 

represented by the areas A1, As1 andA2, 

As2, respectively, are reached at the 

maximum angular swings, 3 and 

respectively. The areas between the P 

versus curve and the constant Pm line over 

the intervals defined by angles 3 and crib, 

and s1 and script, respectively, determine 

the margin of transient stability 

represented by areas Amargin and 

Asmargin for the system without and with 

compensation. 

 

 

Fuzzy Logic Controller 

The reason for using fuzzy logic in control 

applications stems from the idea of 

modeling uncertainties in the knowledge 

of a system’s behavior through fuzzy sets 

and rules that are vaguely or ambiguously 

specified. By defining a system’s variables 

as linguistic variables such that the values 

they can take are also linguistic terms 

(modeled as fuzzy sets), and by 

establishing the rules based on said 

variables, a general method can be devised 

to control these systems: Fuzzy Control. 

Fuzzy control is a class of control 

methodology that utilizes fuzzy set theory. 

The advantages of fuzzy control are 

twofold. First, fuzzy control offers a novel 

mechanism for implementing control laws 

that are often based on knowledge or on 

linguistic descriptions. Second, fuzzy 

control provides an alternative 

methodology for facilitating the design of 

non-linear controllers for plants that rely 

on generally uncertain control that is very 

difficult to relate to the conventional 

theory of non-linear control. Every day we 

mindlessly perform complex tasks: 

parking, driving, recognizing faces, 

packing the groceries at the supermarket, 

moving delicate objects, etc. To solve 
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these tasks (overcome an obstacle), we 

gather all the information necessary for the 

situation (topology of the terrain, 

characteristics of the obstacle such as 

speed, size). With this information and by 

relying on our experience, we can carry 

out a series of control actions that, thanks 

to the feedback present between the 

system under control and our bodies, can 

achieve the desired goal. The controller 

receives the performance indices 

(reference) and the system output. To 

replace the human in a control process, a 

controller must be added. The controller is 

a mathematical element, and as such all of 

the tasks that it is able to perform must be 

perfectly defined. 

 

Fig.4 Fuzzy Controller 

 

Fig.5 De-fuzzy Controller 

Rule base: set of fuzzy rules of the type 

“if-then” which use fuzzy logic to quantify 

the expert’s linguistic descriptions 

regarding how to control the plant. 

Inference mechanism: emulates the 

expert’s decision-making process by 

interpreting and applying existing 

knowledge to determine the best control to 

apply in a given situation. Fuzzification 

interface: converts the controller inputs 

into fuzzy information that the inference 

process can easily use to activate and 

trigger the corresponding rules. De-

fuzzification interface: converts the 

inference mechanism’s conclusions into 

exact inputs for the system to be 

controlled. 

Kalman Filter 

The Kalman filter is commonly used for 

estimation of state variables in power 

systems. The design of Kalman filter is 

simple as it merely depends on torsional 

mode frequencies, and the resonance 

frequencies of the mechanical system are 

well known. In this paper, Kalman filter is 

used to extract sub synchronous frequency 

components in line current. SSSC is 

controlled to inject a proportional sub 

synchronous voltage to suppress the sub 

synchronous frequency current flowing 

through the line and the generator, and to 

improve the damping in the range of 

critical torsional mode frequencies. We 

propose a new approach to reduce sub 

synchronous currents. Flowing through the 

transmission line and the generator with a 

properly designed Kalman Filter-Damping 

Controller. The state estimation of sub 

synchronous current and the structure of 
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Kalman filter-damping controller will be 

introduced in the next a few subsections. 

 

Dampling Torque Analysis 

The damping torque changes with 

frequency. We observe that the peak 

negative damping is significantly reduced 

with GA optimized KF-damping 

controller. With the KF-damping 

controller, negative damping in the range 

of torsional frequencies (60-300 rad=sec) 

is negligible. As a result, the system is 

expected to be stable with the intrinsic 

mechanical damping. 

 

Fig.6 Dampling Analysis 

Simulation Results and Discussion 

Fuzzy logic with SSSC based controller 

using to detect and mitigate the sub 

synchronous resonance in transmission for 

improve the stability of power system. The 

concept of series compensation is to 

partially cancel out the effective 

impedance of transmission line, thereby 

reducing the angle difference of line ends 

and increases the synchronous torque for 

reducing system losses and optimizing 

transmission of power which can be 

realized 

 

 

Fig.7 Response of rotor angle and LPA-

LPB section torque 

Conclusion 

In this paper, we analyze the SSR 

characteristics of a hybrid compensated 

transmission line with series capacitor and 

SSSC. We propose a simple technique for 

the extraction of sub synchronous 

frequency components using Kalman 

filter. The design of the Kalman filter-

damping controller is based on the 

magnitude of damping torque in the range 

of torsional mode frequencies. We apply 

the genetic algorithm to optimize the 

controller parameters. 
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The results of various analysis demonstrate 

the following. 

1) The inclusion of SSSC reduces the peak 

negative damping. 

2) Under various types of disturbances, the 

proposed KF damping controller 

effectively extracts and suppresses the sub 

synchronous components of line current 

even when the fundamental frequency line 

current at the operating point is zero. 

3) The proposed KF-damping controller 

completely eliminates the electrical 

resonance conditions as well as the SSR 

under practical series compensation levels. 

4) The proposed KF-damping controller is 

highly frequency selective and effectively 

suppresses sub synchronous components 

of line current in presence of close 

frequency oscillations. 
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