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Abstract:    This paper presents a procedure for designing a supplementary damping stabilizer for a static synchronous series 
compensator (SSSC) in multi-machine power systems. The objective is to shift the lightly damped inter-area modes toward the 
prescribed stability region. A lead-lag stabilizer is used to demonstrate this technique, in which a particular measure of stabilizer 
gain is considered as an objective function. Constraints of the problem for phase-lead and lag structures are derived. The objective 
function with the constraints is formed as a quadratic mathematical programming problem. For robust design, the parameters of the 
stabilizer are calculated under various operating conditions. Two types of SSSC-based stabilizer have been presented and designed. 
Numerical results including eigenvalue analysis and the nonlinear simulations on the 4- and 50-machine power systems are pre-
sented to show the effectiveness of the proposed method. 
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1  Introduction 
 

Inter-area oscillations, ranging from 0.1 to 0.7 
Hz, are common phenomena in interconnected power 
systems. These oscillations appear from two or more 
groups of generators in different areas, swinging 
against each other. Inter-area oscillations are unde-
sirable because they constrain the capability of power 
transmission, threaten system security, and damage 
the efficient operation of the power system. Therefore, 
it is desirable that these oscillations be damped effi-
ciently. Conventionally, power system stabilizers 
(PSSs) are used for the damping of power system 
oscillations. However, the use of PSSs only may not 
be effective in providing sufficient damping for inter- 
area oscillations in some cases, particularly in cases 

with increasing transmission line loading over a long 
distance (Noroozian et al., 2001). Nowadays, series 
power electronics-based flexible AC transmission 
system (FACTS) controllers have become one of the 
best alternative means of improving damping power 
oscillations. The static synchronous series compen-
sator (SSSC) is one of series FACTS devices that, in 
addition to increasing transferred power, can improve 
transient and small-disturbance stability of power 
systems (Gyugyi et al., 1997; Chen et al., 2003; 
Castro et al., 2004; 2007; Farsangi et al., 2004; Haque, 
2005; Jowder, 2005; Kazemi et al., 2005). The SSSC 
is more effective for damping mechanical oscillations 
in comparison with the other FACTS devices (Castro 
et al., 2004). The SSSC injects a set of balanced 
voltages to transmission line quadrature with the line 
current. There are two control channels to control the 
magnitude and phase of the voltage, the magnitude 
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control channel and the phase control channel. When 
the SSSC is used for damping of mechanical oscilla-
tions, the damping stabilizer can be applied to both 
channels. 

One of the effective methods of designing 
damping stabilizers in FACTS devices is linear pro-
gramming (Pourbeik and Gibbard, 1996; 1998). In 
these works, researchers have calculated the phase of 
the stabilizer, and then assuming that the stabilizer 
phase remains constant in the frequency range of 
oscillation modes, they have calculated the gain of the 
stabilizer using a linear programming method. This 
assumption may not be true. In (da Cruz and Zanetta, 
1997; Zanetta and da Cruz, 2005), gain and phase of 
PSS have been calculated simultaneously using 
mathematical programmings. The proposed method 
in these papers has been presented for a phase-lead 
stabilizer. However, to improve damping mechanical 
oscillations the stabilizer, in some cases particularly 
in the FACTS devices, may need a lag structure. 
Meanwhile, parameters of PSS in these papers have 
been calculated for certain operational conditions. 
However, a set of stabilizer parameters which stabi-
lizes the system under a certain operational condition 
may not be satisfactory when there is a drastic change 
in the operational condition. 

In this paper, a robust design of an SSSC-based 
stabilizer is presented as a quadratic mathematical 
programming problem. Constraints of the problem 
have been calculated for a phase-lead and a phase-lag 
stabilizer. The possible operational conditions that 
have significant effects on damping inter-area oscil-
lations are simultaneously considered. Magnitude- 
and phase-based stabilizers as two types of the stabi-
lizer are presented for SSSC. The stabilizers are de-
signed for damping inter-area oscillations. The pro-
posed method is used to design an SSSC-based sta-
bilizer in a small and a large multi-machine power  
system. 
 
 
2  Power system model 

2.1  Generator 

Depending on studying phenomena, goals, con-
ditions and interesting time-scale, different approxi-
mations can be used to simplify modeling of syn-
chronous machines. The nature of low frequency 
inter-area oscillations is related to the rotor of gen-

erators. Because of inertia, the rotation of rotors is 
relatively slow. Therefore, fast dynamics of stator and 
network is negligible in the study of inter-area oscil-
lations. Usually sub-transient time constants are small 
in comparison with transient time constants. There-
fore, the dynamics of dampers can be neglected yet 
still provide a good approximation. The turbine tends 
to be slow and the time constants of turbine/governor 
states can be relatively large. Therefore, it is supposed 
that mechanical power on shaft of turbines during a 
fault with a short clearing time is constant. This as-
sumption is useful and it is used for most studies of 
angle stability in the power systems. According to the 
above assumptions, a fourth-order d-q axis model is 
used for a synchronous machine in this paper. This 
model can truly show the generators for studying 
inter-area oscillations. Nonlinear dynamic equations 
for each generator are presented in Appendix A. 

2.2  Exciter 

The IEEE type-AC-4A excitation system is 
considered in this work. Its block diagram is shown in 
Fig. 1. The roles of the used parameters for the system 
have been discussed in Anderson and Fouad (1977). 
 
 
 
 
 
 
 

2.3  SSSC modeling 

It is assumed that, in a multi-machine power 
system, an SSSC is installed on the transmission line 
between nodes 1 and 2 (Fig. 2). 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Block diagram of the IEEE type-AC-4A excitation 
system 
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Fig. 2  Structure of the static synchronous series com-
pensator (SSSC) 
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The SSSC consists of a series coupling trans-
former (SCT) with the leakage reactance XSCT, a 
three-phase gate turn-off (GTO) based voltage source 
converter (VSC) and a DC capacitor. The SSSC can 
be described as (Wang, 1999) 
 

inj DC (cos jsin ),  V mkV φ φ= +             (1) 

L D Q Lj ,I I I I ψ= + = ∠                     (2) 

DC

DC

d
( cos sin ),    

d D Q
V mk I I

t C
φ φ= +            (3) 

 
where Vinj is the AC injected voltage by the SSSC; m 
and φ are the modulation ratio and phase defined by 
pulse width modulation (PWM), respectively; k is the 
ratio between the AC and DC voltage depending on 
the converter structure; VDC is the DC voltage; CDC is 
the DC capacitor value; ID and IQ are D and Q com-
ponents of the line current IL, respectively. 
 
 
3.  SSSC-based stabilizers 

3.1  Phase-based stabilizer 

Assuming a lossless SSSC, the AC voltage is 
kept in quadrature with the line current, so that the 
SSSC exchanges only reactive power with the 
transmission line. By adjusting the magnitude of the 
injected voltage, the reactive power exchange can be 
controlled. When the SSSC voltage lags the line 
current by 90º, it emulates a series capacitor. It can 
also emulate a series inductor when the voltage leads 
the line current by 90º. Thus, an SSSC can be con-
sidered as a series reactive compensator where the 
degree of compensation can be varied by controlling 
the magnitude of the injected voltage. In this study, 
the SSSC is considered in capacitor mode. To keep 
the injected voltage in quadrature with the line current, 
a proportional-integral (PI) controller (Fig. 3) has 
been used. Here φref is the phase of the injected volt-
age in steady state and is defined as φref=−90º+ψss, 
where ψss is the angle of the line current in steady 
state, TSSSC is the time constant of the converter, and 
KP and KI are the proportional and integral gain of the 
PI controller, respectively. A lead-lag stabilizer for 
damping inter-area oscillations is included in the PI 
controller. In this case, the stabilizer is called the 
phase-based stabilizer and for convenience written as 

the ‘φ-based stabilizer’. In this stabilizer, Tw is a time 
constant usually in the range of 1–15 s. To design a 
stabilizer, the value of T is usually assumed 
pre-specific, and x2, x1, and x0 are parameters to be 
determined. In this study, the value of T adopted for 
the stabilizer is considered according to the typical 
values in previous studies particularly in (Anderson 
and Fouad, 1977; Sauer and Pai, 1998). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The feedback signal for the stabilizer is selected 
amongst local signals as the line current, the line real 
power, and the line reactive power. 

3.2  Magnitude-based stabilizer 

To control the magnitude of the injected voltage, 
modulation ratio m can be controlled. Fig. 4 shows the 
block diagram of the controller in this case. Here, mref 
is the modulation ratio in the steady state condition 
and its value is considered as mref=XrefIss, where Iss is 
the line current in steady state and Xref is the reactance 
produced by the SSSC in steady state. A stabilizer for 
damping of inter-area oscillations is included in the 
magnitude controller. This stabilizer is the m-based 
stabilizer. 
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Fig. 4  Block diagram of the static synchronous series 
compensator (SSSC) magnitude controller with a 
damping stabilizer 

Fig. 3  Block diagram of the static synchronous series 
compensator (SSSC) phase controller with a damping 
stabilizer 
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4  Stabilizer design 
 

The method adopted in this work is an extension 
to the method proposed by Zanetta and da Cruz 
(2005), taking into account a phase-lag stabilizer for 
SSSC. This method is summarized as follows: In the 
first step, the closed-loop system is considered as in 
Fig. 5a, where G and F  are the power system trans-
fer matrix and the stabilizer transfer matrix, respec-
tively. In the second step, the stabilizer transfer matrix 
is changed by ΔF. In this case, the closed-loop system 
change is shown in Fig. 5b, where G  is the transfer 
matrix of the inner loop between G and .F  In Fig. 5, 
Uref is the input signal of the system. Uref is replaced 
by VDCref and mref for the phase- and magnitude-based 
stabilizers, respectively. One of the local signals is 
selected as the feedback signal for the stabilizer. ΔF is 
calculated to shift eigenvalues of critical modes to the 
desired values. 
 
 
 
 
 
 
 
 
 
 
 
 
 

In the following, a procedure for calculating ΔF 
is presented. Assuming that variations of ΔF is suffi-
ciently small, the variation of the eigenvalues can be 
approximated as 
 

( ), 1,  2,  ...,  ,p p p
i i iλ f λ i nρΔ = Δ =           (4) 

 
where n is the number of the critical eigenvalues; p is 
the point of operation; p

iρ  is the residue associated to 

the ith eigenvalue of G  under the pth operation con-
dition. Eq. (4) can be rewritten as 
 

( ) ( )( )
( ) ( )( )

Re( ) Re ( ) Im( ) Im ( )

j Re( ) Im ( ) Im( ) Re ( ) .

p p p p p
i i i i i

p p p p
i i i i

λ f λ f λ

f λ f λ

ρ ρ

ρ ρ

Δ = Δ − Δ

+ Δ + Δ
 (5) 

It is assumed that the stabilizer has a lead-lag 
structure as follows: 

 
2

2 1 0 w
2

w

( ) .
(1 ) 1

x s x s x sT
f s

sT sT
+ +

=
+ +

             (6) 

 

By substituting p
is = λ  and xz=Δxz (z=1, 2, 3) in 

Eq. (6), the real and imaginary part variations of 
( )p

if λΔ  are 
 

( ) 2 2 1 1 0 0Re Δ ( ) Δ Δ Δ ,p p p p
i i i if λ = R x + R x + R x       (7) 

( ) 2 2 1 1 0 0Im Δ ( ) ,p p p p
i i i if λ I x I x I x= Δ + Δ + Δ          (8) 

 

where 2 1 0 2 1, , , , ,p p p p p
i i i i iR R R I I  and 0

p
iI  are specified 

values. To shift critical eigenvalues to the left of the 
imaginary axis, we must have 
 

Re( ) ,p p
i iλ σΔ ≤ − Δ                      (9) 

Im( ) ,p p p
i i iλω ω− Δ ≤ Δ ≤ Δ              (10) 

 
where p

iσΔ  and p
iωΔ  are the desired shift values of 

the real part and acceptable frequency variations of 
the critical eigenvalue ,p

iλ  respectively. By substi-

tuting Eqs. (7) and (8) in Eq. (5), we can obtain p
iλΔ  

as a linear function from Δx2, Δx1, and Δx0. Then, 
substituting the real part of p

iλΔ  in Eq. (9) and its 
imaginary part in Eq. (10) yields 
 

2 2 1 1 0 0 ,p p p p
i i i ix x xα α α σΔ + Δ + Δ ≤ − Δ          (11) 

2 2 1 1 0 0 ,p p p p p
i i i i ix x xω β β β ω− Δ ≤ Δ + Δ + Δ ≤ Δ    (12) 

 
where 2 1 0 2 1, , , , ,p p p p p

i i i i iα α α β β  and 0
p
iβ  are specified 

values. On the other hand, if the angle of residue p
iρ  

is positive, the stabilizer must have a phase-lead 
characteristic. Otherwise, it must have a phase-lag 

characteristic. Considering 2 1
2 12

0 0

, ,
x x

x x
x T x T

= =  

and s sT=  and substituting them in Eq. (6) yields 
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Fig. 5  Closed-loop system (a) in the first step and (b) in
the second step 
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According to Dorf and Bishop (2005) for a 
phase-lead structure, it is assumed that zeroes of 

( )f s  are almost one-decade nearer to the center than 
that of its poles (i.e., they belong to interval[−1, −0.1]) 
and for the phase-lag structure, the zeroes are almost 
one decade further to the center (i.e., they belong to 
interval[−10, −1]). This is graphically shown for lead 
and lag structures in Fig. 6, in which the points inside 
the triangles and above the parabolas correspond to 
the above intervals. To represent the constraints as a 
linear function, the parabolas are approximated by 
lines. In this case, the zeros may be complex values, 
but the real parts of the complex zeros are located in 
the above intervals.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
According to Fig. 6a, the constraints for 

phase-lead structure can be written as (Zanetta and da 
Cruz, 2005) 

 

1 2 1,x x− ≤                            (14) 

1 20.1 10,x x− ≤                         (15) 

1 299 18 180.x x− + ≤ −                    (16) 
 

As shown in Fig. 6b, the constraints for the 
phase-lag stabilizer are 

 
1 2 1,x x− ≤                            (17) 

1 210 100 1,x x− ≤                       (18) 

1 299 180 18.x x− + ≤ −                   (19) 

Substituting 2x  and 1x  in Eqs. (14)–(19) and 
assuming Δz z zx x x= + (z=1, 2, 3, …), where 0,x  

1,x and 2x  are known values, the constraints can be 
rewritten for lead structure as Eqs. (20)–(22) and for 
lag structure as Eqs. (23)–(25): 
 

2 2
2 1 0 2 1 0 ,x T x T x x Tx T x−Δ + Δ − Δ ≤ − +      (20) 

2 2
2 1 0 2 1 010 100 10 100 ,x T x T x x Tx T x−Δ + Δ − Δ ≤ − +  

(21) 
2 2

2 1 0 2 1 018 99 180 18 99 180 ,x T x T x x Tx T xΔ − Δ − Δ ≤ − + +
        (22) 

2 2
2 1 0 2 1 0 ,x T x T x x Tx T x−Δ + Δ − Δ ≤ − +      (23) 

2 2
2 1 0 2 1 0100 10 100 10 ,x T x T x x Tx T x− Δ + Δ − Δ ≤ − +  

(24) 
2 2

2 1 0 2 1 0180 99 18 180 99 18 .x T x T x x Tx T xΔ − Δ + Δ ≤ − + −
 (25) 

 
The following function, as the gain of the stabi-

lizer at the frequency qω  (q=1, 2, ..., N) is considered 
as the objective function (Zanetta and da Cruz, 2005). 
This index represents one possible measure of the 
stabilizer gain. Loop gain of the stabilizer and con-
sequently its control cost is reduced by minimization 
of this index. As a criterion, to achieve a similar 
damping ratio for a critical oscillation mode, the sta-
bilizer with lower loop gain is more valuable. 
 

2

1
min ( j ) ,

N

q
q

J f ω
=

= ∑                  (26) 

 
where 1 2, , , Nω ω ω  are a set of frequencies in the 
complex plane where the critical eigenvalue must be 
shifted. 

By substituting Eq. (6) in Eq. (26) and consid-
ering =j is ω  and ,= +ΔX X X  we can easily rewrite 
the objective function as 
 

T T1min Δ Δ ,
2

J ⎛ ⎞= Δ +⎜ ⎟
⎝ ⎠

X H X f X           (27) 

 
where the matrix H, vector f and vector 

T
2 1 0[   ]x x x=X  are known and T

2 1 0[   ]x x xΔ = Δ Δ ΔX  
is the unknown vector to be tuned. Eq. (27) with con-
straints Eq. (11) and Eq. (12) and Eqs. (20)–(22) or 

Fig. 6  Region corresponding to (a) phase-lead and (b) 
phase-lag stabilizers 
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Eqs. (23)–(25) is considered as a quadratic mathe-
matical programming problem. To solve this problem 
the ‘quadprog’ algorithm provided by the Matlab 
Optimization Toolbox is applied here. The proposed 
approach is an iterative method. In this method, the 
calculated vector of ΔX is added to the known vector 
X  and it is considered as the known vector in the 
next iteration. The vector X  in the first iteration is 
set to zero. 
 
 
5  Simulation results 
 

The cases studied here are 2-area 4-machine and  
2-area 50-machine power systems as small and large 
power systems, respectively. 

5.1  Robust design of the SSSC-based stabilizer in 
the 4-machine power system 

A single line diagram of the system is shown in 
Fig. 7 (Liu, 2006). To control inter-area oscillations, 
an SSSC is installed in the tie-line between nodes 5 
and 6. Specific parameters used for the SSSC, gen-
erators and network are given in Appendix B. The 
loads are modeled as constant impedances. 

In this system, five operating scenarios based on 
the transmitted power between the interconnected 
areas and outages of lines are investigated. To in-
crease the transferred power, with no variation of 
reactive power of loads, the real power of the load in 
area 2 has been increased and then the real power of 
the load in area 1 has been modified to achieve a 
given tie-line transferred power. 

The summary of operating conditions studied in 
this work is shown in Table 1. 

The parameters of PI controller are calculated as 
follows: 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

To obtain a suitable response for the system at a 
certain operational condition, for a positive value of 
KI, the value of KP is increased so that the modes 
related to phase-controller (controller modes) are 
stable. Meanwhile, the PI controller has no significant 
degraded effects on damping mechanical oscillations. 
Then, the values that are suitable for all considered 
operation conditions are selected. For the operational 
conditions presented in Table 1, KP and KI are ap-
proximately calculated as 25≤KP≤120 and 
200≤KI≤450. 

Considering KP=25 and KI=200, the inter-area 
mode in the open-loop system for different operating 
conditions are shown in Table 2. It is clear that the 
damping ratio of inter-area mode is noticeably re-
duced and it is close to the instability point by in-
creasing transmitted power. 

An SSSC stabilizer to improve the damping of 
inter-area oscillations is designed in this section. For 
comparison, the parameters of the φ-based and the 
m-based stabilizers are calculated. According to the 
design method, a signal with the maximum residue 
for the inter-area mode is selected as the feedback 
signal for the damping stabilizer. 

 
 
 
 
 
 
 
 
 
 

 

Table 1  Operating conditions considered in the 
4-machine power system 

Transmitted 
power, P (MW)Characteristics Operating 

condition
190 Light loading: 

L1=11.1 MW, L2=11.9 MW 
1 

380 Nominal loading: 
L1=9.2 MW, L2=13.8 MW 

2 

410 Heavy loading: 
L1=8.9 MW, L2=14.1 MW 

3 

375 Nominal loading with outage one 
line between nodes 2 and 5 

4 

410 Heavy loading with outage one 
line between nodes 3 and 4 

5 

 

Fig. 7  One-line diagram of the 4-machine power system 
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Table 2  Inter-area mode in an open-loop system for the 
4-machine power system 

Operating 
condition Eigenvalue ζ (%) 

1 −0.436±j2.924 14.748 
2 −0.183±j1.640 11.089 
3 −0.0469±j1.838 2.551 
4 −0.081±j1.559 5.188 
5 −0.015±j1.792 0.837 

 

Table 3  Residues for inter-area mode for different signals in the 4-machine power system 
Input signal Operating 

condition 
SSSC-based 

damping stabilizer ΔI ΔP ΔQ 
φ-based 1.13∠−77.230° 0.99∠−78.480° 0.41∠−75.320° 1 
m-based 0.65∠84.920° 0.61∠84.440° 0.21∠83.610° 
φ-based 3.57∠−110.20° 2.04∠−126.69° 3.18∠−105.49° 2 
m-based 0.75∠112.40° 0.43∠95.910° 0.67∠117.11° 
φ-based 3.46∠−153.23° 1.16∠−176.38° 3.23∠−151.76° 3 
m-based 0.64∠105.03° 0.28∠87.430° 0.65∠106.16° 
φ-based 3.36∠−132.03° 1.043∠−150.60° 3.30∠−131.28° 4 
m-based 0.55∠101.85° 0.24∠83.29° 0.54∠102.6° 
φ-based 3.184∠−149.75° 1.15∠−171.57° 3.05∠−150.82° 5 
m-based 0.59∠102.39° 0.21∠80.57° 0.56∠101.33° 

 
 
 
 
 
 
 
 
 

 
Table 3 shows residues for the inter-area mode 

for different operational conditions. It can be seen 
from Table 3 that: 

1. When the stabilizer is applied for the phase 
control channel (the φ-based stabilizer), the residues 
for the inter-area mode for different local feedback 
signals are higher than when the stabilizer is used for 
the magnitude control channel (the m-based  
stabilizer). 

2. Angles of residues for the m-based stabilizer 
are positive and for the φ-based stabilizer are negative, 
therefore the m-based stabilizer must have a lead 
structure and the φ-based stabilizer must have a lag 
structure. 

3. Variation of the current in the transmission 
line, where the SSSC is installed, is the best signal for 
both stabilizers. 

Considering the line current as the feedback 
signal, the magnitude of residue for inter-area mode 
for KI=200 and different values of KP is shown in 
Fig. 8a. Also, the magnitude of residues for inter-area 
mode for KP=25 and different values of KI is shown in 
Fig. 8b. It was confirmed that for different acceptable 
values of KP and KI, the magnitude of residues for 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

inter-area mode for the SSSC φ-based stabilizer is 
higher than that of the m-based stabilizer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 8  Magnitude of residue for inter-area mode with (a)
KI=200 and (b) Kp=25 (line current as feedback signal) 
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It was assumed that the desired minimum 
damping ratio for the inter-area mode in each opera-
tional condition was ζ=20%. According to the fre-
quency of oscillation modes in the open-loop system, 
the value of qω  in Eq. (26) had been set to 1, 3, 4 

rad/s. The time constant of the stabilizer was set as 
T=0.4 s. Also, the effects of the stabilizer on other 
modes must be considered, so that the damping ratios 
of other modes have been increased or do not become 
less than a specific value and the variations of their 
frequencies must be acceptable. To improve the 
damping ratio of inter-area mode to a desired value, 
the parameters of the proposed robust stabilizer were 
calculated and shown in Table 4. These values show 
that the loop gains of the φ-based stabilizer were 
smaller than those of the m-based stabilizer. In other 
words, the φ-based stabilizer was more effective for 
damping inter-area oscillations. 
 
 
 
 
 
 
 
 
 
 

Inter-area mode in the closed-loop system for 
different operational conditions (Tables 5 and 6) show 
that the damping ratio of the inter-area mode has been 
improved to the desired value. 

For completeness and verification of the de-
signed stabilizers, a three-phase fault was applied to 
the test system at bus 6 with a fault duration of 0.02 s. 
The fault was cleared without line switching. 

Since generators 1 and 3 have the most contri-
bution in the inter-area mode, typically the swing 
angle of generator 1 with respect to generator 3, for 
operation conditions 3 and 5 are shown in Fig. 9. It 
shows that the SSSC-based stabilizers can effectively 
damp inter-area oscillations. 

5.2  Robust design of the SSSC-based stabilizer in 
a 50-machine power system 

The 50-machine power system was a moderately 
sized system that included all the modeling features 
and the complexity of a large-scale power system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This system contained 44 generators represented by a 
classical model and 6 generators represented by a 
two-axis model and equipped with an exciter. No PSS 
was installed in the system. The system data was 
given in (Vittal, 1992; Liu, 2006). Loads were mod-
eled as constant impedances. The operational condi-
tions were characterized by increasing the real power 
generation at buses 93 and 110 without any variation 
in loads of the system. Amongst transmission lines, 

Table 4  Parameters of the proposed robust stabilizers in 
the 4-machine power system 

SSSC-based 
stabilizer x2 x1 x0 |f(jω)|

m-based 0.256 57 0.340 79 0.069 16 0.7165
φ-based 0.006 59 0.052 07 0.142 61 0.0952

The loop gains of stabilizers (|f(jω)|) were typically calculated at a
frequency of ω=2 rad/s 

 

Table 5  Closed-loop inter-area mode in an SSSC 
φ-based stabilizer for the 4-machine power system 
Operating 
condition Eigenvalue ζ (%) 

1 −1.218±j3.111 36.45 
2 −0.376±j1.362 26.61 
3 −0.405±j1.685 23.37 
4 −0.310±j1.412 21.44 
5 −0.335±j1.634 20.08 

 
Table 6  Closed-loop inter-area modes in an SSSC 
m-based stabilizer for the 50-machine power system 

Operating 
condition Eigenvalue ζ (%) 

1 −1.298±j3.024 39.44 
2 −0.421±j1.438 28.09 
3 −0.408±j1.689 23.48 
4 −0.335±j1.594 20.56 
5 −0.334±j1.625 20.13 

 

Fig. 9  Swing angle of generator 1 with respect to gen-
erator 3 for operation (a) condition 3 and (b) condition 5
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outage of lines 2–6 has the most effect on the reduc-
tion of damping critical inter-area mode. Operating 
conditions in Table 7 were considered for robust de-
sign of the system. For different operational condi-
tions, the load flow was undertaken and eigenvalues 
of the system were calculated. 

 
 

 
 
 
 
 
 

 
 

Table 8 shows inter-area modes of this system 
for each operational condition. By increasing the 
generation level at buses 93 and 110, it can be seen 
that the damping ratio of inter-area mode 1 with the 
frequency around 0.42 Hz decreased but the damping 
ratio of inter-area mode 2 with a frequency close to 
0.65 Hz was approximately constant. Therefore,  
inter-area mode 1 was considered as a critical mode 
and the goal of the SSSC was to improve damping of 
the mode. 
 
 
 
 
 
 
 
 
 
 

In this system, the variation of the line current 
magnitude was considered to be the feedback signal. 
The best installing location for the SSSC was selected 
in the residue analysis. By calculating residues in 
different locations in the studying system, the line 
66-63 was selected as the optimal location for the 
SSSC. 

The purpose of the SSSC-based stabilizer in this 
power system is to increase the damping ratio of inter- 
area mode 1 to a maximum possible value. In Eq. (26), 
we set qω =1, 3, 4 rad/s and T=0.4 s. Parameters of the 
robust stabilizer are shown in Table 9. 

The closed-loop inter-area modes are shown in 
Table 10. It can be seen that the damping ratio of 
critical inter-area mode for different operational con-
ditions had been improved. Also, the stabilizer had no 
significant effect on non-critical inter-area mode. 
Moreover, the φ-based stabilizer, compared with the 
m-based stabilizer, was more effective for damping 
critical inter-area oscillations. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To demonstrate the effectiveness of the proposed 
stabilizers in the 50-machine power system, a 
three-phase fault was applied on bus 7 for a duration 
of 0.03 s. The fault is cleared without the line tripping. 
Since generators 93, 95, and 145 had the most con-
tribution in the oscillations of the critical mode, 
typically the swing angle of generator 93 with respect 
to generator 145 when the generation level at buses 93 
and 110 was set to 1600 MW, is shown in Fig. 10. It 
can be seen that the SSSC damping stabilizer can 
effectively damp inter-area oscillations. 

A comparative study between the method of (da 
Cruz and Zanetta, 1997; Zanetta and da Cruz, 2005) 
and ours to design PSS showed that, for power sys-
tems in the presence of FACTS devices to improve 

Table 7  Considered operating conditions in the 
50-machine power system 

Characteristics Operating 
condition 

Light loading: Pg93, Pg110=1100 MW 1 
Nominal loading: Pg93, Pg110=1400 MW 2 
Heavy loading: Pg93, Pg110=1700 MW 3 
Nominal loading with outage lines 2–6 4 

 

Table 9  Parameters of robust SSSC damping stabilizers 
in the 50-machine power system 

SSSC-based stabilizer x2 x1 x0 
m-based 0.034 46 0.116 23 0.098 00
φ-based 0.076 05 0.349 60 0.423 80

 
Table 10  Closed-loop inter-area modes in SSSC-based 
stabilizers for the 50-machine power system 

Eigenvalue ζ (%) Operating 
condition

SSSC-based 
stabilizer Mode 1 Mode 2 Mode 1 Mode 2
φ-based −0.195± 

j2.824 
−0.217± 

j4.137 
6.89 5.241 

m-based −0.072± 
j2.785 

−0.214± 
j4.107 

2.58 5.20

φ-based −0.213± 
j2.711 

−0.212± 
j4.119 

7.83 5.142 

m-based −0.053± 
j2.684 

−0.209± 
j4.088 

1.97 5.11

φ-based −0.279± 
j2.534 

−0.195± 
j4.102 

10.9 4.753 

m-based −0.022± 
j2.545 

−0.202± 
j4.062 

0.86 4.97

φ-based −0.172± 
j2.633 

−0.194± 
j4.081 

6.52 4.754 

m-based −0.033± 
j2.615 

−0.198± 
j4.061 

1.26 4.87

 

Table 8  Inter-area modes in an open-loop system for the
50-machine power system 

Eigenvalue ζ (%) Operating 
condition Mode 1 Mode 2 Mode 1 Mode 2

1 −0.036±j2.765 −0.202±j4.099 1.30 4.92
2 −0.015±j2.664 −0.198±j4.081 0.57 4.84
3 0.017±j2.524 −0.193±j4.055 −0.69 4.75
4 0.002±j2.595 −0.191±j4.055 −0.08 4.70
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damping mechanical oscillations, the stabilizer may 
need a lag structure instead of a leading structure. On 
the other hand, it was feasible that the parameters of 
the stabilizer can be robust with variations of opera-
tional conditions. Moreover, comparisons of our re-
sults with those of (Wang, 1999; Kazemi et al., 2005; 
Castro et al., 2007) revealed that the SSSC-phase 
based stabilizer can effectively damp mechanical 
oscillations, even more effectively than that of the 
magnitude-based stabilizer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6  Conclusion 
 

The use of quadratic mathematical programming 
to design a robust SSSC-based stabilizer for a power 
system working at various operational conditions is 
studied in this paper. In this method, the gain and the 
phase of the stabilizer are calculated simultaneously. 
The objective function is considered as a particular 
measure of the stabilizer gain. Constraints of the 
problem are derived for lead and lag structures. The 
best location and feedback signal for the SSSC-based 
stabilizer are selected in residue analysis. Magnitude- 
and phase-based stabilizers as two types of stabilizer 
are presented for the SSSC. The suggested robust 
design technique is successfully applied for an SSSC 
installed in a small and large multi-machine power 
system for damping inter-area oscillations. Perform-
ance of the robust stabilizer, tuned using the sug-
gested technique, is verified through eigenvalue 
analysis and nonlinear simulation results. Results 
show that when the SSSC stabilizer is used for phase 
control channel, in comparison with the magnitude 
control channel, it is more effective for damping inter- 
area oscillations. 
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Appendix A: Generator model (Sauer and Pai, 
1998) 
 

s ,  δ ω ω= −                         (A1) 

m e s( / 1),M P P Dω ω ω= − − −               (A2) 

do q q d d d FD( ) , T E E X X I E′ ′ ′ ′= − − − +      (A3) 

qo d d q q q( ) ,T E E X X I′ ′ ′ ′= − + −                       (A4) 

e d d q q q d d q( ) ( ) .P I E I E X X I I′ ′ ′ ′= + + −      (A5) 

 
 
Appendix B: Used data for simulations 
 

• Data of SSSC in the 4-machine system (in p.u. 
except indicated): TSSSC=0.01 s, k=1, XSCT=0.15, 
CDC=1, VDCref=1, Xref=0.15, KP=25, KI=200. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Data of SSSC in the 50-machine system (in p.u. 
except indicated): TSSSC=0.01 s, k=1, XSCT=0.15, 
CDC=1, VDCref=1, Xref=0.15, KP=15, KI=170. 

• Data of generators and network related to the 
4-machine power system (Liu, 2006). 

1. Synchronous generator data: Table B1. 
2. Transmission line data: Vbase=230 kV, Sbase= 

100 MV·A, Xline=0.001 p.u./km, Rline=0.0001 p.u./km. 
3. Exciter parameters: Table B2. 
4. Load flow data in p.u. (on system base 100 

MV·A): QC1=2.551, QC2=2.54.3, QL1=2.50, QL2=2.5, 
PG1=6.644, PG3=6.644, PG4=5, V3=1.02∠0 (swing 
bus), |V1|=1.02, |V2|=1.02, |V4|=1.02. 
 
 
 
 
 
 
 

 

 

 

  

Table B2  Exciter data (in p.u. except indicated) 
Generator KA TA TC TB TR 

1 180 0.01 1 10 0.01
2 100 0.01 1 10 0.01
3 130 0.01 1 10 0.01
4 220 0.01 1 10 0.01
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