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Abstract— This paper investigates the performance of power
system stabilizers (PSSs) and the static synchronous series
compensator (SSSC) for damping undesirable power system
low frequency oscillations. This study is carried out for both
local and inter-area oscillations mode. The analysis and de-
sign of stabilizers, PSS and power oscillation damping (POD)
controllers, are based on modal analysis, Hopf bifurcations,
and time and frequency response techniques. The simulation
results presented reveal a better effectiveness of the high
power electronic based controller, namely, SSSC, than the PSS
for damping power system low frequency electromechanical
oscillations as well as for extend power systems small-signal
stability limits. Furthermore, it is shown that PSSs and SSSC
controllers could work together in an harmonious way to damp
power system oscillations.

Keywords—Electromechanical Oscillations, Hopf bifurcations,
PSS, POD, SSSC, Small-signal rotor angle stability.

I. INTRODUCTION

Damping of electromechanical low frequency oscillations
between interconnected synchronous generators is essential
for secure system operation [1], [2]. In order to damp power
system oscillations and enhance rotor angle stability, power
system stabilizers (PSSs) have been successfully employed
in many power systems worldwide [3]. Although in many
instances, especially for critical inter-area oscillations, this
solution is both inexpensive and effective, there are cases
where the PSSs do not reach a suitable performance [2], then,
other solutions must be sought.

Nowadays, due to technological stage of high power elec-
tronic controllers, another effective solution such as theuse of
flexible ac transmission systems (FACTS) is being considered
[4], [5]. Even though the installation of FACTS controllers
in power systems may not be justified just by its damping
contribution, this is one the most suggested applications of
these controllers as well as to the steady-state control of
power flow and voltages [4], [5].

This paper investigates the effectiveness of PSSs and a
series FACTS controller, namely, static synchronous series
compensator (SSSC) for damping low frequency electrome-
chanical oscillations and for extend power systems small-
signal stability limits as well. The analysis is carried out
for both local and inter-area oscillations modes. Two test
systems, widely utilized in the literature for rotor angle sta-
bility studies, are considered in order to obtain the simulation
results.

The paper is organized as follows: Section II introduces
power system modeling and analysis concepts adopted in this
paper; thus, the basic theory behind Hopf bifurcations and the
used model of PSS are briefly discussed. In Section III the
basic SSSC operation characteristics are described and the
SSSC model for damping electromechanical oscillations is
presented. Simulation results and discussion are presented in
Sections IV and V. Section VI provides the main conclusions
of the paper.

II. BASIC BACKGROUND

A. Power System Modeling

In general, power systems are modeled by a set of diffe-
rential and algebraic equations (DAE), as follows:

ẋ = f(x, y, µ)

0 = g(x, y, µ)
(1)

where x is a vector of state variables associated with the
dynamic states of generators, loads, and other system con-
trollers; y is a vector of algebraic variables associated with
steady-state variables resulting from neglecting fast dynamics
(e.g., most load voltage phasor magnitudes and angles); and
µ is a set of uncontrollable parameters, such as variations in
active and reactive power of loads (i.e., loading factor of the
system).

For small-signal stability analysis (based on modal analy-
sis), we assume that the system parameter variation is suffi-
ciently small so that (1) can be linearized at an equilibrium
point (xo, yo, µ) as:

∆ẋ =J1∆x + J2∆y + B∆u

0 =J3∆x + J4∆y
(2)

whereJ1, J2, J3, andJ4 are Jacobian matrices off and g

related to the state and algebraic variables, respectively, and
B is the perturbation matrix. IfJ4 is nonsingular, the vector
of algebraic variables∆y in (2) can be eliminated which
results in the state space representation as follows:

∆ẋ = (J1 + J2J
−1

4
J3)∆x + B∆u = A∆x + B∆u (3)

whereA is the system state matrix. Therefore, bifurcations
on power system model can be detected by monitoring the
eigenvalues of matrixA as the loading factorµ is increased.
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B. Hopf Bifurcations

Hopf bifurcations, also known as oscillatory bifurcations,
are associated with a pair of purely imaginary eigenvalues of
the state matrixA [6]. In the dynamic system (1), when the
parameterµ varies, the equilibrium point (xo, yo, µ) changes,
and so do the eigenvalues of the corresponding system state
matrix A in (3). The point where a complex conjugate pair
of eigenvalues reaches the imaginary axis due to the changes
in µ, is known as a Hopf bifurcation point [6] and defines
the value of loading factor for which the system becomes
unstable. In this paper, Hopf bifurcation theory is used to
analyze the performance of PSS and SSSC controller for
damping power system oscillations on two test systems, as
shown in Sections IV and V.

C. Power System Stabilizer

The function of a power system stabilizer (PSS) is to
add damping to the generator rotor oscillations by excitation
system using auxiliary stabilizing signals such as shaft speed,
terminal frequency and/or power. The application of PSS
has long been recognized as a very effective method for
enhancing small-signal stability performance of the system
[3]. Fig. 1 shows the structure of the model of a speed
based PSS [1]. The phase compensation blocks provide the
appropriate phase-lead characteristic to compensate for the
phase lag between the exciter and the electrical torque of
the generator. The washout control block is used to avoid
affecting steady-state operation of the controller, and the
stabilizer gain determines the amount of damping introduced
by the PSS.

∆ω

washout Phase compensatorGain

KPSS
sTw

1+sTw

∆VPSS1+sT1

1+sT2

1+sT3

1+sT4

Fig. 1. PSS model used for simulations, whereVPSS is an additional input
for the automatic voltage regulator.

III. STATIC SYNCHRONOUS SERIES
COMPENSATOR

The SSSC is a modern series FACTS controller based on
voltage source converter (VSC) [4], [5]. The VSC is the basic
electronic block of the SSSC, which by using gate-turn-off
(GTO) thyristors converts an input dc voltage into a three-
phase ac voltage at fundamental frequency. If the output ac
voltage of the SSSC is always kept in quadrature with the line
current, there is no active power exchange between the SSSC
and the power system. When the SSSC voltage lags the line
current by 90o, it works like a series capacitor, conversely,
when its voltage leads the line current by 90o it works like
a series inductor. Thus a SSSC can be considered as a series
reactive compensation where the degree of compensation can
be varied by controlling its output voltage [7], [8]. Even
though oscillation control using SSSC is a costly option when
compared to the use of PSSs, there are additional benefits of
using this FACTS controller, such as an increase in system
loadability and power flow control [4], [5], which is not
possible at all with PSS.

A. Transmission Characteristics

Fig. 2 (a) shows a single line diagram where a SSSC
is placed between busesi and j. The equivalent circuit
of the system is shown in Fig. 2 (b), where the SSSC is
represented by a synchronous voltage sourceVs. Reactance
XL represents the sum ofXL1

, XL2
, and transformer leakage

reactance. The controllable parameter of the SSSC isVs,
which in fact represents the magnitude of the injected voltage
Vs, and may be positive or negative (oppose phase). In [9]
the transmission characteristics for active and reactive powers
were derived; summarizing them, the following mathematical
formulations can be reproduced:

Pij = −Pji = Po ×



1 +
Vs

√

V 2

i + V 2

j − 2ViVj cos θij





(4)

Qij = Qij
o ×



1 +
Vs

√

V 2

i + V 2

j − 2ViVj cos θij



 (5)

Qji = Qji
o ×



1 +
Vs

√

V 2

i + V 2

j − 2ViVj cos θij



 (6)

where:

θij = θi − θj

Po =
ViVj

XL

sin θij

Qij
o =

Vi

XL

(Vi − Vj cos θij)

Qji
o =

Vj

XL

(Vj − Vi cos θij)

Vi
6 θi Vj

6 θj

jXL1
jXL2

C

(a)

VSC

Vi
6 θi Vj

6 θj

jXL

Pij , Qij

Vs = Vs
6 α

(b)
Fig. 2. (a) SSSC installed between busesi andj, (b) Equivalent circuit.
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Equations (4)-(6) suggest that by proper control ofVs,
steady-state active and/or reactive power flows in the line
could be kept in specified values. Moreover, during transients,
the SSSC can be used to damp electromechanical oscillations
improving the overall dynamic performance of the system.

B. POD Controller

In order to damp oscillations and so enhance the small-
signal angle stability of the system, a SSSC must be equipped
with a stabilizer, similar to the PSS controllers, usually
referred in the literature as power oscillation damping (POD)
controller [2], [4], [10]. The selection of an appropriate input
signal is a fundamental issue in the design of an effective
and robust POD controller. Aiming to avoid additional costs
associated with communication systems and to improve reli-
ability of a POD controller, local signals are always preferred
as input signal. Here, the active power flow through the SSSC
(PLine) will be employed. Fig. 3 shows the SSSC control
system diagram for damping electromechanical oscillations
[9]. In the figure,Vo denotes the output of other SSSC control
(e.g., power flow or line reactance controls) and determines
the steady-state value ofVs.

Input
Ks

sTw

1+sTw

1+sT1

1+sT2

1

1+sTs

1+sT3

1+sT4

VPOD

Vmax

Vmin

VsVo

Fig. 3. Structure of SSSC controller for oscillation damping.

IV. SINGLE MACHINE INFINITE BUS SYSTEM

In order to verify the performance of PSS and SSSC
controllers for damping local oscillations, two scenarioswere
considered for the single machine infinite bus (SMIB) system
depicted in Fig. 4: system without SSSC (Scenario A); and
system with SSSC compensating 30% of the line series
reactance (Scenario B). The generator has a3th model and
the automatic voltage regulator is represented by a first-order
transfer function.

E′
q
6 δ

Pg, Qg Pe, Qe

jXL

SSSCVt 6 θt Vo 6 0o

Fig. 4. SMIB with a SSSC.

The base operating point corresponds to a situation in
which the generator delivers 0.6 p.u. of active power to the
infinite bus. Table I provides the electromechanical mode
characteristics for Scenarios A and B atµ = 0.6 p.u.. As
can be seen, for Scenario A the system is unstable, whereas
for Scenario B the system is stable but the electromechanical

mode is poorly damped. In view of that, two solutions, one in
each scenario, were employed to provide adequate damping
to the oscillations. For the Scenario A the addition of a
PSS controller to the excitation system of the generator was
adopted. For the Scenario B, a POD controller was applied
to modulateVs and so providing adequate damping torque at
the generator shaft.

TABLE I

Electromechanical mode characteristics at 0.6 p.u.

Scenario Eigenvalue Frequency [Hz] Damping [%]
A + 0,056± j5,32 0.84 - 1.0
B - 0,014± j5,30 0.84 + 0.2

A. Design of PSS and POD Controllers

PSS and POD controllers’ design is here based on Nyquist
plots of a proper chosen Open Loop Transfer Function
(OLTF). For the PSS design, the OLTF to be analyzed
is ∆ω(s)/∆Vref (s). Closed loop stability for the open-loop
unstable system is obtained by ensuring a counter-clockwise
encirclement of the -1 point by the Nyquist plot of the OLTF
after feedback compensation. The reader is referred to [10],
[11], [12], for additional information regarding the frequency
response design methods used in this paper. The Nyquist plot
of Fig. 5 shows that the lead-lag blocks should provide about
34o of phase advance at the critical frequency of 5.32 rad/s.
The PSS gain is adjusted to provide 10% of damping to
the electromechanical mode. The Nyquist plot of the OLTF
∆ω(s)/∆Vref (s) with thePSS1(s), given by (7), is shown in
Fig. 6.
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Fig. 5. Nyquist plot of∆ω(s)/∆Vref (s).

For the POD design, the OLTF to be analyzed is
∆PLine(s)/∆VPOD(s). Fig. 7 presents the Nyquist plot of
the uncompensated OLTF. In this case (open loop stable
system), the phase to be compensated is calculated to place
the uncompensated loop of Fig. 7 as far as possible from
the instability point -1. Hence, the critical frequency point
is relocated to the real axis through a lag of95o. Then, the
POD gain is progressively increased to achieve the desired
damping ration (10% in this case) obtaining the compensated
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loop of Fig. 8. The transfer function of the POD designed is
given by (8).

PSS1(s) = 4.1
10s

1 + 10s

(

1 + s0.254

1 + s0.139

)2

(7)
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Fig. 6. Nyquist plot of∆ω(s)/∆Vref (s).PSS1(s).
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Fig. 7. Nyquist plot of∆PLine(s)/∆VPOD(s) .

POD1(s) = 2.0
10s

1 + 10s

(

1 + s0, 072

1 + s0, 500

)2

(8)

B. Assessment of Stabilizers Effectiveness

The effectiveness of the stabilizerPSS1(s) is verified from
the step response plot of Fig. 9 and from the plot of Fig. 10
which shows the real part of critical eigenvalues (a direct
measure of the electromechanical mode damping) as the
loading factor varies from 0.1 to 0.9 p.u.. In Fig. 10 it is
observed that the damping is higher at all operating points
when the generator is equipped with the PSS than otherwise.
Also is noted that the PSS extends the stability limit of the
system, since the Hopf bifurcation occurs at 0.55 and 0.81
p.u. for the generator without and with PSS, respectively.

The effectiveness of the stabilizerPOD1 is assessed from
the step response plots of Figs. 11 (a) and (b), and from
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Fig. 8. Nyquist plot of∆PLine(s)/∆VPOD(s).POD1(s).
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Fig. 9. Step response at 0.6 p.u..

the plot of Fig. 12 where is verified that the POD provides a
superior damping to the electromechanical mode and extends
the stability limit to 1.04 p.u., whereas without POD the
system becomes unstable at 0.63 p.u.. The stability limits
obtained in this section are summarized in Table II.

TABLE II

Stability limits in p.u..

Scenario A 0.55
Scenario A -PSS1 0.81
Scenario B 0.63
Scenario B -POD1 1.04

V. MULTI-MACHINE SYSTEM

In order to investigate the effectiveness of PSS and SSSC
controllers for damping inter-area oscillations, it was used
the test system pictured in Fig. 13. This system, taken from
[1] (and slightly modified), consists of two similar areas
connected via an weak tie line. Here, the four generators has
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Fig. 10. Real part trajectory of critical eigenvalues.
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Fig. 11. Step response: (a)µ = 0.4 p.u., (b)µ = 0.7 p.u..
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Fig. 12. Real part of critical eigenvalues.

a 4th model, all of them equipped with an automatic voltage
regulator represented by a first-order transfer function. The

system exhibits three electromechanical oscillation modes;
two local modes, one in each area, and one inter-area mode, in
which the generating units in one area swing coherently and
against the generating units located in the other area. Initially,
two scenarios were analyzed: system without SSSC (Scenario
C), and system with SSSC compensating 40% of the tie
line series reactance (Scenario D). The base case considered
here, whereµ = 1.0 p.u., is the operating point considered
in [1]. Tables III and IV show the electromechanical modes
characteristics at 1.0 p.u. for Scenario C and D, respectively.

G1

G2

G3

G4

1 2 345 6

C1
C2

PL1

SSSC

PL2

Area 1 Area 2

Fig. 13. Two-area test system with a SSSC.

TABLE III

Electromechanical modes characteristics for Scenario C.
Mode Eigenvalue Frequency [Hz] Damping [%]

Local 1 − 0, 892 ± j7, 63 1, 22 +11,61
Local 2 − 0, 811 ± j7, 90 1, 26 +10,21
Inter-area + 0, 025 ± j2, 76 0, 44 - 0,91

TABLE IV

Electromechanical modes characteristics for Scenario D.
Mode Eigenvalue Frequency [Hz] Damping [%]

Local 1 − 0, 883 ± j7, 65 1, 23 + 11,46
Local 2 − 0, 802 ± j7, 94 1, 27 + 10,04
Inter-area + 0, 002 ± j3, 16 0, 50 - 0,05

In both scenarios it is seen that the local modes (1 and 2)
have acceptable damping (about 10%). It is important to note
that the SSSC placed in the tie line has insignificant impact
in the damping of such modes. Also note that, although
be unstable in Scenario D, the inter-area mode has been
almost stabilized by the series compensation done by SSSC.
Two solutions, one in each scenario, were considered to
provide appropriate damping for the inter-area mode. For
the Scenario C, this is accomplished by PSSs added to the
excitation system of the generators. For the Scenario D, a
POD is employed to modulate the SSSC series voltage during
transients in such a way that the oscillations be damped out.

Transfer function of PSSs used in the simulations is
presented in (9). PSS gains were selected so as to provide
10% of damping for electromechanical mode at 1.0 p.u..
Step response results shown in Fig. 14 help evaluate the
performance of thePSS2. The applied disturbance is a 10%
step in the mechanical power of the generator 1. Fig. 15
shows the eigenvalues loci as the loading factor is varied from
1.0 to 1.25 p.u.. It is noted that, beyond damping inter-area
mode, the PSSs also contribute to a better damping of local
modes. Observe that the occurrence of a Hopf bifurcation is
associated to the inter-area mode. In Fig. 16 is possible to
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realize that it occurs at1.22 p.u..

PSS2(s) = 33
10s

1 + 10s

(

1 + s0.05

1 + s0.02

)(

1 + s3.0

1 + s5.4

)

(9)

Equation (10) gives the transfer function of the POD
controller employed in the Scenario D, which was designed
to provide 10% of damping to the electromechanical mode.
Fig. 17 presents a step response results when is applied the
same disturbance considered at Scenario C. In the figure is
observed the good performance of the stabilizerPOD2. Note
from Fig. 18 that, for this case (Scenario D), the occurrence
of Hopf bifurcations is associated to the local mode 2. It is
also possible to realize that thePOD2 has no impact on local
modes. Fig. 19 shows that Hopf bifurcation occurs at 1.72
p.u., that is, in a much higher loading factor than in the case
when the damping of the inter-area mode was provided by
the PSS2, as summarized in Table V.

POD2(s) = 3.15
10s

1 + 10s

(

1 + s0.132

1 + s0.762

)2

(10)
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Fig. 14. Step response at 1.0 p.u..

Another possible scenario (Scenario E), in order to provide
better damping and extend the small-signal rotor angle sta-
bility limit of the system, is to use the PSSs mainly to damp
the local modes and the SSSC (equipped with POD) to damp
the inter-area mode. Fig. 20 shows that for such scenario the
occurrence of Hopf bifurcation is associated to the inter-area
mode at 1.88 p.u. as can be seen in Fig. 21. An important
remark is that has not been observed any adverse interaction
amongPSS2 andPOD2 controllers.

TABLE V

Stability limits in p.u..

Scenario C - PSSs Scenario D - POD

1.22 1.72
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Fig. 15. Eigenvalues loci.

1 1.05 1.1 1.15 1.2 1.25

−0.3

−0.25

−0.2

−0.15

−0.1

−0.05

0

0.05

0.1

Loading factor [p.u.]

R
ea

l p
ar

t o
f c

ric
ia

l e
ig

en
va

lu
e

 

HB 

Fig. 16. Real part of critical eigenvalue.
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Fig. 17. Step response at 1.0 p.u..

VI. CONCLUSION

This paper investigates the performance of PSSs and SSSC
controllers for damping power system oscillations. The analy-
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sis and design of controllers (PSSs and PODs) are based on
modal analysis, Hopf bifurcations, and time and frequency
response techniques. The results presented reveal that the
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Fig. 21. Real part of critical eigenvalues.

high electronic based controller, SSSC, provides better ef-
fectiveness on keeping small-signal rotor angle stabilitythan
the PSSs. Mainly, in the multi-machine system, the SSSC has
presented a much better performance than the PSSs.

Although further investigations are required, the results
presented in Section V have shown that PSSs and SSSC
controllers could work together in an harmonious way to
damp power system electromechanical oscillations.

Even though SSSC controller considerably increases the
small-signal angle stability limits, a careful cost-benefit study
must be taken into account when the use of this FACTS con-
troller for damping power system oscillations is considered,
because of its relatively high costs when compared to PSSs.
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