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Abstract—In this paper, a method for designing coordinated
power system stabilizer (PSS) is presented. The proposed method
is based on the reference model controller design. To this end, a
model that is called single-machine non-infinite bus is presented
for studying low frequency oscillations. Then a reference model is
proposed for designing PSS based on the single-machine non-in-
finite bus model. Transfer functions of the understudy machine
augmented with stabilizer are equated by transfer functions of the
proposed reference model to compute the PSS's parameters. The
damping of the reference model and consequently the damping
of the designed PSS do not depend on the frequency of oscilla-
tions. Hence, the proposed PSS damps all intra- and inter-area
oscillations and no incoordination will happen among the system's
stabilizers. Two PSSs are designed using the proposed method for
a test power system. To demonstrate the efficiency of the proposed
method, the performance of the proposed PSSs are compared
with the performance of multi-band PSS4B, conventional
PSS, conventional PSS, and PSS designed based on particle
swarm optimization. Robustness of stabilizers against variation of
oscillations' frequency, variation of operating point, and existence
of harmonics are used to measure their performances.
Index Terms—Low frequency oscillations, reference model

based PSS, single-machine non-infinite bus model.

I. INTRODUCTION

L OW frequency oscillations (LFOs) are rotor angle oscilla-
tions resulted from the excitation of local electromechan-

ical oscillation modes or inter-area oscillation modes. Conven-
tional PSS (CPSS) is used as a supplementary excitation con-
trollers to damp LFOs and improve dynamic stability of power
systems. Since CPSSs are tuned for specific but different fre-
quencies, they may interfere with each other's action. This phe-
nomenon is known as incoordination among CPSSs. As a re-
sult, coordination of PSSs is very important in power systems.
Formany years, CPSSs have been widely used in power systems
due to their simplicity in concept and design. Due to incoordina-
tion of CPSSs, new structures and design methods for PSS have
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been proposed in the literature to achievemore robust stabilizers
against variation of oscillations' frequency and operating points.
Some of them are based on alternative synthesis techniques that
do not require a mathematical model of the system. These tech-
niques involve artificial intelligence including self-tuned fuzzy
logic [1], artificial neural networks [2], and heuristic searching
algorithms such as genetic algorithm [3], differential evolution
[4], bacteria foraging [5], particle swarm optimization (PSO)
[6], [7], and Taguchi's robust design technique [8]. Most of the
aforementioned methodologies have high computation burden
due to iterative process.
In [9], a computational technique is proposed for phase

shaping of PSS to damp both intra and inter-area oscilla-
tions. Synthetic system is utilized to carry out the automatic
phase compensation design for PSS in [9]. Characteristics of
model reference adaptive control (MRAC) and four types of
self-tuning PSSs are discussed in [10]. According to [10], due
to lack of an appropriate reference model (RM) for power
systems, designing a MRAC for power system is impossible.
All research related to application of adaptive control to power
systems such as adaptive exciter control, adaptive governor
control, and adaptive load frequency control are collected
in [11]. In [12]–[14], multiple adaptive PSS units have been
coordinated using an augmented decentralized control scheme.
For instance, in [13], the adaptive controllers are coordinated
by communicating the controlled inputs among generators
that strongly interact. The communicated information is used
in such a way that the controllers are independent and robust
to any communication failures. A system-centric intelligent
adaptive control architecture for damping inter-area oscillations
is presented in [15]. The proposed method in [15] uses hybrid
architecture consists of a neural networks based controller with
explicit neuro-identifier and a model reference adaptive con-
troller. The presented method in [15] is extended in [16] and a
hybrid controller that can be integrated with conventional PSS
is designed. Reference [16] illustrates that the main advantage
of [16] over [15]is the architecture that allows for parametric
and functional adaptation.
In this paper, a linear model for a single-machine connected

to a non-infinite bus is presented. In this model only the under
study machine is considered and the impacts of other machines
are modeled by two inputs. Based on the presented model, an
RM is proposed for a single-machine non-infinite bus. The RM
has an ideal damper and damps LFOs well. To design controller,
transfer functions of the understudy machine augmented with
controller are equated with transfer functions of the RM. Since
the transfer functions of the understudy machine augmented
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Fig. 1. Block diagram of the SMIB model augmented by a CPSS, which is
shown by the red dashed blocks.

with controller remain equal to the transfer functions of the RM
in all frequencies, the designed controller will not lead to poor
damping or intensifying oscillations when local electromechan-
ical oscillation modes of other machines or inter-area modes are
excited. Hence, the proposed controllers remain coordinated.
The remainder of this paper is organized as follows. In

Section II, a linear model for a single-machine connected to a
non-infinite bus is presented. Based on the presented model,
an RM is proposed for a single-machine non-infinite bus in
Section III and reference model based controller design is
employed to design two controllers. To show that the proposed
controllers remain coordinated and to evaluate the robustness
of them, they are applied to a test power system and their per-
formances are compared with the performance of a CPSS and a
PSS designed based on PSO in Section IV. Finally conclusions
are presented in Section V.

II. SINGLE-MACHINE NON-INFINITE BUS MODEL

There are two known models for studying LFOs in power
systems called single-machine infinite bus (SMIB) model [2],
[17], [18] as shown in Fig. 1 and multi-machine power system
model [17] as shown in Fig. 2. Although these models have
been widely used for studying LFOs, they have some disad-
vantages. To use SMIB model, the rest of the study system
must be modeled as an infinite bus. It is not always possible
to model the rest of the system as an infinite bus specially if
the study system is small. In SMIB model, the impacts of other
machines on the study machine are lost. Hence, SMIB model
only observes one local electromechanical oscillation mode
and cannot observe other local electromechanical oscillation
modes and inter-area modes. In addition, modeling the rest
of the system by an infinite bus needs computational burden
to compute the SMIB's parameters. Although multi-machine
model considers all power system completely and does not
have the aforementioned disadvantages of SMIB, it is complex
since its block diagram has extremely more blocks and con-
nections than SMIB model as shown in Fig. 2 [19]. Moreover,
it needs synchronous data transmission from all power plants
and stations to compute the model's coefficients. Therefore
it is not recommended for designing PSS. To overcome the
above-mentioned disadvantages, a new model for studying
LFOs is presented in the following.
A precise system modeling needs to either model all system's

components such as multi-machine model or model the under

Fig. 2. Block diagram of the multi-machine.

study part of the system and take the rest of the system into ac-
count in a proper way. Based on the multi-machine model [17],
impacts of other generators on the th generator are transmitted
to the th generator via blocks to for . In prac-
tice, all these impacts are transmitted to the th generator via the
transmission line that connects this generator to the network, say
line as shown in Fig. 3. It means that total effects of other ma-
chines can be measured in line or in bus which is directly
connected to the th generator by transmission line as shown
in Fig. 3. Hence, in studying the th generator, the effects of the
rest of the power system can be modeled by considering vari-
ables of the transmission lines or bus as inputs of the model.
These inputs can be active and reactive current of lines , active
and reactive power of line , or voltage magnitude and voltage
angle of bus . In the SMIB model, it is assumed that magni-
tude and angle of voltage of the infinite bus is constant. How-
ever, from a practical viewpoint, voltage magnitude and voltage
angle of the bus which is directly connected to the th generator
may oscillated due to excitation of local electromechanical os-
cillation modes of other generators or inter-area modes. Thus, if
the oscillation of these two variables are taken into account as
inputs in the SMIB model, then we have a complete model con-
sidering the impacts of all un-modeled dynamics. This model
is called single-machine non-infinite bus (SMNB) model [20].
Phasor diagram of the th generator in Fig. 3 is drawn in Fig. 4.
Relation between and its components in and axes are as
follows:

(1)

where stands for voltage, current, or flux of the th generator.
Active power that flows from the th machine to bus is equal
to

(2)

(3)
(4)

where is the angle between and a common synchronously
rotating reference frame as shown in Fig. 4. and

are generated active power, terminal voltage, open circuit
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Fig. 3. Single-line diagram of the multi-machine.

voltage and internal transient voltage of the th machine. and
are the generator's - and -axis synchronous reactances,
is the reactance of the line located between bus and bus

, and . and are - and
-axis currents and can be written as follows:

(5)
(6)

Linearizing (2)–(4) around the system operating point yields

(7)
(8)
(9)

Coefficients to and to can be easily extracted
from (2)–(6). According to (7)–(9), block diagram of the
SMNB model is as Fig. 5. By comparing block diagrams of
SMNB model, i.e., Fig. 5, and multi-machine model, [17] it
is concluded that inputs and model the impacts of
other generators on the th generator. local electromechanical
oscillation modes of other generators and inter-area modes
affect the th generator through these inputs. These inputs must
be considered in design of controller or stabilizer for the th
generator. The advantages of this model are:
• SMNBmodel is as simple as the SMIB model and does not
need to estimate its parameters as SMIB model.

• The impacts of other parts of the power system on the study
generator including inter-area oscillations and oscillations
caused by electromechanical modes of other generators are
considered in SMNB model through external inputs
and .

• The SMNB model is an appropriate model for designing
PSS based on the MRAC. and are suitable inputs
for applying oscillations to plant model and RM.

• Coefficients to and to can be easily computed
without any estimations.

III. REFERENCE MODEL BASED PSS

A. Reference Model
Consider the SMNB model shown in Fig. 6. Block is an

ideal stabilizer which has been added to SMNB model. The
SMNB model augmented by the ideal stabilizer is considered
as RM for designing PSS. This RM is simple, has explicable
and justifiable treatment, and its damping does not depends on
operating point and frequency of oscillations [20].

Fig. 4. Phasor diagram of the th generator.

Fig. 5. Block diagram of the SMNB model augmented by the proposed stabi-
lizer, which is shown by the red dashed blocks.

Fig. 6. Block diagram of the RM, dashed line shows an ideal stabilizer.

B. Stabilizer Structure
The inputs of the proposed model, i.e., and , are

independent and their oscillations are determined by the rest
of the power system that are not modeled. It is not possible to
locate transfer function of the stabilizer in the path of these
inputs to the plant, since these inputs have high power oscilla-
tions. Hence, it is impossible to use the conventional structure
of MRAC [21]. Therefore, the structure shown in Fig. 7 is
proposed for designing controller. Transfer function

and are determined so that transfer functions of
study machine augmented with the proposed stabilizer, i.e.,

and become equal to the transfer func-
tions of the reference model, i.e., and ,
respectively [20].
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Fig. 7. Block diagram of the proposed structure for controller.

C. PSS's Transfer Functions
1) Reference Model's Transfer Functions: Consider the pro-

posed RM shown in Fig. 6. Suppose . Transfer
functions of the RM can be determined using of Mason's rule
[22] and are as follows:

(10)

(11)

where and
are defined in the Appendix.

2) Stabilizer's Transfer Functions: Based on the block di-
agram of SMNB model augmented by the proposed controller
which is shown in Fig. 5, transfer functions of the plant model
augmented with the controller are as follows:

(12)

(13)

where and are defined in
the Appendix. If numerators and denominators of (12) and (13)
multiply by yields

(14)

(15)

Polynomials and are determined by
equating the transfer functions of the reference model with the
transfer functions of the plant augmented by the proposed sta-
bilizer [20], i.e.,

(16)

A set of sufficient conditions to satisfy the above equalities are
as follows:

(17)
(18)
(19)

where is called the observer polynomial and is chosen
to have well-damped roots and is characteristic
polynomial of the closed-loop system. Hence, roots of are
poles of the closed-loop system. Since plant's response should
track RM's response, the roots of should be located in
the left-hand side of the roots of . In order to equate the
transfer functions of the RM to those of under study machine
augmented with controller, controller's parameters must satisfy
(17)–(19). Suppose is monic of the order . In this case
number of unknown coefficients in (17), (18), and (19) is equal
to considering the realizability conditions. From equating
the coefficients of terms that have the same order in both sides of
(17), (18), and (19), we have equations. Hence should
be equal to 7 to have unique solutions and realizable controllers.
It is not economic to build three controllers of the order 7 for
each machine. To obtain a less order controller the following
procedure is proposed [20]:

i) Considering the fact that the polynomials
and have a zero on origin, i.e.,

and
, (17) and (18) are simplified as fol-

lows:

(20)
(21)

where and are defined in the
Appendix.

ii) The polynomial have two roots. A root at origin
and the other is zero of exciter. If has these roots,
zero-pole cancellation will occur in transfer functions
of the closed-loop system. Since cancellation of a pole
which placed on the origin can arise problems, a root
of is selected so that it cancels out the exciter's
zero, which is located far from origin in the left-hand
side of imaginary axis. Therefore, and are
determined as follows:

(22)

where and are defined in the Appendix. Equations
(19) and (22) yield

(23)

iii) If it is assumed that is a real number, (23) yields

(24)

iv) By selecting different values for and , different
controllers are achieved:
• If , then we have

(25)
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where and are defined in the Appendix. With
this assumption, is not a realizable transfer
function. To make it realizable, a pole is inserted in
its denominator in the left-hand side of the complex
plane far from the origin. This controller is called
reference model based PSS 1 (PSSRMB1). Note that
if the transfer function of exciter is in the form of

instead of ,
then two poles must be inserted in its denominator.

• If and , then we have

(26)

Controller is not realizable in this case
too. To make it realizable, based on the exciter transfer
function one or two pole(s) must be inserted in its de-
nominator as discussed above. This controller is named
reference model based PSS 2 (PSSRMB2). As (25) and
(26) show, there is a unique solution for coefficients of
the PSSRMB1 and PSSRMB2 ignoring the poles that
are inserted to make the controllers realizable.

D. Adaptation Mechanism

Parameters of a controller have to be updated in real time
since the controller is designed based on a specified operating
point. In practice the adaptation mechanism is a processor that
receives local data regarding the operating point of the associ-
ated machine, computes coefficients to and to ,
computes the parameters of PSS, and adjust them. As LFOs are
started, it is impossible to tune the parameters of the controller
based on the difference between the RM output and plant output,
since 1) controller is designed based on a linear reduced order
model and its response may be different with the plant response
in transient states, and 2) tuning parameters in a short time may
lead to oscillation in values of parameters and system instability.
Considering above-mentioned reasons and the fact that power
system operating point changes slowly and can be considered
constant during an LFO, the following procedure is proposed
for adaptation mechanism:
• Coefficients to and to are computed every 10
or 15 min based on the new operating point.

• Coefficients of the controller are computed based on the
computed values of coefficients to and to .

• Coefficients of controller are adjusted.
This adaptation law has two important advantages 1) It does not
require the RM's response, and 2) it does not lead to parameter
oscillation.

E. Sampling Rate

To provide inputs , and for controllers
and , a suitable sampling rate must be

used to compute these inputs. Considering the fact that the
proposed stabilizer is used for damping LFOs there is no
practical limitation for sampling rate, as has been used in
CPSS. Since voltage is a phasor, more attention should be paid
to sampling rate of voltage for computing and .

Fig. 8. Single-machine non-infinite-bus system.

TABLE I
FIRST, SECOND, AND THIRD OPERATING POINTS

IV. SIMULATION AND RESULTS

A. Single-Machine Simulation
In order to assess the performance of the proposed stabi-

lizers, they are applied to the power plant shown in Fig. 8.
The power plant has a 835-MW generator and is connected to
a power system through a (pu) transmission line. The
per-unit data are computed based on 835 MW and 26 KV. The
power plant is simulated using a nonlinear 17th-order model,
ninth-order for generator [23], fourth-order for exciter [24], and
fourth-order for governor [24]. To simulate LFOs, sinusoidal
oscillations are applied to the voltage and voltage angle of the
SMNB model of the test system; see Fig. 5. The applied oscilla-
tion, which models the impact of un-modeled parts of the power
system, continue for one period of oscillations. To assess the
performance of the proposed controllers, case studies are per-
formed under different conditions. Each condition consists of a
specified system's operating point and oscillation's frequency.
Three different system's operating points are given in Table I.
Table II shows different conditions that are used in the following
case studies. Since the controllers are designed based on a linear
model, it is necessary to compute the coefficients to and

to and . These coefficients are given in Table III for
different operating points. In all studies the parameters of the
PSSs, which are designed for operating point 1, are fixed and
no adaptation mechanism is used. The governor is ignored in the
linear model, and the exciter is modeled by a first-order differ-
ential equation. The first-order model of the exciter is obtained
by the model reduction method presented in [25]. Parameters of
the exciter are shown in Table IV.
1) Stabilizer Design: A CPSS is designed to damp the local

electromechanical oscillation mode of the generator based on
the operating point 1 and reduced model of the exciter. The
transfer functions of CPSS are as follows:

(27)

where is the transfer function of the phase compensation
block multiplied to stabilizer gain and is the transfer func-
tion of the wash-out block (see Fig. 1). The proposed controllers,
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TABLE II
CHARACTERISTICS OF TESTS

TABLE III
FIRST, SECOND, AND THIRD OPERATING POINTS

TABLE IV
PARAMETERS VALUES OF EXCITER RELATED TO SINGLE-MACHINE

PSSRMB1 and PSSRMB2 are designed based on the operating
point 1 and reduced order model of exciter. Transfer functions
of PSSRMB1 is as follows:

(28)
Transfer functions of PSSRMB2 is as follows:

(29)

(30)

(31)

where in PSSRMB1 pole and in PSSRMB2 poles
and are inserted to make the stabilizers

realizable. An appropriate PSS is robust against oscillation's fre-
quency, operating points, and existence of harmonics in oscil-
lations. To examine the robustness of the proposed PSSs, the
following studies are performed.
2) Case Study 1: Robustness Against Variation of Oscilla-

tion's Frequency: To determine the robustness of PSSs against

Fig. 9. Rotor angle deviation and angular velocity deviation of nonlinear model
(17th-order) under condition No. 1, i.e., rad/s.

Fig. 10. Rotor angle deviation and angular velocity deviation of nonlinear
model (17th-order) under condition No. 5, i.e., rad/s.

variation in oscillation's frequency, the frequency of oscillations
is changed from 0.5 to 3 Hz. Response of the nonlinear model
of the plant without PSS, with CPSS, with PSSRMB1, and with
PSSRMB2 are computed. Response of the nonlinear model in-
cluding rotor angle and angular velocity under conditions No. 1
and 5 of Table II are depicted in Figs. 9 and 10. Note that CPSS
have designed based on the frequency of local electromechan-
ical oscillation mode and design of PSSRMB1 and PSSRMB2
are independent of frequency of local electromechanical oscilla-
tion mode. Figs. 9 and 10 shows that PSSRMB1, and PSSRMB2
are robust against variation of oscillation's frequency. To have
a more quantitative analysis settling time and first overshoot of
rotor angular velocity for different frequencies, conditions 1 to
5, are shown in Figs. 11 and 12. Settling time is computed based
on the two percent of maximum overshoot. These figures show
that the proposed controllers reduce the settling time and over-
shoot significantly, although PSSRMB1 does not reduce over-
shoot as well as PSSRMB2.
3) Case Study 2: Robustness Against Variation of Operating

Point: To determine robustness of the controllers against
variation of operating points, response of the nonlinear system
is computed under different operating points. Operating points
No. 2 and 3 represent heavy and light load conditions. Re-
sponse of the nonlinear model under conditions No. 6 and 7 of
Table II are depicted in Figs. 13 and 14. Note that all controllers
have been designed based on the operating point No. 1 and
are tested in other operating points without using adaptation
mechanism. The figures show that the proposed controllers are
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Fig. 11. Settling time of rotor angular velocity under conditions No. 1 to 5 in
case study 1.

Fig. 12. First overshoot of rotor angular velocity under conditions No. 1 to 5
in case study 1.

Fig. 13. Rotor angle deviation and angular velocity deviation of nonlinear
model (17th-order) under condition No. 6, i.e., rad/s.

robust against variation of operating point. To have a more
quantitative analysis settling time and first overshoot of rotor
angular velocity for different operating points, conditions 6 to
7, are shown in Figs. 15 and 16. These figures show that the
proposed controllers reduce the settling time and overshoot
significantly, although PSSRMB1 does not reduce overshoot as
well as PSSRMB2.
4) Case Study 3: Robustness Against Existence of Harmonics

in Oscillation: To determine robustness of the controllers
against existence of harmonics in oscillation, an LFO with
three different harmonics as shown in condition No. 8 of
Table II is applied to voltage of the non-infinite bus. Response

Fig. 14. Rotor angle deviation and angular velocity deviation of nonlinear
model (17th-order) under condition No. 7, i.e., rad/s.

Fig. 15. Settling time of rotor angular velocity under conditions No. 6 and 7 in
case study 2.

Fig. 16. First overshoot of rotor angular velocity under conditions No. 6 and 7
in case study 2.

Fig. 17. Rotor angle deviation and angular velocity deviation of nonlinear
model (17th-order) under condition No. 8.

of the nonlinear model under conditions No. 8 are depicted
in Fig. 17. The figures show that the proposed controllers are
robust against variation of operating point.
5) Case Study 4: Robustness Against Un-modeled Dynamics:

The proposed controllers were designed based on the linear
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Fig. 18. Rotor angle deviation and angular velocity deviation of linear model
under condition No. 6, i.e., rad/s.

forth-order model and were tested on the nonlinear 17th-order
model. Figs. 9, 10, 13, 14, and 17 show that the proposed con-
trollers are robust against the un-modeled dynamics.
6) Case Study 5: Comparing PSSRMB1 and PSS Designed

Based on PSO: As the last verification test, performance of
PSSRMB1 is compared with the performance of PSS designed
based on PSO [26]. Response of the linear model under con-
ditions No. 6 are depicted in Fig. 18. The results show that
PSSRMB1 damps the oscillations much better than PSS de-
signed based on the PSO. Note that performance of PSSRMB2
is better than PSSRMB1.
7) Comparing PSSRMB1 and PSSRMB2: PSSRMB1 and

PSSRMB2 can be compared as follows:
1) Order of PSSRMB1 is less than order of PSSRMB2.
2) PSSRMB1 does not need inputs and . Hence,

from the view point of inputs PSSRMB1 is similar to
CPSS. However, despite of CPSS, design of PSSRMB1
is independent of frequency. This is why performance
of PSSRMB1 is better than CPSS and does not lead to
incoordination among PSSs. In fact, a method for de-
signing conventional PSS independent of frequency of
local electromechanical oscillation mode is presented in
this paper.

3) PSSRMB1 reduces settling time of oscillations as well as
PSSRMB2.

4) PSSRMB1 does not reduce first overshoot of oscillations
as well as PSSRMB2.

5) The simulation results show that the magnitude of refer-
ence voltage deviation after adding PSSRMB2 is more
than magnitude of reference voltage deviation after adding
PSSRMB1. High magnitude of the reference voltage de-
viation can be led to saturating of exciter and hence, de-
viation of the controller from its appropriate performance.
This reason may lead to low performance of PSSRMB2 in
practice.

B. Multi-Machine Simulation

In order to assess the performance of the proposed PSSs
in multi-machine power systems, they are applied to the
four-machine two-area system shown in Fig. 19 [27]–[29].
This system has specifically designed to study LFOs in large
interconnected power systems [27]–[29]. Despite its small size,
it mimics very closely the behavior of typical systems in actual
operation [27]–[29]. The system consists of two similar areas

Fig. 19. Benchmark model of a four-machine two-area system [27]–[29].

TABLE V
PARAMETERS VALUES OF TWO-AREA SYSTEM

connected by a weak tie. Each area consists of two similar
coupled units with rating of 900 MVA and 20 kV. Parameters
of the generators are given in Table V in pu on their ratings.
Each step-up transformer has an impedance of pu
on 900-MVA and 20/230-kV base. The nominal voltage of
the transmission system is 230 kV. Parameters of the lines
are given in Table V in pu on 100-MVA, 230-kV base. The
generating units are loaded as shown in Table V. The loads and
reactive power supplied by the shunt capacitors at buses
7 and 9 are given in Table V. Area 1 is exporting 413 MW to
area 2. Since the surge impedance loading of each single line
is about 140 MW [27], the system is somewhat stressed. The
exciter model which is used in this simulation is IEEE type
DC1A exciter model [30]. Its full-order and reduced-order
parameters are given in Table VI. Modal analysis shows three
dominant modes as follow: local mode of area 1 with frequency
of 1.12 Hz, local mode of area 2 with frequency of 1.16 Hz,
and an inter-area mode with frequency of 0.64 Hz.
1) Stabilizer Design: In this section the PSSRMB1 is de-

signed based on the operating point in Table V, computed co-
efficients to and to given in Table VII, and the
reduced order model of exciter given in Table VI. Transfer func-
tions of PSSRMB1 are as follows:
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(32)

To examine the robustness of the proposed PSSRMB1, the fol-
lowing studies are performed.
2) Case Study 1: Performance Comparison and Robustness

Evaluation: To evaluate the robustness of PSSRMB1, it is
compared with three other PSSs named MB-PSS IEEE type
PSS4B [31], conventional synchronous generator's speed de-
viation PSS [27] and conventional accelerating power
deviation PSS. Settings of PSS4B, PSS and
PSS are as [29]. A three-phase fault with
and is applied to bus 12 at s, and after
8 cycles, it is cleared by opening the breaker Brk1 and Brk2.
The simulation results for four different PSSs are shown in
Figs. 20 and 21. Fig. 20 shows that PSSRMB1 damps oscilla-
tions of terminal voltage with smaller overshoot and settling
time than PSS4B. Fig. 21 shows that although PSSRMB1
damps oscillations of rotor speed with smaller first and second
overshoot than PSS4B, it damps the oscillations with larger
third overshoot and settling time than PSSRMB1. Considering
the fact that PSSRMB1 is a simple controller of order 2 and
PSS4B consists of 18 controllers of order 1, PSSRMB1 has
acceptable performance in comparison to PSS4B, conventional

PSS, and conventional PSS.
In this case study, system topology and consequently oper-

ating point change after the fault. All four PSSRMB1 are de-
signed based on the pre-fault operating point and no adaptation
mechanism is used for adjusting the PSSs' parameters after the
fault. Figs. 20 and 21 show that PSSs damp the post-fault oscil-
lations well. This means PSSRMB1 is robust against variation
of operating point.
3) Case Study 2: Coordination Evaluation: To verify that

the proposed RMB1 PSSs do not lead to incoordination, the fol-
lowing tests are performed. a) Electromechanical local mode of
area 1 is excited by adding an oscillation with magnitude of 0.1
pu and frequency of 1.12 Hz to the output power of machine
1 for two cycles. b) Electromechanical local mode of area 2
is excited by adding an oscillation with magnitude of 0.1 pu
and frequency of 1.16 Hz to the output power of machine 3
for two cycles. c) Inter-area mode of the system is excited by
adding an oscillation with magnitude of 0.1 pu and frequency
of 0.64 Hz to the output power of machine 1 for two cycles.
d) An oscillation with magnitude of 0.1 pu and frequency of 2
Hz is added to the output power of machine 1 for two cycles
assuming each machine has a PSSRMB1. The test is repeated
by PSS4B, conventional PSS, and conventional PSS.
Figs. 22 and 23 show the rotor speed of all machines in tests a-c.
Fig. 24 shows rotor speed of machine 1 for different PSSs. As
Figs. 22 and 23 show, no incoordination happens among RMB1
PSSs if a local mode or inter-area mode is excited. Fig. 24 shows
that if the system is excited with frequency 2 Hz, conventional

PSSs and PSSs lead to incoordination. In this case,

TABLE VI
PARAMETERS VALUES OF EXCITER RELATED TO MULTI-MACHINE

TABLE VII
PARAMETERS OF THE GENERATORS 1 TO 4

Fig. 20. Terminal voltage at Bus 1.

Fig. 21. Rotor speed deviation for Generator number 1.

RMB1 PSSs and 4B PSSs keep coordination. Although 4B PSSs
cause less overshoots and settling time in , performance of
RMB1 PSSs are acceptable considering the fact that PSSRMB1
is a simple controller of order 2 and PSS4B consists of 18 con-
trollers of order 1.

V. CONCLUSION
In this paper, a method for designing coordinated PSSs using

MRAC is presented. Two controllers are proposed. The perfor-
mance of the proposed controllers are examined under different
conditions. Design of the controllers is independent of local
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Fig. 22. Rotor speed deviation of machines at tests a and b, respectively.

Fig. 23. Rotor speed deviation of machines at test c.

Fig. 24. Rotor speed of machine 1 with different PSSs.

electromechanical oscillation mode's frequency and hence the
controllers do not lead to incoordination. The simulation results
show that the controllers are robust against variation of oscilla-
tion's frequency, variation of operating points, existence of har-
monics, and un-modeled dynamics. Therefore, these controllers
can be usedwithout using the adaptivemechanism during LFOs.

APPENDIX

The coefficients
, and and the polynomial

, and are as follows:

(b1)

(b2)
(b3)

(b4)

(b5)

(b6)

(b7)

(b8)
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