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Abstract The objective of this work is the coordinated
design of controllers that can enhance damping of power
system swings. With presence of flexible AC transmission
system (FACTS) device as unified power flow controller
(UPFC), three specific classes of the power system
stabilizers (PSSs) have been investigated. The first one is
a conventional power system stabilizer (CPSS); the second
one is a dual-input power system stabilizer (dual-input
PSS); and the third one is an accelerating power PSS model
(PSS2B). Dual-input PSS and PSS2B are introduced to
maintain the robustness of control performance in a wide
range of swing frequency. Uncoordinated PSS and UPFC
damping controller may cause unwanted interactions;
therefore, the simultaneous coordinated tuning of the
controller parameters is needed. The problem of coordi-
nated design is formulated as an optimization problem, and
particle swarm optimization (PSO) algorithm is employed
to search for optimal parameters of controllers. Finally, in a
system having a UPFC, comparative analysis of the results
obtained from application of the dual-input PSS, PSS2B,
and CPSS is presented. The eigenvalue analysis and the
time-domain simulation results show that the dual-input
PSS & UPFC and the PSS2B & UPFC coordination
provide a better performance than the conventional single-
input PSS & UPFC coordination. Also, the PSS2B &
UPFC coordination has the best performance.

Keywords simultaneous coordinated design, unified
power flow controller (UPFC), power swing damping
(PSD), dual-input power system stabilizer

1 Introduction

Power systems contain many modes of swing as a
consequence of interactions of its components, e.g., one
generator rotor swinging relative to another. The frequen-
cies of these swings are usually in the range of 0.2–3 Hz
[1]. There are two electromechanical (EM) modes of
swings to be considered [2]: a) local mode with a
frequency of 0.8–3 Hz, which is related to swing in a
single generator or a group of generators in the same area
against each other; and b) inter area mode with frequency
of 0.2–0.8 Hz, in which the units in one area oscillate
against those in other area. The lack of sufficient damping
could lead to power transfer restrictions and in extreme
cases power system collapse.
Traditionally, the damping of low frequency swings is

provided by putting in a power system stabilizer (PSS)
which uses local measurement signals such as rotor speed
or active power as feedback signals. Among generator
exciter control procedures for stability enhancement [3–5],
PSS-based active power is used as the input signal in
numerous cases. These procedures damp out the local
power swings between generators. With regard to minor
information contained in active power signal, damping of
low frequency power system swings is non-significant by
this procedure. To solve this disadvantage of conventional
PSS, rotor speed deviation is used as the input signal [3,4].
These two signals are gathered after passing through
compensators, and the resultant signal is applied to PSS
that can vastly improve stability. Accelerating power PSS
model (PSS2B) [6] is the other model of the dual-input
stabilizer which uses combinations of power and speed
signals to derive the stabilizing signal. In this type of PSS,
there is no need for a torsional filter in the main stabilizing
path. This eliminates the exciter mode stability problem,
thereby permitting a higher stabilizer gain that results in
better damping of system swings.
Another effective way to damp power system swings is
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the use of flexible AC transmission system (FACTS)
devices, which is a genetic term for a group of technologies
that radically increase the capacity of the transmission
network while maintain or improve voltage stability and
grid reliability. This type of damping control is realized by
adding a supplementary stabilizing signal on the primary
control loops of FACTS devices. In these cases, FACTS
power swing damping (PSD) controllers are effective
solutions, where damping power swing with FACTS
devices is affected through power modulation by a
supplementary damping controller (SDC) and is called a
FACTS device stabilizer (FDS) [7].
Many approaches have been adopted to design the

FACTS controllers. Several approaches based on modern
control theory have been applied to thyristor controlled
series compensation (TCSC) controller design. Chang and
Chow [8] developed a time optimal control strategy for the
TCSC where a performance index of time was minimized.
Heuristic optimization techniques and modified particle
swarm optimization (PSO) have been implemented to
search for the optimum TCSC-based stabilizer parameters
for the purpose of enhancing single-machine infinite bus
(SMIB) system stability [9–11]. A considerable attention
has been directed to the realization of various thyristor
controlled phase shifter (TCPS) schemes. Baker et al. [12]
have developed a control algorithm for static phase shifting
transformer using stochastic optimal control theory, and
Jiang et al. [13] have proposed a static phase shifting
transformer control technique based on nonlinear variable
structure control theory. In the literature, static var
compensators (SVCs) have been applied for enhancing
the stability performance of power systems [14]. Robust
SVC controller based on H1, structured singular value �,
and quantitative feedback theory (QFT) also has been
presented to enhance system damping [15–17]. Research
on the possible damping effect of unified power flow
controller (UPFC), the most versatile FACTS device, has
also been conducted during the recent years. Besides the
works in Refs. [18,19], Dong et al. [20] have proposed a
PI-based approach for the dynamic control of UPFC. In
Ref. [21], a fuzzy logic based damping controller for
UPFC has been developed, and the effectiveness of this
fuzzy controller has been demonstrated in the simulation
results of a two-area four-machine system.

However, uncoordinated local control of FACTS
devices and PSSs may cause unwanted interactions that
further results in the system destabilization. To improve
overall system performance, many researches have been
made on the coordination among conventional PSS and
FACTS PSD controller [22–25]. Some of these methods
are based on the complex nonlinear simulation [22,23], and
the others are linear approaches [24,25].
A comparative analysis between the results from

application of the PSS2B, dual-input PSS, and conven-
tional power system stabilizer (CPSS) in coordination with
the UPFC as a FACTS device is presented in this paper.
The problem of robust output feedback controller
coordinated design is formulated as an optimization
problem and PSO algorithm is employed to search for
optimal parameters of controllers. First, the system
eigenvalues without controllers and then with the proposed
controllers are investigated. It is quite evident from the
results that the system stability is greatly enhanced with the
coordinated design of dual-input PSS & UPFC and PSS2B
& UPFC as the damping ratio of the electromechanical
mode eigenvalue has been greatly improved. In this study,
the nonlinear time-domain simulation is carried out using
MATLAB software to validate the effectiveness of the
proposed controllers. The controllers are simulated and
tested under different operating conditions.

2 Model of power system including UPFC

To design a damping controller by using the proposed
method, an SMIB system has been used in this research.
First, dynamic equations of SMIB system with UPFC are
gained that include the following stages:
� Obtaining the dominant equations of the system.
� Identifying the state variables of the system.
� Calculating the electric parameters in each operating

point.
� Linearizing the dominant equations of the system at

operating point.
Figure 1 shows a typical SMIB system including UPFC

that consists of an excitation transformer (ET), a boosting
transformer (BT), two three-phase GTO-based voltage
source converters, and a DC link capacitor. Installed UPFC

Fig. 1 A single machine connected to infinite bus with UPFC
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is based on PWM converters and the control parameters of
the UPFC are defined as following:
mB: Amplitude modulation ratio related to the series

inverter. With controlling of mB, the amplitude of injected
series voltage and compensator reactive power can be
controlled.
δB: Phase angle of the series inverter that affects the

transfer of active power.
mE: Amplitude modulation ratio related to the parallel

inverter. With controlling of mE, voltage amplitude of
UPFC bus and reactive power of the compensator can be
controlled.
δE: Phase angle of the parallel inverter that sets the DC

voltage related to DC link.
In order to consider the effects of UPFC in damping of

the low-frequency swing (LFS), the dynamic model of the
UPFC is employed, while the resistance and transient of
the transformers of the UPFC can be disregarded. The
equation describing the dynamic performance of the UPFC
can be written as [26]
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The dynamic model of the power system presented in Fig.
1 is [26]
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By combining and linearizing Eqs. (1)–(9), the state
variable equations of the power system equipped with the
UPFC can be represented as

_x ¼ Axþ Bu, (10)
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ΔPe ¼ k1Δδþ k2ΔE#q þ kpdΔVdc þ kpeΔmE

þ kpδeΔδE þ kpbΔmB þ kpδbΔδB, (11)
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ΔVt ¼ k5Δδþ k6ΔE#q þ kvdΔVdc þ kveΔmE

þ kvδeΔδE þ kvbΔmB þ kvδbΔδB, (12)

where ΔmE, ΔmB, ΔδE, and ΔδB are the deviation of input
control signals of the UPFC as explained previously.
Reactive power of the system expressed in d-q

coordinates are obtained as

Qe ¼ Vtditq –Vtqitd: (13)

The voltage equations in d-q coordinates can be written as

Vtq ¼ E#q – x#ditd, (14)

Vtd ¼ xqitq: (15)

Substituting Eqs. (14) and (15) into Eq. (13), we obtain

Qe ¼ ðxqitqÞitq – ðE#q – x#ditdÞitd: (16)

By linearizing Eq. (16), we have

ΔQe ¼ 2xqitqΔitq –ΔE#qitd –E#qΔitd þ 2x#ditdΔitd: (17)

Finally,

ΔQe ¼ k10Δδþ k11ΔE#q þ k12Δvdc þ k13ΔmE

þ k14ΔδE þ k15ΔmB þ k16ΔδB: (18)

3 UPFC damping controller

To produce an electrical torque in phase with the speed
deviation, the damping controller is designed according to
phase compensation method. The four control parameters
of the UPFC (mE, mB, δE, and δB) can be modulated in
order to produce the damping torque. The construction of
UPFC-based damping controller is similar to the PSS
controllers as shown in Fig. 2. It consists of a gain block
with gain G, a washout block with time constant Tω, and a
two-stage phase compensation block with time constant
T1, T2, T3, and T4. The time constant Td represents the finite
delay caused by the firing controls and the natural response
of the UPFC. In order to preserve the power equality
between the series converters and the shunt converters, a

DC link voltage regulator must be united where the DC
voltage regulator is a PI-controller with the proportional
and integral gains as KPDC and KIDC , respectively.

4 Dual-input PSS

Power system stability can be improved by damping the
swing modes with suitably tuned power system stabilizers.
Adequate tuned power system stabilizer will produce a
control signal in phase with generator rotor speed deviation
that causes damping of low frequency swing in participat-
ing generators. The input of PSS can be one of the local
signals as generator speed deviation, accelerating power, or
any other appropriate signal. These stabilizers by using
lead-lag compensator or any other compensator create a
portion of electrical torque in phase with generator rotor
speed deviation. Among generator exciter control proce-
dures for stability enhancement, PSS-based active power
as the input signal is used in numerous cases. These
procedures put down the local power swings between
generators. With regard to the minor information contained
in active power signal, the damping of low frequency
power system swings is non-significant by this procedure.
To solve this disadvantage of conventional PSS, rotor
speed deviation as input signal is used [3,4,27,28]. These
two signals, after crossing of the compensators, are
gathered and the resultant signal is applied to PSS that
can vastly improve stability. Therewith, voltage and
reactive power are employed instead of the speed signal.
Since frequency signal or speed signal can be computed
and detected from the voltage and current; therefore, there
is no need for tools with electromagnetic sensors.
The p +ω input PSS is shown in Fig. 3. p and ω are

generator local signals which are selected as the PSS
inputs. If p input PSS and ω input PSS are optimized
independently and combined to make as p +ω input of
PSS, an unexpected unstable swing mode may occur. In
this paper, the parameters of the p +ω input of PSS with
parameters of the UPFC controller are optimized all
together.
The other model of the dual-input stabilizer described in

IEEE Std 421.5 [6] is PSS2B (as shown in Fig. 4), which
uses combinations of power and speed or frequency to
derive the stabilizing signal. In this type of PSS, in order to
extract a signal proportional to rotor speed deviation, the
following equation is used:

Fig. 2 Structure of UPFC-based damping controller Fig. 3 Dual-input PSS
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Δωeq ¼
1

M
!ðΔPm –ΔPeÞdt: (19)

The objective is to derive the equivalent speed signal
Δωeq so that it does not contain torsional modes. Torsional
modes are weakened in the integral of ΔPe signal. The
problem is to measure the integral of ΔPm free of torsional
modes. In many applications, the ΔPm component is
neglected. This is satisfactory, except when the mechanical
power changes. Under such conditions, a spurious
stabilizer output is produced if ΔPe alone is used as the
stabilizing signal. The integral of mechanical power is
related to shaft speed and electrical power as following:

!ΔPmdt ¼ MΔωþ!ΔPedt: (20)

According to Eq. (20), the integral of mechanical power
change can be acquired by adding signals proportional to
shaft-speed change and integral of electrical power change.
This signal will contain torsional swings unless a filter is
used. In Fig. 4, the ramp-tracking filter is a low-pass filter
as torsional filter. Also, this filter minimizes the PSS output
deviation that occurs when the mechanical power is
changing rapidly.

5 Function optimization

In a typical optimization problem, the aim is to find the
values of controllable parameters determining the behavior
of a system. Numerous implementations of the evolu-
tionary algorithm can be found in the electric power system
[29]. The flexibility of the evolutionary algorithms in
identifying the optimization problem using reasonable
description and objective function has better potential over
the classical optimization techniques. For constituting of
the objective function to obtain the best values of controller
gains and time constants, the mathematical model and the
detailed description of the system are required. In this
paper, to obtain the best values of controller gains and time
constants, the objective function and system constraints are
formulated as follows:

Min f ðGm,TnÞ ¼ af1 þ bf2, (21)

s:t: Gmmin£Gm£Gmmax, Tnmin£Tn£Tnmax,

where

f1 ¼
XN
j¼1

X
�i£�0

ð�0 – �i,jÞ2 and f2 ¼
XN
j¼1

X
�i³�0

ð�0 –�i,jÞ2:

(22)

�i,j and �i,j are the real part and damping ratio of the ith
eigenvalue in the jth operating point. �0 and �0 are the
desired minimum real part and damping ratio to be
achieved. Gm and Tn are the optimization parameters and
f ðGm,TnÞ is the objective function, where m and n are the
total number of gains and time constants, respectively. The
values of a and b are the weight factors for f1 and f2 with
regard to optimal point. In this article, �0, �0, a, and b are
selected as –2, 1, 5, and 10, respectively. N is the total
number of operating points that survey is carried out.
The PSO algorithm is employed to solve this optimiza-

tion problem and search for an optimal set of power
damping controller parameters. It is emphasized that with
this procedure, robust stabilization, which enables to
operate satisfactory over a wide-range of the operating
conditions, is obtained. The optimization of the controller
parameters is carried out by evaluating the objective cost
function as given in Eq. (21) that consists of a multiple of
the operating conditions.
Evolutionary algorithm can be applied to any problem

that can be formulated as Eqs. (21) and (22). Genetic
algorithm (GA) and PSO are counted as the evolutionary
algorithm. Genetic algorithm is a heuristic search to
acquire approximate solution to the optimization problem.
This algorithm uses procedures inspired by evolutionary
biology such as mutation, cross over, and natural selection.
Notwithstanding GA acquires good solutions in hard
search spaces; it has some disadvantages such as the
tendency to converge toward local optima rather than
global optimum of the problem, and it is hard to
implement. PSO is another evolutionary algorithm that
nonlinearity and dimension of the problem are not
considerable in this algorithm. In order to converge to
optimal solution, this algorithm can be accomplished in
search space for solving the optimization problem as
formulated in Eq. (21). Numerous evolutionary algorithm

Fig. 4 PSS2B
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applications, for parameter assessment to improve opera-
tion, can be found in electric power system publications
[30–32]. Due to the following advantages of PSO, this
algorithm has earned intensified attention among all
optimization algorithms:
� It has the aptitude to escape local minima.
� Unlike other methods, it has a few parameters to

adjust.
� It is comfortably implemented in computer coding.
� To start the iteration, it does not require to accurate

initial solution.
�With almost any objective function, i.e., continuous or

non-continuous, convex or non-convex, it can be used.
� It has more effective memory capability (local and

neighboring best).
A detailed survey on PSO implementation in the large

scale power system has been reviewed by Alrashidi and El-
Hawary [33]. Furthermore, a comprehensive overview of
PSO techniques and different applications in the electric
power system are covered by del Valle et al. [34].

6 PSO algorithm

PSO algorithm is based on social behavior of birds. This
method is proposed by Kennedy and Eberhart [35]. The
main objective of their research is mathematical simulating
the behavior of bird flocks. The objective is to find optimal
areas in a complex search space with reciprocal action
between populations of particles. Each individual of the
population has an adoptable velocity (position change)
related to particle movement in the search space. More-
over, each individual has a memory remembering the best
position of the search space that it has met. Its movement is
an accumulated acceleration toward its best previously
visited position. Another best value that is traced by PSO is
the best value earned so far by any particle in the
neighborhood of the particle. The main idea is to modify
the position and velocity of each particle toward the global
best (gbest) position at each time stage. After the number of
iterations, the particles among populations have been
amassed around one or more of the optimal and tend to find
the global optimal among all. In a system with given size
and constraints, the solution is assumed to lie in the range
of an N-dimensional space, where each potential solution is
called a particle.
Stages of PSO algorithm is given as following:
Step 1 Initialize each particle with random solution in

the problem sphere (initialization).
Step 2 Evaluate objective function for each particle.
Step 3 Calculate objective function and contrast it

with its best particle (Pbest). If the present value of the
objective function is better than the Pbest, then set the value
as the Pbest and the present position of the particle.
Step 4 The particle that has the best objective function

value is distinguished among all the best particles. The

value of objective function is assigned as gbest with its new
position.
Step 5 For each particle, update the velocity vector

and then the position vector according to

vkþ1
i ¼ ωvki þ c1r1ðPk

id – x
k
idÞ þ c2r2ðPk

gd – x
k
gdÞ, (23)

xkþ1
id ¼ xkid þ cvkþ1

id : (24)

The ith particle, the value of the competence for particle i,
and the velocity of particle i is delineated as
Xi ¼ ðxi1,xi2,:::,xiDÞ, Pi ¼ ðpi1,pi2,:::,piDÞ, and Vi ¼
ðvi1,vi2,:::,viDÞ, sequentially. Pid and Pgd are Pbest and gbest.
The positive constants c1 and c2 are the cognitive and
social components that are the acceleration constants liable
for modifying the particle velocity towards Pbest and gbest,
respectively. Variables r1($) and r2($) are two random
functions that generate uniformly distributed random
numbers. The inertia weight ω creates a balance state
between global search and local search; therefore, it
decreases the number of iterations.
Step 6 Repeat Steps 2–5 until stopping criteria are

met. These criteria are maximum iteration and minimum
error criteria.

7 Controllability measurement

Singular value decomposition (SVD) is used to measure
the ability of EMmode control with an input control signal
[36]. SVD produces a diametrical matrix with dimension X
where elements on the main diagonal of the matrix are non-
negative and decreasing. Also, two matrices U and V are
produced in which

x ¼ USV : (25)

For using of SVD in Matlab software, the follow equation
is employed:

½U ,S,V � ¼ svdðxÞ, (26)

where S ¼ svdðxÞ gives the vector included singular value.
Matrix B is introduced as B ¼ b1 b2 b3 b4 b5½ �,
where column bi is related to the ith input. The smallest
singular value δmin related to matrix liI –A bi½ � shows
the ability of the ith input for being controlled by l. In fact,
greater δmin is denoted as more capable of EM mode
controllability. Therefore, we can find the value of EM
mode controllability for the input that system has the
greatest value of controllability. To measure the ability of
EM mode control for each of the five inputs uPSS , mE, δE,
mB, and δB, the value of δmin is obtained over a wide range
of operating conditions. For SVD analysis, as shown in
Figs. 5–7, Pe changes from 0.05 to 1.4 and Qe changes
from –0.4 to 0.4. From these figures, it can be observed that
the controllability of the different inputs of UPFC and PSS
is increased with Pe increasing, and the controllability via
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δE is always higher than that of any other input.

8 Simulation results

By using the linearized power system model and PSO
algorithm, interactions among UPFC damping controller

and dual-input PSS controller are considered, and the
controller parameters are optimized simultaneously to
achieve a global optimal damping behaviour. The
eigenvalue analysis and the nonlinear time-domain
simulation are used to validate the effectiveness of the
proposed controller.

8.1 Dominant eigenvalues

The eigenvalue analysis can be a quantitative method to
evaluate the dynamic stability of power system in figure of
damping ratio and damping constant or other stability
measurement indices. In order to obtain robust controllers
for SMIB system with data given in the Appendix, three
different operating points representing light, nominal, and
heavy (as given in Table 1) are taken into account in the
design process. Figure 8 shows the convergence rate of the
objective function where the various coordinated con-
trollers have been optimized. It can be easily seen that the
PSS2B & UPFC controller has been adjusted with the
smallest cost value in comparison with other designs. This
means that damping effect of the PSS2B & UPFC
coordination may be the best.
The detailed controller parameters are given in Table 2.

Also, at the three operating points, such as nominal, light,
and heavy given in Table 1, the system eigenvalues for
both cases, without and with the proposed stabilizers with
� < 1, are given in Table 3. This table clearly demonstrates
the effectiveness of the dual-input PSS and PSS2B
coordination with UPFC in enhancing of system stability.
After the coordinated tuning of dual-input PSS & UPFC
and PSS2B & UPFC controllers, electromechanical modes
of swings are well damped. The results show the

Fig. 5 Minimum singular value with all stabilizers at Qe =
–0.4 p.u.

Fig. 6 Minimum singular value with all stabilizers at Qe =
0.0 p.u.

Fig. 7 Minimum singular value with all stabilizers at Qe =
0.4 p.u.

Table 1 Loading conditions

loading Pe/p.u. Qe/p.u.

nominal 0.8 0.167

heavy 1.2 0.4

light 0.2 0.01

Fig. 8 Profiles of objective function
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improvement in damping of overall power swings in the
system for which all the damping ratios are more than
50%.

8.2 Nonlinear simulation results

In order to illustrate the performance of the proposed
controllers, simulation studies using MATLAB/Simulink
are carried out as shown in Fig. 9 and is verified by
applying a three-phase fault of 100 ms duration at the
infinite bus in the test system at t = 1 s. To evaluate the
performance of the proposed controllers, the responses of
the coordinated tuning of the dual-input PSS & UPFC
damping controller and PSS2B & UPFC damping
controller are compared with the response of the
coordinated tuning of the CPSS & UPFC damping
controller. Figures 10 and 11 show the speed deviation
and power deviation for the three loading conditions. It is
clear from these figures that, the simultaneous design of the
dual-input PSS & UPFC and PSS2B & UPFC damping
controllers significantly improve the stability performance
of the test power system, and low frequency swings are
well damped out and the PSS2B & UPFC controller has
the best performance.

9 Conclusion

The power system stability enhancement via coordination
between dual-input PSS and FACTS-based stabilizers has
been discussed and investigated for an SMIB system. Also,
a comparative performance study of a single-input PSS,
dual-input PSS, and PSS2B coordination with UPFC has
been carried out to appreciate the effectiveness of dual-
input PSS and PSS2B in contrast to CPSS. For the
proposed controllers design problem, an objective function
to minimize the power system swing has been used. Then,
particle swarm optimization algorithm has been employed
to optimally and coordinately tune the controller para-
meters. Simulation results have been presented for various
loading conditions and disturbances to show the effective-
ness of the proposed coordinated design. The proposed
controllers are robust to fault in different operating
conditions and generate appropriate stabilizing output
control signals to improve stability. The simulation results
show that the dual-input PSS & UPFC and PSS2B &
UPFC coordination can more effectively damp the system
swings under different operation conditions than the
conventional single-input PSS & UPFC coordination.
Also, the PSS2B & UPFC coordination has the best
performance.

Table 2 Optimal parameters and settings of the proposed controllers

controller
parameters

coordinated design coordinated design coordinated design

CPSS UPFC
dual-input PSS

UPFC PSS2B UPFC
ω input P input

G 100 7.1440 0.2690 0.1505 –17.5212 2.0069 8.4627

T1 0.6324 0.2785 0.0646 0.8147 0.05 1.4940 0.4854

T2 1.0073 0.8183 0.05 0.9058 1.0568 0.1576 0.8003

T3 1.3639 0.5469 0.9575 0.1270 0.9649 0.9706 0.1419

T4 0.975 1.0924 0.05 0.9134 0.9054 0.9572 0.4446

Table 3 Eigenvalues and damping ratios of power system before and after the coordinated tuning with � < 1

nominal heavy light

eigenvalue damping ratio eigenvalue damping ratio eigenvalue damping ratio

without PSS, dual-
input PSS and UPFC

0.0773�i6.56
–0.179�i0.66

–0.0118
0.2609

0.0775�i6.37
–0.311�i0.82

–0.0122
0.3546

0.0713�i6.5243 –0.0109

CPSS & UPFC –2�i2.65
–1.87�i2.13
–1.77�i1.37

0.6019
0.6596
0.7922

–2.74�i4.06
–1.5�i0.84
–1.18�i0.53
–1.07�i0.36

0.5593
0.8715
0.9115
0.9477

–1.99�i5.73
–1.59�i1.1

0.3277
0.8223

dual-input PSS &
UPFC

–1.264�i5.25
–6.6�i1.55
–0.95�i0.11

0.9234
0.9736
0.9936

–9.45�i6.54
–3.15�i1.70
–11.93�i3.41
–0.95�i0.11

0.8221
0.8804
0.9614
0.9936

–5.35�i5.62
–4.63�i3.05
–0.79�i0.49

0.6896
0.8355
0.8512

PSS2B & UPFC –12.64�5.25i
–6.82�1.38i
–0.95 – 0.11i
–5.13�0.25i

0.9235
0.9802
0.9938
0.9988

–10.30�5.72i
–7.77�3.05i
–0.95�0.11i

0.8741
0.9310
0.9937

–2.98�2.98i
–8.68�6.43i
–12.85�4.51i

0.7073
0.8036
0.9435
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Fig. 9 Nonlinear simulation of test system

Fig. 10 Dynamic responses for speed deviation at (a) nominal, (b) heavy, and (c) light loading conditions. Solid line: PSS2B & UPFC,
dashed line: dual-input PSS & UPFC, dotted line: CPSS & UPFC

Fig. 11 Dynamic responses for active power deviation at (a) nominal, (b) heavy, and (c) light loading conditions. Solid line: PSS2B &
UPFC, dashed line: dual-input PSS & UPFC, dotted line: CPSS & UPFC
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Appendix A

SMIB system data:
� Machine: H = 6.5; T#do ¼ 8:0  s; D = 0; x#d ¼ 0:3;

xq ¼ 0:6; xd ¼ 1:8; f = 60; v = 1.05.
� Exciter: kA = 20; TA = 0.05.
� Dual-input PSS: Tw = 10; Timin = 0.05; Timax = 1.5; i =

1, 2, 3, 4; Gmin = – 100; Gmax = 100; Td = 0.01.
� PSS2B: Tw1 = 10; Tw2 = 10; Tw3 = 10; Tw4 = 0; T6 = 0;

T7 = 10; Ks3 = 1; Ks2 = T7/H; M = 5; N = 1.
� Transmission line: xtE = 0.1; xBV = 0.6.
� UPFC: xE = 0.1; xB = 0.1; Ks = 1; Ts = 0.05; CDC = 3;

KPDC ¼ – 11; KIDC ¼ 0; Vdc = 2; mEmin = 0; mEmax = 2;
mBmin = 0; mBmax = 2; Tw = 10; Td = 0.01; Timin = 0.05;
Timax = 1.5; Gmin = –100; Gmax = 100; i = 1, 2, 3, 4.
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