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In this paper, a novel method for the design of output feedback controller for unified power flow control-
ler (UPFC) is developed. The selection of the output feedback gains for the UPFC controllers is converted
to an optimization problem with the time domain-based objective function which is solved by a particle
swarm optimization technique (PSO) that has a strong ability to find the most optimistic results. Only
local and available state variables are adopted as the input signals of each controller for the decentralized
design. Thus, structure of the designed UPFC controller is simple and easy to implement. To ensure the
robustness of the proposed stabilizers, the design process takes into account a wide range of operating
conditions and system configurations. The effectiveness of the proposed controller for damping low fre-
quency oscillations is tested and demonstrated through nonlinear time-domain simulation and some
performance indices studies. The results analysis reveals that the designed PSO-based output feedback
UPFC damping controller has an excellent capability in damping power system low frequency oscillations
and enhance greatly the dynamic stability of the power systems. Moreover, the system performance anal-
ysis under different operating conditions show that the dE based controller is superior to both the mB

based controller and conventional power system stablizer.
� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

As power demand grows rapidly and expansion in transmission
and generation is restricted with the limited availability of re-
sources and the strict environmental constraints, power systems
are today much more loaded than before. This causes the power
systems to be operated near their stability limits. In addition, inter-
connection between remotely located power systems gives rise to
low frequency oscillations in the range of 0.2–3.0 Hz. If not well
damped, these oscillations may keep growing in magnitude until
loss of synchronism results [1,2]. In order to damp these power
system oscillations and increase system oscillations stability, the
installation of power system stabilizer (PSS) is both economical
and effective. PSSs have been used for many years to add damping
to electromechanical oscillations. However, PSSs suffer a drawback
of being liable to cause great variations in the voltage profile and
they may even result in leading power factor operation and losing
system stability under severe disturbances, especially those three-
phase faults which may occur at the generator terminals [3].
ll rights reserved.
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In recent years, the fast progress in the field of power electron-
ics had opened new opportunities for the application of the FACTS
devices as one of the most effective ways to improve power system
operation controllability and power transfer limits [1–4]. Through
the modulation of bus voltage, phase shift between buses, and
transmission line reactance, FACTS devices can cause a substantial
increase in power transfer limits during steady-state. Because of
the extremely fast control action associated with FACTS-device
operations, they have been very promising candidates for utiliza-
tion in power system damping enhancement. It has been observed
that utilizing a feedback supplementary control, in addition to the
FACTS-device primary control, can considerably improve system
damping and can also improve system voltage profile, which is
advantageous over PSSs.

The unified power flow controller (UPFC) is regarded as one of
the most versatile devices in the FACTS-device family [5,6] which
has the ability to control of the power flow in the transmission line,
improve the transient stability, mitigate system oscillation and
provide voltage support. It performs this through the control of
the in-phase voltage, quadrate voltage and shunts compensation
due to its mains control strategy [1,4]. The application of the UPFC
to the modern power system can therefore lead to the more
flexible, secure and economic operation [7]. When the UPFC is
applied to the interconnected power systems, it can also provide
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significant damping effect on tie line power oscillation through its
supplementary control.

Several trials have been reported in the literature to dynamic
models of UPFC in order to design suitable controllers for power
flow, voltage and damping controls [8]. Nabavi-Niaki and Iravani
[9] developed a steady-state model, a small-signal linearized dy-
namic model, and a state-space large-signal model of a UPFC.
Wang [10–12] presents the establishment of the linearized Phil-
lips–Heffron model of a power system installed with a UPFC. Wang
has not presented a systematic approach for designing the damp-
ing controllers. Further, no effort seems to have been made to iden-
tify the most suitable UPFC control parameter, in order to arrive at
a robust damping controller. Wang and Swift [13] developed a no-
vel unified Phillips–Heffron model for a power system equipped
with a SVC, a TCSC and a TCPS. Damping torque coefficient analysis
has been performed based on the proposed model to study the ef-
fect of FACTS controllers damping for different loading conditions.
Huang et al. [14] attempted to design a conventional fixed-param-
eter lead-lag controller for a UPFC installed in the tie line of a two-
area system to damp the inter-area mode of oscillations.

An industrial process, such as a power system, contains different
kinds of uncertainties due to continuous load changes or parame-
ters drift due to power systems highly nonlinear and stochastic
operating nature. Consequently, a fixed-parameter controller based
on the classical control theory is not certainly suitable for the UPFC
damping control design. Thus, it is required that a flexible controller
be developed. Some authors suggested neural networks method
[15] and robust control methodologies [7,16] to cope with system
uncertainties to enhance the system damping performance using
the UPFC. However, the parameters adjustments of these control-
lers need some trial and error. Also, although using the robust con-
trol methods, the uncertainties are directly introduced to the
synthesis, but due to the large model order of power systems the or-
der resulting controller will be very large in general, which is not
feasible because of the computational economical difficulties in
implementing. Some authors used fuzzy logic based damping con-
trol strategy for TCSC, UPFC and SVC in a multi-machine power sys-
tem [17–19]. The damping control strategy employs non-optimal
fuzzy logic controllers that is why the system’s response settling
time is unbearable. Moreover, the initial parameters adjustment
of this type of controller needs some trial and error. Khon and Lo
[20] used a fuzzy damping controller designed by micro Genetic
Algorithm (GA) for TCSC and UPFC to improve powers system low
frequency oscillations. The proposed method may have not enough
robustness due to its simplicity against the different kinds of uncer-
tainties and disturbances. Mok et al. [21] applied a GA-based Pro-
portional–Integral (PI) type fuzzy controller for UPFC to enhance
power system damping. Although, the fuzzy PI controller is simpler
and more applicable to remove the steady state error, it is known to
give poor performance in the system transient response.

In general, for the simplicity of practical implementation of the
controllers, decentralized output feedback control with feedback
signals available at the location of the each controlled device is
most favorable. Methods for the selection of the TCSC installation
locations and the output feedback signals have been developed
and reported in [22,23]. In this paper, PSO technique is used for
optimal tuning of output feedback gains for the UPFC controllers
to improve optimization synthesis and the speed of algorithms
convergence. PSO is a novel population based metaheuristic, which
utilize the swarm intelligence generated by the cooperation and
competition between the particle in a swarm and has emerged as
a useful tool for engineering optimization. Unlike the other heuris-
tic techniques, it has a flexible and well-balanced mechanism to
enhance the global and local exploration abilities. Also, it suffices
to specify the objective function and to place finite bounds on
the optimized parameters.
A new approach for the optimal decentralized design of output
feedback gains for the UPFC damping controller is investigated in
this paper. A performance index is defined based on the system
dynamics after an impulse disturbance alternately occurs in sys-
tem and it is organized for a wide range of operating conditions
and used to form the objective function of the design problem.
The problem of robust output feedback controller design is formu-
lated as an optimization problem and PSO technique is used to
solve it. The proposed design process for controller with the output
feedback scheme is applied to a single-machine infinite-bus power
system. Since only local and available states (Dx and DVt) are used
as the inputs of each controller, the optimal decentralized design of
controller can be accomplished. The effectiveness of the proposed
controller is demonstrated through nonlinear time-domain simu-
lation studies and some performance indices to damp low fre-
quency oscillations under different operating conditions. Results
evaluation show that the proposed output feedback UPFC damping
controller achieves good robust performance for a wide range of
operating conditions and disturbances.
2. PSO technique

Particle swarm optimization algorithm, which is tailored for
optimizing difficult numerical functions and based on metaphor
of human social interaction, is capable of mimicking the ability
of human societies to process knowledge [25]. It has roots in two
main component methodologies: artificial life (such as bird flock-
ing, fish schooling and swarming); and, evolutionary computation.
Its key concept is that potential solutions are flown through hyper-
space and are accelerated towards better or more optimum solu-
tions. Its paradigm can be implemented in simple form of
computer codes and is computationally inexpensive in terms of
both memory requirements and speed. It lies somewhere in be-
tween evolutionary programming and the genetic algorithms. As
in evolutionary computation paradigms, the concept of fitness is
employed and candidate solutions to the problem are termed par-
ticles or sometimes individuals, each of which adjusts its flying
based on the flying experiences of both itself and its companion.
It keeps track of its coordinates in hyperspace which are associated
with its previous best fitness solution, and also of its counterpart
corresponding to the overall best value acquired thus far by any
other particle in the population. Vectors are taken as presentation
of particles since most optimization problems are convenient for
such variable presentations. In fact, the fundamental principles of
swarm intelligence are adaptability, diverse response, proximity,
quality, and stability. It is adaptive corresponding to the change
of the best group value. The allocation of responses between the
individual and group values ensures a diversity of response. The
higher dimensional space calculations of the PSO concept are per-
formed over a series of time steps. The population is responding to
the quality factors of the previous best individual values and the
previous best group values. The principle of stability is adhered
to since the population changes its state if and only if the best
group value changes. As it is reported in [26], this optimization
technique can be used to solve many of the same kinds of problems
as GA, and does not suffer from some of GAs difficulties. It has also
been found to be robust in solving problem featuring non-linearity,
non-differentiability and high-dimensionality. PSO is the search
method to improve the speed of convergence and find the global
optimum value of fitness function.

PSO starts with a population of random solutions ‘‘particles’’ in
a D-dimension space. The ith particle is represented by Xi = (xi1, xi2,
. . . , xiD). Each particle keeps track of its coordinates in hyperspace,
which are associated with the fittest solution it has achieved so far.
The value of the fitness for particle i (pbest) is also stored as



Fig. 2. SMIB power system equipped with UPFC.
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Pi = (pi1, pi2, . . . , piD). The global version of the PSO keeps track of
the overall best value (gbest), and its location, obtained thus far
by any particle in the population. PSO consists of, at each step,
changing the velocity of each particle toward its pbest and gbest
according to Eq. (1). The velocity of particle i is represented as
Vi = (vi1, vi2, . . ., viD). Acceleration is weighted by a random term,
with separate random numbers being generated for acceleration
toward pbest and gbest. The position of the ith particle is then up-
dated according to Eq. (2) [25,26].

v id ¼ w� v id þ c1 � randðÞ � ðPid � xidÞ þ c2 � randðÞ � ðPgd � xidÞ
ð1Þ

xid ¼ xid þ cv id ð2Þ

where Pid and Pgd are pbest and gbest. Several modifications have
been proposed in the literature to improve the PSO algorithm speed
and convergence toward the global minimum. One modification is
to introduce a local-oriented paradigm (lbest) with different neigh-
borhoods. It is concluded that gbest version performs best in terms
of median number of iterations to converge. However, Pbest version
with neighborhoods of two is most resistant to local minima. PSO
algorithm is further improved via using a time decreasing inertia
weight, which leads to a reduction in the number of iterations
[24]. Fig. 1 shows the flowchart of the proposed PSO algorithm.

This new approach features many advantages; it is simple, fast
and easy to be coded. Also, its memory storage requirement is min-
imal. Moreover, this approach is advantageous over evolutionary
and genetic algorithms in many ways. First, PSO has memory. That
is, every particle remembers its best solution (local best) as well as
the group best solution (global best). Another advantage of PSO is
that the initial population of the PSO is maintained, and so there is
no need for applying operators to the population, a process that is
time and memory-storage-consuming. In addition, PSO is based on
‘‘constructive cooperation” between particles, in contrast with the
genetic algorithms, which are based on ‘‘the survival of the fittest”.
3. Description of case study system

Fig. 2 shows a single-machine infinite-bus (SMIB) power system
equipped with a UPFC. The synchronous generator is delivering
power to the infinite-bus through a double circuit transmission
line and a UPFC. The UPFC consists of an excitation transformer
Evaluate the fitness of each particle 

Optimal value of the damping controller parameters 

Satisfying 
stopping 
criterion

Update pbest and gbest

End

No

Yes

Fig. 1. Flowchart of the pro
(ET), a boosting transformer (BT), two three-phase GTO based volt-
age source converters (VSCs), and a DC link capacitors. The four in-
put control signals to the UPFC are mE, mB, dE, and dB, where, mE is
the excitation amplitude modulation ratio, mB is the boosting
amplitude modulation ratio, dE is the excitation phase angle and
dB is the boosting phase angle.

3.1. Power system nonlinear model with UPFC

The dynamic model of the UPFC is required in order to study the
effect of the UPFC for enhancing the small-signal stability of the
power system. The system data is given in the Appendix A. By
applying Park’s transformation and neglecting the resistance and
transients of the ET and BT transformers, the UPFC can be modeled
as [10–12]:

vEtd
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� �
¼
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iEd
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þ
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where vEt, iE, vBt, and iB are the excitation voltage, excitation current,
boosting voltage, and boosting current, respectively; Cdc and vdc are
the DC link capacitance and voltage. The nonlinear model of the
SMIB system as shown in Fig. 2 is described by [1]:
Start

Select parameters of PSO:
N, C1, C2, C and w

Generate the randomly positions 
and velocities of particles

Initialize, pbest with a copy of the 
position for particle, determine gbest

Update velocities and positions 
according to Eqs. (1, 2)

posed PSO technique.
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_d ¼ x0ðx� 1Þ ð6Þ
_x ¼ ðPm � Pe � DDxÞ=M ð7Þ
_E0q ¼ ð�Eq þ EfdÞ=T 0do ð8Þ
_Efd ¼ ð�Efd þ KaðVref � VtÞÞ=Ta ð9Þ

where,

Pe ¼ VtdItd þ VtqItq; Eq ¼ E0qe þ ðXd � X 0dÞItd;

Vt ¼ Vtd þ jVtq; Vtd ¼ XqItq; Vtq ¼ E0q � X0dItd;

Itd ¼ Itld þ IEd þ IBd; Itq ¼ Itlq þ IEq þ IBq

From Fig. 2. we can have:

�v t ¼ jxtEð�iB þ�iEÞ þ �vEt ð10Þ
�vEt ¼ �vBt þ jxBV

�iB þ �vb ð11Þ

v td þ jv tq ¼ xqðiEq þ iBqÞ þ jðE0q � x0dðiEd þ iBdÞÞ
¼ jxtEðiEd þ iBd þ jðiEq þ iBqÞÞ þ vEtd þ jvEtq ð12Þ

where it and vb, are the armature current and infinite-bus voltage,
respectively. From the above equations, we can obtain:
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where,

xq
P ¼ xq þ xT þ xE

� �
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xL

2

� 	
þ xE xq þ xT

� �
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2
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2
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xL

2

xE, xB, xd, x0d and xq are the ET, BT reactance, d-axis reactance, d-axis
transient reactance, and q-axis reactance, respectively.

3.2. Power system linearized model

A linear dynamic model is obtained by linearizing the nonlinear
model round an operating condition. The linearized model of
power system as shown in Fig. 2 is given as follows:

D _d ¼ x0Dx ð17Þ
D _x ¼ ð�DPe � DDxÞ=M ð18Þ
_E0q ¼ ð�DEq þ DEfdÞ=T 0do ð19Þ
D _Efd ¼ ðKAðDv ref � DvÞ � DEfdÞ=TA ð20Þ

D _vdc ¼ K7Ddþ K8DE0q � K9Dvdc þ KceDmE þ KcdeDdE

þ KcbDmB þ KcdbDdB ð21Þ

DPe ¼ K1Ddþ K2DE0q þ KpdDvdc þ KpeDmE þ KpdeDdE

þ KpbDmB þ KpdbDdB ð22Þ

DE0q ¼ K4Ddþ K3DE0q þ KqdDvdc þ KqeDmE þ KqdeDdE

þ KqbDmB þ KqdbDdB ð23Þ

DVt ¼ K5Ddþ K6DE0q þ KvdDvdc þ KveDmE þ KvdeDdE

þ KvbDmB þ KvdbDdB ð24Þ

K1, K2, . . . , K9, Kpu, Kqu and Kvu are linearization constants. The state-
space model of power system is given by:

_x ¼ Axþ Bu ð25Þ

where the state vector x, control vector u, A and B are:

x ¼ Dd Dx DE0q DEfd Dvdc

 �

; u ¼ DmE DdE DmB DdB½ �T

A ¼

0 w0 0 0 0

� K1
M 0 � K2

M 0 � Kpd

M

� K4
T 0do
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T 0do

1
T 0do

� Kqd

T 0do

� KAK5
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0 � KAK6
TA

� 1
TA
� KAKvd

TA

K7 0 K8 0 �K9

2
66666664

3
77777775

;

B ¼

0 0 0 0
� Kpe

M � Kpde

M � Kpb

M � Kpdb

M

� Kqe

T 0do
� Kqde

T 0do
� Kqb

T 0do
� Kqdb

T 0do

� KAKvc
TA

� KAKvde
TA

� KAKvb
TA

� KAKvdb
TA

Kce Kcde Kcb Kcdb

2
66666664

3
77777775

The block diagram of the linearized dynamic model of the SMIB
power system with UPFC is shown in Fig. 3.

3.3. PSO-based output feedback controller design

A power system can be described by a linear time invariant (LTI)
state-space model as follows [28]:

_x ¼ Axþ Bu

y ¼ Cx
ð26Þ

where x, y and u denote the system linearized state, output and in-
put variable vectors, respectively. A, B and C are constant matrixes
with appropriate dimensions which are dependent on the operating
point of the system. The eigenvalues of the state matrix A that are
called the system modes define the stability of the system when
it is affected by a small interruption. As long as all eigenvalues have
negative real parts, the power system is stable when it is subjected
to a small disturbance. If one of these modes has a positive real part
the system is unstable. In this case, using either the output or the
state feedback controller can move the unstable mode to the left-
hand side of the complex plane in the area of the negative real parts.
An output feedback controller has the following structures:

u ¼ �Ky ð27Þ

Substituting (27) into (26) the resulting state equation is:
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Table 1
The optimal parameter settings of the proposed controllers.

Controller K1 K2

PSS 118.05 0.5112
mB 115.14 3.127
dE 60.18 0.31
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_x ¼ ACx ð28Þ

where Ac is the closed-loop state matrix and is given by

AC ¼ A� BKC ð29Þ

By properly choosing the feedback gain K, the eigenvalues of
closed-loop matrix Ac are moved to the left-hand side of the com-
plex plane and the desired performance of controller can be
achieved. The output feedback signals can be selected by using
mode observability analysis [22,23]. Once the output feedback sig-
nals are selected, only the selected signals are used in forming Eq.
(26). Thus, the remaining problem in the design of output feedback
controller is the selection of K to achieve the required objectives.
The control objective is to increase the damping of the critical
modes to the desired level. It should be noted that the four control
parameters of the UPFC (mB, mE, dB and dE) can be modulated in or-
der to produce the damping torque. In this paper, dE and mB are
modulated in order to damping controller design and are com-
pared with the classical PSS. The proposed controller must be able
to work well under all the operating conditions where the
improvement in damping of the critical modes is necessary. Since
the selection of the output feedback gains for mentioned UPFC
based damping controller is a complex optimization problem.
Thus, to acquire an optimal combination, this paper employs PSO
[26] to improve optimization synthesis and find the global opti-
mum value of objective function. A performance index based on
the system dynamics after an impulse disturbance alternately oc-
curs in the system is organized and used to form the objective
function of the design problem. In this study, an Integral of Time
multiplied Absolute value of the Error (ITAE) is taken as the objec-
tive function. Since the operating conditions in power systems are
often varied, a performance index for a wide range of operating
points is defined as follows:

J ¼
XNp

i¼1

Z tsim

0
tjDxijdt ð30Þ

where tsim is the time range of simulation and NP is the total number
of operating points for which the optimization is carried out. For
objective function calculation, the time-domain simulation of the
power system model is carried out for the simulation period. It is
aimed to minimize this objective function in order to improve the
system response in terms of the settling time and overshoots. The
design problem can be formulated as the following constrained
optimization problem, where the constraints are the controller
parameters bounds [25]:

Minimize J subject to:

Kmin
1 6 K1 6 Kmax

1

Kmin
2 6 K2 6 Kmax

2

ð31Þ

Typical ranges of the optimized parameters are [0.01–150] for
K1 and [0.01–10] for K2. The proposed approach employs PSO algo-
rithm to solve this optimization problem and search for an optimal
set of output feedback controller parameters. The optimization of
UPFC controller parameters is carried out by evaluating the objec-
tive cost function as given in Eq. (31), which considers a multiple of
operating conditions. The operating conditions are considered as:

� Base case: P = 0.80 pu, Q = 0.114 pu and XL = 0.3 pu.
� Case 1: P = 0.2 pu, Q = 0.01 and XL = 0.3 pu.
� Case 2: P = 1.20 pu, Q = 0.4 and XL = 0.3 pu.
� Case 3: P = 0.80 pu, Q = 0.114 pu and XL = 0.6 pu.
� Case 4: P = 1.20 pu, Q = 0.4 and XL = 0.6 pu.

In this work, in order to acquire better performance, number of
particle, particle size, number of iteration, c1, c2, and c is chosen as
30, 2, 50, 2, 2 and 1, respectively. Also, the inertia weight, w, is lin-
early decreasing from 0.9 to 0.4. It should be noted that PSO algo-
rithm is run several times and then optimal set of output feedback
gains for the UPFC controllers is selected. The final values of the
optimized parameters are given in Table 1.

4. Nonlinear time-domain simulation

To assess the effectiveness and robustness of the proposed con-
troller, simulation studies are carried out for various fault distur-
bances and fault clearing sequences for two scenarios.
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dotted (without controller).
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4.1. Scenario 1

In this scenario, the performance of the proposed controller un-
der transient conditions is verified by applying a 6-cycle three-
phase fault at t = 1 s, at the middle of the one transmission line.
The fault is cleared by permanent tripping of the faulted line. The
speed deviation of generator at base case, case 2 and case 4 with
the proposed controller based on the dE, mB and power system sta-
bilizer (PSS) are shown in Fig. 4. It can be seen that the PSO-based
designed controller achieves good robust performance, provides
superior damping in comparison with the conventional PSS and
enhance greatly the dynamic stability of power systems.
4.2. Scenario 2

In this scenario, another severe disturbance is considered for
different loading conditions; that is, a 6-cycle, three-phase fault
is applied at the same above mentioned location in scenario 1.
The fault is cleared without line tripping and the original system
is restored upon the clearance of the fault. The system response
to this disturbance is shown in Fig. 5. It is also clear form the figure
Table 2
Values of performance indices ITAE and FD.

Fault case Controller Base case Case 1

ITAE FD ITAE FD

With tripping line PSS 50.25 80.50 94.09 188
mB 70.89 130.4 90.41 151
dE 46.10 37.55 22.41 16.

Without tripping line PSS 56.44 90.87 92.21 190
mB 50.35 63.01 42.65 60.3
dE 49.63 60.44 21.31 22.
that the proposed method has good damping characteristics for
low frequency oscillations and stabilizes the system quickly.

From the above conducted tests, it can be concluded that the dE

based controller is superior to the mB based controller. To demon-
strate performance robustness of the proposed method, two per-
formance indices: the ITAE and Figure of Demerit (FD) based on
the system performance characteristics are defined as [27]:

ITAE ¼ 10;000
Z 5

0
tjDxjdt

FD ¼ ð1000� OSÞ2 þ ð4000� USÞ2 þ T2
s

ð32Þ

where speed deviation (Dx), Overshoot (OS), Undershoot (US) and
settling time of speed deviation of the machine is considered for
evaluation of the ITAE and FD indices. It is worth mentioning that
the lower the value of these indices is, the better the system re-
sponse in terms of time-domain characteristics. Numerical results
of performance robustness for all system loading cases are listed
in Table 2. It can be seen that the values of these system perfor-
mance characteristics with the output feedback dE based controller
are much smaller compared to output feedback mB based controller
and PSS. This demonstrates that the overshoot, undershoot, settling
Case 2 Case 3 Case 4

ITAE FD ITAE FD ITAE FD

.73 61.05 79.40 75.02 73.11 83.42 75.62

.62 84.61 122.39 73.34 46.18 63.11 84.48
13 48.33 39.01 41.57 21.68 46.15 23.32

.06 58.48 96.28 55.55 82.82 56.87 79.43
2 55.98 70. 32 72.95 108.25 71.71 98.62

61 53.75 65.10 33.89 23.41 38.26 29.50



Table 3
System parameters.

Generator M ¼ 8 MJ=MVA T 0do ¼ 5:044s Xd ¼ 1 pu
Xq ¼ 0:6 pu X0d ¼ 0:3 pu D ¼ 0

Excitation system Ka ¼ 10 Ta ¼ 0:05 s
Transformers XT ¼ 0:1 pu XE ¼ 0:1 pu

XB ¼ 0:1 pu
Transmission line XL ¼ 1 pu
Operating condition P ¼ 0:8 pu Vb ¼ 1:0 pu

Vt ¼ 1:0 pu
DC link parameter VDC ¼ 2 pu CDC ¼ 1 pu
UPFC parameter mB ¼ 0:08 dB ¼ �78:21�

dE ¼ �85:35� mE ¼ 0:4
Ks = 1 Ts = 0.05
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time and speed deviations of the machine are greatly reduced by
applying the proposed control approach. Moreover, it can be con-
cluded that the dE based controller is the most robust controller.

5. Conclusions

The particle swarm optimization algorithm has been success-
fully applied to the design of robust output feedback UPFC based
damping controller. The design problem of the robustly selecting
output feedback controller parameters is converted into an optimi-
zation problem which is solved by a PSO technique with the time
domain-based objective function. Only the local and available state
variables Dx and DVt are taken as the input signals of each con-
troller, so the implementation of the designed stabilizers becomes
more feasible. The effectiveness of the proposed UPFC controller
for improving transient stability performance of a power system
are demonstrated by a weakly connected example power system
subjected to different severe disturbances under different operat-
ing conditions. The nonlinear time-domain simulation results
show that the oscillations of synchronous machines can be quickly
and effectively damped for power systems with the proposed con-
troller. The system performance characteristics in terms of ‘ITAE’
and ‘FD’ indices reveal that the output feedback dE based damping
controller demonstrates its superiority than both output feedback
mB based controller and PSS at various fault disturbances and fault
clearing sequences.

Appendix A

The nominal parameters and operating condition of the system
are listed in Table 3.
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