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Abstract

The main objective of this study is to investigate the
enhancement of the power system stability via coordinated
design of the Power System Stabilizer (PSS) and mg-based
stabilizer of unified power flow controller (UPFC). The
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design problem of PSS and mg-based stabilizer are
formulated as an optimization problem. Using the developed
linearized model of a power system equipped with UPFC &
PSS, the particle swarm optimization (PSO) algorithm is
employed to search for optimal controllers parameters.. The
proposed controllers are evaluated on a single machine
infinite bus power system with UPFC installed. The
nonlinear time domain simulation and eigenvalues analysis
results show the effectiveness of the coordinated design in
enhancing the power system stability.

1. INTRODUCTION

the power demand has grown rapidly and, therefore, the
need for more complex power systems has arisen . on the
other hand Expansion and generation is restricted with the
limited availability of resources and the strict environmental
constraints .as a result, power systems are today more loaded
than before, causing the systems to operate near their
transient stability limits. Furthermore, interconnection
between distantly located power systems is now a common
practice, which gives rise to low frequency oscillations in the
range of 0.1-3.0 Hz. If not well damped, these oscillations may
keep growing in magnitude until loss of synchronism results.

Power system stability is one of the main concerns in the
power system operation since many years [1-2].Power system
stabilizers (PSSs) have been used in the last few decades to
serve the purpose of enhancing power system damping of low
frequency oscillations. PSSs, which operate on excitation
system of generators have proved to be efficient in
performing their assigned tasks. Nowadays, the conventional
power system stabilizer (CPSS) is widely used by power
utilities.

Generally, it is important to recognize that machine
parameters change with loading making the machine
behavior quite different at different operating conditions.
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Hence, PSSs should provide some degree of robustness to the
variations in system parameters, loading conditions, and
configurations. H optimization techniques [3] have been

applied to robust PSS design problem. However, the order of
the H_based stabilizer is as high as that of the plant. This

gives rise to complex structure of such stabilizers as reduces
their applicability.

A comprehensive analysis of the effects of the different
CPSS parameters on the dynamic performance of the power
system was presented in [4]. It is shown that the CPSS
provide satisfactory damping over a wide range of system
loading  conditions [5]. Although PSSs provide
supplementary feedback stabilizing signals, they suffer a
drawback of being liable to cause great variations in the
voltage profile.

The recent advances in power electronics have led to the
development of the flexible alternating current transmission
systems (FACTS). Utilities are beginning to install FACTS
devices in their transmission networks due to the increase in
the power system requirements. It is well recognized that
FACTS devices, in addition to their primary function, have
the capability of enhancing the system stability[6].

A unified power flow controller (UPFC) is the most
promising device in the FACTS concept, It has the ability to
adjust the three control parameters, i.e. the bus voltage,
transmission line reactance, and phase angle between two
buses, either simultaneously or independently. A UPFC
performs this through the control of the in-phase voltage,
quadrature voltage, and shunt compensation.Till now, not
much research has been devoted to the analysis and control
of UPFCs.A UPFC can control the three control parameters
either individually or appropriate combinations at series-
connected output while maintaining reactive power support
at its shunt —connected input.[7].through the use of a SIMB
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system investigated the mechanism of the three control
methods of a UPFC in enhancing power system damping, It
was shown that a significant reduction in the transient swing
can be obtained with any of the three methods by using a
simple proportional feedback of machine rotor angle
deviation.[8]

High frequency power fluctuations, more than 100 Hz,
induced by a UPFC have been the investigated in [9]..Its is
generally accepted that the addition of a supplementary
controller to the UPFC device can significantly enhance
power system stability .

Due to their interesting characteristics, PSS-and UPFC
may be incorporated simultaneously in the power system to
improve its transient performance However, the interaction
among these controllers needs to be considered in the
controller design stage as one controller may adversely affect
the performance of the others. Therefore, coordinated design
between PSSs and UPFC is a necessity, both to make use of
the advantages of different stabilizers and to avoid the
demerits accompanied with their operations.

In this paper, a comprehensive assessment of the effects of
robust controller design of the Excitation and unified power
flow controller when they applied independently and also
through coordinated application has been carried out. The
design problem is transformed into an optimization problem
where the particle swarm optimization (PSO) algorithm is
employed to search for the optimal settings of stabilizers'
parameters. A controllability measure based on singular
value decomposition (SVD) is used to identify the
effectiveness of each controller input. For completeness, the
eigenvalue analysis and nonlinear simulation results are
carried out to demonstrate the effectiveness and robustness
of the proposed stabilizers to enhance system stability. The
objective of this thesis to investigate the effectiveness of the
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coordinated design of power system stabilizers and UPFC to
improve system transient stability. All the simulations are
carried out using MATLAB and SIMULINK packages

2 - POWER SYSTEM MODEL

in this study, a single machine infinite bus system(SMIB)
with UPFC is considered as shown in figure 1.
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Figure 1: single-machine infinite-bus (SMIB)with a UPFC[10]

2.1 Generator model

The generator is represented by the 3™ order model
consisting of the swing equation and the generator internal
voltage equation can be written as

5 =w, (w-1)
(1.1)

© P pe -D(w-1)/M
(1.2)

Eq = (Eu - (¢ - xWig - E, )T
(1.3)

The real power output of the generator is described as

Pe = \ 7] id + vqiq

(1.4)
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Vd =xqiq
vq=E'q-x'did
Where, r, and p, are input and output power of the

generator respectively; M and D are the inertia constant and
damping coefficient respectively; 6 and ® are rotor angle and
speed respectively; Ey; is the field voltage; V, and V, are d-
and g-axis armature voltage; i, and ig

d- and g-axis armature current 7, is the open circuit
field time constant, x; and x; are the d-axis reactance and d-
axis transient reactance of the generator respectively

2.2 Exciter and PSS

The excitation system can be represented by the IEEE
type-ST1 system shown in figure2, is considered .it can be
described as:

Efd = (kA(Wref - v + upss) - Efd )T,
(1.5)
vid + Vg )"
1.6)¢ V=
Where, K _and T, are the gain and time constant of the
excitation system respectively; V. is the reference voltage.

As shown in Fig. 2, a conventional lead-lag PSS is installed in
the feedback loop to generate a stabilizing signal u , .
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Figure 2:1IEEE type-ST1 excitation system with PSS
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2.3 Unified power flow controller (UPFC) model

The UPFC cosists of a shunt-connected excitation
transformer (ET),a series connected boosting transformer
(BT), two three-phase GTO based voltage source converters
(VSCs), and acommon DC link capacitors, see figure (1-1)
The four input control signals to the UPFC are mg , mg , o,
and 0. where mg , mg are boosting and excitation amplitude
modulation ratios , o3 and o are boosting and excitation
phase angles modulation.

The series converter is controlled to inject a boosting
voltage, vy, in series With the line. The magnitude of vy can
be varied from 0 to vge,m., and the angle can be vaied
independently from 0 to 360 degree.

The main function of the shunt converter is to supply the
real-power demand to the series converter. It also plays the
role of regulating the terminal of the interconnected bus by
controlling the reactive power supply/demand to that
bus.[10]

By applying park's transformation and neglecting the
resistance and transients of the ET and BT transformers, the
UPFC can be modeled as [11]:

MmEg COSOE Vic

VEtd 0 -Xe iEq 2
+
1.7)
Etq Xe O iEq mg SINOE vdc
2

P10 ) [

(1.8)
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VBig XB 0 iBq
mp sinoB Vic
2
(1.9) . 3m, 77 3m,
Via— [ cosoe  sine]H [cosoB
Sinokef 4Cac
4Cac
iEq
qu

where VEt, iE are excitation voltage and current , VBt ,
iB are boosting voltage and current ,Cdc, Vdc are DC link
capacitance and voltage Xz, XB are ET and BT reactances

The UPFC damping controllers are of the structure
shown in figure 3, where u can be, mg, 65 mg, or og
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Figure 3:UPFC with lead-lag controller

2.4 Linearized Model

In the design of electromechanical mode damping
controllers, the linearized incremental model around a
nominal operation point is usually employed [1].

where KI-Kg, KPd , er , KPde, K,, Kde, Kq 7 qu , que , qu,

qub ’ Kv d ’Kve ’dee ’ de, deb) Kce’che’ch and chb are
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linearization constants .In state-space representation, the
power system can be modeled as:

AX = AAX + BAU
(1.10)

where

AX=A5 Ao AEqQ AEg; Avde "

Al€= AUpss Amg Adg Amg ] Adp T

0 b 0 0 0\
KI -D -K2 - KPd
M M M 0 M
A5 - K4 0 - K3 1 -_Kqd
T'do T'do T'do T'do
- KAKS 0 - KAK6 -1 - KAKvd
TA TA TA TA

0 0 0 0 0
= er = Kpﬁe = Kpb = I<p<‘5b
0
M M M M
B=
- qu - Kqﬁe - qu = anb
0
0
T'do T'do T'do T'do

Ka - KiKye -KaKye -KaKyp - KaKyan
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TA TA TA TA TA

0 Kce Kcﬁe ch Tcﬁb

2.5 The system parameters

the parameters of the system used in optimization results
of the UPFC are:

Machine: xd = 1; xq = 0.6;x’d =0.3;D =0;M = 8.0; T'do
=5.044;fred=60;v=1.05;

Exciter: K,=50; T4= 0.05; E¢y o= 7.35 Efy man=7.35

PSS: Tw= 5; T; yyin= 0.015 T; 0= 5.0 i= 1,2,3,4; upsy o=
0°2; upss_min='0°2;

DC voltage regulator: K,,=-10;k; = 0;

Transmission line: x,z= 0.1; xp,= 0.6;

UPFC:xg= 0.1; xg = 0.1 Ks = 1;Ts= 0.05; C,= 3; V.
=2;mE_max= l;mE_min=0;

mB_max =1 ;mB_min =0.

3.The proposed approach
3.1 Electromechanical mode identification

The state equations of the linearized model can be used to
determine the eigenvalues of system matrix A. out of these
eigenvalues ;there is a mode of oscillations related to
machine inertia .for the stabilizers to be effective ,it is
extremely important to identify .The eigenvalue associated
with the electromechanical mode. in this study ,the
participation factors method is used[12,13]

3.2 Problem Formulation.
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To select the best stabilizer parameters that enhance
most the power system transient performance ,eigenvalue-
based objective function is proposed:

J=min{ g . G is a vector of the damping ratios
corresponding to all the complex eigenvalues of the system
at the ith loading condition.

This objective function will identify the minimum value of
damping ratio among electromechanical modes of the
loading condition considered in the design process. The
design problem can be formulated as the following
optimization problem format.

Optimize J
Subject to

X

Kmm S K S Kma

min m
T1 < T1 < T1

ax

min max

T, <T<T

2 2 2

Tmin<T <Tmax
3 - 3= 3
min m

T <T<T

4 4 4

ax

The minimum and maximum value of the controller gains
is set as 0.1 and 100 respectively. The minimum and
maximum values of 7 i T » T 3and T  are set as 0.1 and 5.0s.

respectively.
3.3Application of PSO Algorithm

Based on the linearized power system model in equation
(10), Particle Swarm Optimization (PSO) [14,15] has been
applied to the above optimization problem to search for
optimal settings of the proposed stabilizer.
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In this study, the UPFC and PSS controllers' parameters
are optimized at nominal loading (Pe,Qe)=(1.0,0.015)pu of
operating conditions

The final Setting of the optimized parameters for the
proposed stabilizers are given in Table 1.

Table 1: optimal settings of the controller parameters

Individual
Coordinated
PSS Mg PSS

Mp

K 16.9203 29.062 40.336

72.954

T, 4.5673 2.8973 1.5852
0.1163

T, 2.0440 0.9339 2.0945
0.0100

T3 0.0835 0.1039 47773
0.1130

T, 0.0100 0.0100 5.0000
0.0100
4. SIMULATION RESULTS

To assess the effectiveness of the proposed stabilizers, two
different loading conditions given in table(2) below

Table(2):loading conditions

Pe(pu) Qe(pu) loading
1.0 0.015 1.nominal loading
0.3 0.015 2.light loading

4.1Eigenvalue Analysis:

The system eigenvalues without and with the Proposed
PSS and mg-based controllers when applied individually and
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through Design at the two loading conditions, nominal, light,
are Given in Tables 3-4, respectively. The bold rows of these
tables represent the EM mode eigenvalue and its damping
ratio. It is evident that, using the Proposed coordinated
stabilizers design, the damping ratio of the EM mode
.Eigenvalue is greatly enhanced. Hence, it can be concluded
that this well improves The system stability.

Table 3: System eigenvalues of nominal loading conditions

No Control PSS mg PSS &
mg

1.5033+ 5.3328i, -4.7000+ 6.8700i, -41000+ 6.0700i, -7.1317+
6.8248i,

-0.2713 0.5600 0.5600 0.7200
-11.4584+6.8596i -4.8700+7.0400i -4.2000+6.2400i -
7.2300+6.8000i

-15.5063 -101.12 -93.980 -
101.83+69.950i

-5.1052 -15.340 -28.950 -15.290

- -4.8700 -15.530 -8.4600
- -0.5500 -51300 -4.4100
- - -1.4000 -0.4500
- - - -02100
-- -- - -0.2100

Table 4: System eigenvalues of litgh loading conditions

No Control PSS mg PSS & mg
1.3952+ 5.0825i, 0.2800+ 5.500i, -3.2300+ 6.4500i, -2.0487+ 4.4154i,
-0.2647 -0.0500 0.4500 0.4200
-11.3641+ 6.1234i, -9.8300+ 6.3400i -5.0400+ 4.8700i -10.050+ 9.8000i
-15.5063 -101.12 -93.980 -101.83+ 69.950i
-5.1052 -15.340 -28.950 -15.290
-- -4.8700 -15.530 -8.4600
-- -0.5500 -5.1300 -4.4100
-- -- -1.4000 -0.4500
-- -- -- -0.2100
-- -- -- -0.2100

4.2 Non Linear Time Domain Simulation
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The single machine infinite bus system shown in Fig. 1 is
considered for nonlinear simulation studies. 6-cycle 3-¢ fault
on the infinite bus was created, at all loading conditions
given in Table 3, to study the performance of the proposed
controller.

Figures 4-5 show the rotor angle, the speed deviation
response with above mentioned disturbance at nominal and
light loading conditions respectively.

— PSS

Deta
Time (sec)

Figure 4:machine rotor angle and speed response for a six cycles fault with
nominal loading condition
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Figure S:machine rotor angle and speed response for a six cycles fault with
light loading condition
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4.3 conclusion

From the eigenvalue analysis and the non linear time
domain simulation can be concluded the following:

1.It is clear from the eigenvalues analysis that the system
stability is greatly enhanced with the proposed
stabilizer.

2. It can be also seen that the coordinated design
outperforms the individual design at two points
considered in the sense that the damping ratio of the
electromechanical modes at two points are greatly

3. Form the figures 4-5 it can be seen that the coordinated
design approach provides the best damping
characteristic and enhance greatly the first swing
stability at all loading conditions.
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