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Abstract

Damping of power system oscillations between
interconnected areas is very important for the system
secure operation. Power system stabilizer (PSS) and
fexible AC transmission systems (FACTS) devices are
used to enhance system stability. In large systems
multi-machine, using only conventional PSS may not
provide sufficient damping for inter-area oscillations.
In these cases, FACTS power oscillation damping
controllers are effective solutions. But uncoordinated
local control of FACTS devices and PSS’s may cause
destabilizing interactions.  In this paper, using
objective function which maximizes the function, the
total damping ratios of the system are optimized and
dynamic stability of the system will be improved. In
this method all the operation conditions are
considered. Simulation results for a large system and
different operation conditions of the system shows that
this method has a good efficiency and can be effective
solution for this problem in a large system. This
method can be effective for the coordinating of multi-
controllers in large power systems.

1 Introduction

Present day interconnected power systems are typical
examples of large-scale, complex multi-variable
systems[1]. Due to the increase in size and the
tendency to operate systems near their stability limits,
emphasis has been placed on the design of additional
control schemes to maintain the dynamic performance
of the system at acceptable levels.

Damping of power system oscillations between
interconnected areas is very important for the system
secure operation. Besides power system stabilizers
(PSS), and flexible ac transmission systems (FACTS)
devices are also applied to enhance system stability
[2],[3]. In large multi-machine systems, for damping
inter-area oscillations conventional PSS can not be
effective solution. In this case the use of FACTS
devices are effective solution. Combination of these
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two technologies (PSS and FACTS) can provide
sufficient damping for inter-area oscillations. However
uncoordinated local control of FACTS devices and
PSS’s may cause destabilizing interactions. To
improve overall system performance, many researches
were made on the coordination between PSS’s and
FACTS controllers [4]. Some of these researches are
based on the complex nonlinear simulation, while the
others are based on the linearized power system model
[4].

In this paper, an optimization algorithm for optimizing
the total system performance is described. By
maximizing the objective function is used the
influences of both PSS’s and FACTS controllers are
improved. Therefore the overall system performance is
optimized.

In this paper, following the introduction, the PSS’s and
FACTS controllers are described in section II. In
section III, coordination and tuning method is
discussed in detail. Then in section IV, the test system
comprising a static VAR compensation (SVC) and 8
generators is shown. The simulation results are given
in section V.

2 PSS and FACTS Controllers

2.1 PSS

The disturbances occurring in a power system induce
electromechanical oscillations of the electrical
generators. These oscillations, also called power
swing, must be effectively damped to maintain the
system stability. Electromechanical oscillations can be
classified into four main categories:

e Local oscillations (frequency between
0.8-4.0 Hz)

e Interplant oscillations
between 1-2 Hz)

e Inter-area oscillations(frequency
between 0.2-0.8 Hz)

e Global oscillations (Frequency <0.2 Hz)

(frequency



The PSS is modelled by the nonlinear system shown in

Figure 1.

W "
Tws Ting+t T2na+! .5

o — o — — )

" ’ W o T [ e '5

po G Waghou Leas Lead Lirier

Figure 1. PSS model

The model consists of a low pass filter, a general gain,
a washout high pass filter, a phase compensation
system and an output limiter. The general gain K
determines the amount of damping produced by the
stabilizer. The washout high pass filter eliminates low

frequencies that are present in the dW signal and

allows the PSS to respond only to speed changes. The
phase compensation is represented by a cascade of
two-first order lead transfer functions used to
compensate the phase lag between the excitation
voltage and the electrical torque of the synchronous
machine.

2.2 SvC
Static VAR compensator (SVC), with the high speed
in voltage and reactive power control, is an effective
solution for damping power system oscillations by
employing SVC’s three independent dimensions of
control, namely, in phase voltage control, quadrature
voltage control and shunt compensation. In general,
voltage regulation is the first mode in control and
improves voltage stability and transient stability.
However, the effect of SVC in damping of power
system oscillations that is only received by voltage
regulation is small. In this case, a complementary
control must be used. The effect of SVC in small
signal stability improvement depends on the following
cases:

) The location of SVC

. The SVC input signals

. Design controller
In this paper, the SVC consists of a constant capacitor
(CP) and a thyristor controlled reactor (TCR), and is

used for improvement of damping inter-area
oscillations.
The structure of SVC and the complementary

controller is shown in Figure 2 [5].

The input signal used for complementary control and
SVC, must be sensitive to the oscillation modes. The
amplitude of current line can be a good selection for
input signal. This parameter has much influence on the
frequency of inter-area mode [5].

3 Coordination and Tuning Method

Many researches have been made on the parameter
coordination. Some of these methods use a nonlinear
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optimization that is introduced for minimizing the
interactions between FACTS and PSS controllers.

In this section, an optimization-based method for
coordination of the FACTS and PSS controllers is
proposed.
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Figure 2. SVC and complementary controller model

The global optimization of the overall system damping
performance is the objective of coordination. This
requires the optimization and coordination of the
parameter setting of the FACTS and PSS controllers to
maximize the damping of all modes of oscillations: for
instance, local, inter-area, exciter modes and other
controller modes. For design of controllers, first
system linearization and allocation of controllers must
be do, then selection of parameters of controllers for
optimize the global system behaviour, is done.

Using the modified ARNOLDI method, can linearize
the system mentioned in step 1.

To choose the location of FACTS devices, many
researches with different goals, are made. In step 2 the
modal analysis is used to find which controller (i.e.
governer, exciter, etc.) has the largest influence on
these modes. Then the correspondent countermeasure
on the controller settings should be applied. This paper
focuses on the step 3 concerning the optimization-
based parameter coordination. For covering the
nonlinear nature of the power system, particular range
of system operating conditions (faults, etc.) will also
be studied to verify the performance of the optimized
controller setting.

3.1 Linearized System Model

Once the optimal locations of the damping controllers
are chosen, the total linearized system model extended
by PSS and FACTS devices can be drived and
represented by the following equation:

AX = AAX + BAU

AY = CAX + DAU
From this equation, the eigenvalues A, =0, * jo,

o

of the total system can be evaluated. The proposed
method is to search the best parameter sets of the



controllers, and the best operation condition so that a

comprehensive damping index (CDI) can be
maximized:
nZ nC
CDI = ZZ‘QEH‘ ()
i=l j=I
% . o ,
where é"ij = is the damping ratio (07; is
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the real part of the ith eigenvalue at the jth operating
condition), and N, is the total number of the dominant

eigenvalues which include the inter-area modes, local
modes, exciter modes, and controller modes. This
index includes the influences of both FACTS and PSS
controllers.

In order to ensure the robustness of the control

parameters, a set of operating conditions,N;, is

properly selected and taken into consideration
simultaneously in the optimization problem(Eq.2).
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Figure 3. Objective of the optimization-based tuning:
+:eigenvalues before the optimization, : eiganvalues after
the optimization

Among the dominant eigenvalues, only those which
have a damping ratio less than 0.1 are considered in
the optimization.

Hence, it can be seen that the optimal solution, CDI
maximizes the total damping ratio of the system for
the eigenvalues its damping ratio is the largest one

among all N, XN, cigenvaues. In other words, the

objective of the optimization is to move the total
considered eigenvalues to the negative region, and
thus to maximize the damping ratio as much as
possible (Figure 3).

3.2 Non-linear Optimization Technique
The objective of the parameter optimization can be
formulated as a nonlinear programming problem
expressed as follows:

max.f(2)=CDI =3

il jol
E(Z)=0
F(Z)=0
where f(Z) is the objective function defined as (2),

Z is a vector which consists of the parameters of the
PSS’s and FACTS controllers that have to be tuned
and coordinated. Z can contain the gains of the FACTS
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controller ( KFACTS) and those of all PSS controllers

(Kpgs )- E(Z) shows the equality constrains and F(Z)

shows the inequality constrains. For the proposed
method, only the parameter constrains of Z, which
prevent  optimized parameter from reaching
unacceptable values, are necessary. The flow chart of
the optimization- based simultaneous coordinated
tuning algorithm is shown in Figure 4.
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Figure 4. Flowchart of optimization-based coordinated
tuning

The optimization starts with the selected one of
operating conditions, and initial values of the

controllers Z0 is selected. Then the nonlinear

algorithm is employed to adjust the parameter
iteratively, until the objective function (2) is
maximized. The proposed method allows considering
several operating conditions of the system.

Therefore the CDI can be calculated for each operating
condition successively and gives the best response.
This nonlinear optimization algorithm will converge to
an incorrect local optimum if the initial values of the
controller parameters are not properly selected. In
order to obtain the optimal damping and accomplish



convergence, the initial values Z are selected using

the conventional sequential tuning method.

4 Multimachine Test System

The 8-machine power system with a shunt FACTS
device, as shown in Figure 5 , is simulated in this
study.

Each generator is described by a six-order model and
the shunt FACTS device is simulated using a power-
injection model.
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Figure 5. Multi-machine system for test and simulation

By means of the modal analysis, the test system can be
divided into four areas.

Shunt FACTS devices are the key devices of the
FACTS family. In this research a shunt FACTS
device, the static var compensator (SVC) is employed
for damping inter-area oscillations. The SVC is
located between buses B1 and B2 (on the line between
areas 1 and 2).

5 Simulation Results

To verify the performance of the proposed coordinated
tuning method, the algorithm is tested in the multi-
machine system shown in Fig7. In this system, all
machines are equipped with static exciters and PSS’s.
In Practice, in order to achieve the robustness of the
coordinated tuning, the controller setting needs to be
optimized under different possible operation
conditions.

In this study, the test system is simulated: for two
disturbances, First, for a disconnection on one of the
lines between areal and area2, then for a large
disturbance, a three-phase short circuit of 0.2 s
duration at the middle of linel between areal and
area2.
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Simulation has done for varies conditions.
51 The power system without FACTS
and PSS controllers

First, the power system is evaluated without FACTS
and PSS controllers. As shown in Figure 6, the
examined system is unstable.
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Figure 6. Response of the system without SVC & PSS

5.2 The power system with FACTS and
PSS  controllers, but by conventional
sequential design

After the conventional sequential design of the
damping controllers, i.e. without coordinated tuning,
the power system becomes stable. This results is
shown in Figure 7. However, the damping ratios of
some local modes (1.087, 1.117Hz) and some inter-
area modes (0.545Hz) are not satisfactory.

5.3  The power system after the coordinated
tuning

By applying the coordinated tuning proposed method,
as shown in Figure 9, all of the modes (local, inter-
area and exciter modes of oscillations) are now well
damped. All the damping ratios of dominant modes are
more than 5%. The details of controller parameters are
given in Appendix A (see table 1 and 2) and the final



dominant modes, damping ratios and frequencies are
given in Appendix B (see table3).

The nonlinear simulation results validate the proposed
coordination method under large disturbance, as
shown in Figure 10. It can be seen that in comparison
with the conventional sequential tuning, the damping
behavior is improved significantly.
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Figure 7. Response of the system with SVC & PSS,
but by conventional tuning
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5 Conclusions

Power system stabilizer (PSS) and flexible ac
transmission systems (FACTS) devices are applied to
enhance system stability. In multi-machine systems,
using only conventional PSS may not provide
sufficient damping for inter-area oscillations. In these
cases, FACTS power oscillation damping controllers
are effective solutions. But uncoordinated local control
of FACTS devices and PSS’s may cause destabilizing
interactions.

In this paper, an optimization algorithm is proposed to
optimize the total system performance. By maximizing
the objective function the influences of both PSS’s and
FACTS controllers are improved. Therefore the
overall system performance is optimized.
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APPENDIX A

Table I: Initial and Optimized Parameter of PSS Controllers

Gen. Imt‘lal OpFlmlzed w lTin [ 11d | 120 | T2d
Num. | Gain Gain
Gl 30 42 10 | 0.08 | 0.01 | 0.08 | 0.01
G2 30 | 42 10 | 0.08 | 0.01 | 0.08 | 0.01
G3 30 | 45 10 | 0.06 | 0.02 | 0.06 | 0.02
G4 30 | 45 10 | 0.06 | 0.02 | 0.06 | 0.02
G5 30 | 38 10 | 0.05 | 0.02 | 0.05 | 0.02
G6 30 | 38 10 | 0.05 | 0.02 | 0.05 | 0.02
G7 30 | 40 10 | 0.03 | 0.01 | 0.03 | 0.01
G8 30 | 40 10 | 0.03 | 0.01 | 0.03 | 0.01
Table II: Optimized Parameter of SVC Controller
No. | Type | K1 | K2 | Tw | T3 T4 T5 T6
1 SVC |03 |15 |10 [0.54 | 0.76 | 0.35 | 0.03
APPENDIX B
Table III: Some of Dominant oscilation modes
Eigenvalues With Damping Ratio
Type Optimization Freq.
Design Conven. | Optim.
. —39.89 +0.142i 0.026 0.8 0.999
Exelter 501 0.0481 | 00076 | 075 0.999
— 0411+ 343i 0.545 0.032 0.189
Inter- —0.315 £ 3.13i 0.498 0.08 0.10
area -
—0.611 + 2.43i 0.387 0.123 0.275
0.352 + 5.86i 0.933 0.063 0.0599
0.503 + 7.06i 1.12 0.065 0.072
Local 0.152 + 4.5i 0.716 0.056 0.053
0.452 + 4.86i 0.773 0.11 0.093
ENERJiSISTEMLORININ STABILIZATOR-

LARININ DEMPFER NOZAROTCILORININ
KOORDINASIYASI VO DINAMIK STABILLiYI
TOMIN ETMOK UCUN BOYUK ENERJi
SISTEMLORDO DOYISON COROYANIN
OTURULMBOSININ CEVIK SiSTEMi

QAZSMI A., NOCOFI M.

Enerji sistemlorinin qarsilighh elageli sahslerinin
ragslerinin dempfer edilmesi sistemin etibarli idare
olunmasi {igiin vacib gortdir. Stabilliyi tomin etmok
ligiin stabilizatordan ve  ¢evik doyison cerayan
otiiriicti sistemden istifade olunmusdur. Qeyd olunan
qurgularin koordinasiyasi temin olunmadiqda ragsleri
kifayet qeder dempferlosdirmek miimkiin olur.
Mogqalodo sistemin dempfer prosesinin

58

optimallagdirma  alqoritmi sorh  olunmusdur.
Gosterilmisdir ki, bu iisul boylik enerji sistemlorinda
multinezaratgilorin koordinasiya olunmasina effektiv
iisul ola biler.

KOOPIUHAIIMA JEMIIOUPYIOIIHNX KOHT-
POJIUIEPOB CTABMIN3ATOPA DHEPTOCHUC-
TEMbI U TUBKOW CUCTEMBI NEPEJAYU
HEPEMEHHOI'O TOKA B BOJIBIINX JHEP-
IFETUYECKHUX CHUCTEMAX JJIA YJYYIIE-
HUSA JUHAMUYECKOM CTABUJIBHOCTH

KA3EMMU A., HAJUKA®HU M.

Jemnduposanue KoJIeOaHu i JSHEPreTHUECKON
CUCTEMBI MEXIy B3aUMOCBSI3aHHBIMH OOJIACTIMHU
HEOOXOMMO JUIS HAJIEKHOTO YIIPABJICHUS CHCTEMOM.
Hust YBEJINICHUS CTaOMIILHOCTH CUCTEMBI
UCTIOJIB3YIOTCSL  CTa0MIIM3aTOp CHUCTEMbl M THOKas
cUcTeMa Tepelavyd IMepeMeHHOro Toka. Ho mpu He
KOOPIMHUPOBAHHOM  HCIIONB30BAaHUM  yKa3aHHBIX
YCTPOHCTB ~ He  o0ecnedyuBaeTcsi  JIOCTaTOYHOE
neMmndupoBaHne KoieOaHmid. B crathe ommcan
QITOPUTM ONTUMM3ALMHU Mpolecca AeMI(pUPOBAHUS
cucteMmbl. [loka3aHo, 4YTO METOA MOXKET OBITh
3¢ (EeKTUBHBIM I KOOPAWHUPOBAHUS MYIBTHKOHT-
POJIEPOB B OOJIBIINX SHEPTETUIECKUX CUCTEMAX.



