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Abstract

A simulated annealing (SA) based approach to power system stabilizer (PSS) and FACTS based stabilizer tuning has been investigated in
this paper. The design problem of PSS and FACTS based stabilizer is formulated as an optimization problem. An eigenvalue-based objective
function to increase the system damping is proposed. Then, SA algorithm is employed to search for optimal stabilizer parameters. Different
control schemes have been proposed and tested on a weakly connected power system with different disturbances, loading conditions, anc
parameter variations. Nonlinear simulation results show the potential of SA algorithm to the tuning problem of PSS and FACTS based
stabilizer. Effectiveness and robustness of the proposed control schemes over a wide range of loading conditions and system parameter
variations have been demonstrated. It was also observed that the SPS controller provides most of the damping and improves greatly the
voltage profile of the system under severe disturbaneeX)00 Elsevier Science Ltd. All rights reserved.
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1. Introduction systems and enhance power system stability by using
reliable and high-speed electronic devices. One of the
Due to increasing complexity of electrical power systems, promising FACTS devices is the static phase shifter
there has been increasing interest in the stabilization of such(SPS). The effectiveness of the SPS in improving power
systems. In the past two decades, the utilization of sup- system stability has been investigated in several studies
plementary excitation control signals for improving the with promising results [18—27]. This provides an alternative
dynamic stability of power systems and damping out the choice to PSSs in suppressing power system oscillations.
low frequency oscillations has received much attention A considerable attention has been directed to realization
[1-14]. Nowadays, the conventional power system stabili- of various SPS schemes [18]. However, a relatively little
zer (CPSS)—a fixed parameters lead—lag compensator—iswvork in SPS control aspects has been reported in the litera-
widely used by power system utilities [4]. In addition, ture.Baker et al.[20] developed a control algorithm for SPS
several approaches based on modern control theory havaising stochastic optimal control theory. Edris [22] proposed
been applied to PSS design problem. These include optimala simple control algorithm based on equal area criterion.
control, adaptive control, variable structure control, and Recently, Jiang et al. [24] proposed an SPS control tech-
intelligent control [10—14]. nigue based on nonlinear variable structure control theory.
Although PSSs extend the power system stability limit by In their control scheme the phase shift angle is determined
enhancing the system damping, they suffer a drawback ofas a nonlinear function of rotor angle and speed. However,
being liable to cause great variations in the voltage profile in real life power system with a large number of generators,
and they may even result in leading power factor operation the rotor angle of a single generator measured with respect
and losing system stability under severe disturbancesto the system reference will not be very meaningful. Tan and
[15-17]. Wang [25] proposed a direct feedback linearization tech-
The recent advances in power electronics have led to thenique to linearize and decouple the power system model
development of the flexible alternating current transmission to design the excitation and SPS controllers.
systems (FACTS). FACTS are designed to overcome the Despite the potential of modern control techniques with
limitations of the present mechanically controlled power different structures, power system utilities still prefer a
conventional lead—lag controller structure [4—6]. The
“Tel.: +966-3-8604379; fax:+ 966-3-8603535. reasons behind that might be the ease of on-line tuning
E-mail addressmabido@kfupm.edu.sa (M.A. Abido). and the lack of assurance of the stability related to some
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model is not needed and the constraints can be easily incor-
Nomenclature porated [29]. Unlike the gradient-descent techniques, SA is
D damping constant of the generator a derivative-free optimization algorithm and no sensitivity
= field voltage analysis is required to evaluate the objective function. This
= transient EMF ing-axis of the generator feature simplifies the constraints imposed on the objective
ig d-axis component of the armature current function considered. .
ig g-axis component of the armature current In t.hIS paper, de§|gn of PSS a_nq SPS controller using SA
Ka gain of the excitation system algorithm is investigated. In addition, an assessment of the
Ks gain of the SPS effects of PSS and SPS control when applied independently
P mechanical input power of the generator and also through coordinated application has been carried
P, electrical output power of the generator out. The controller design problem is formulated as an opti-
4o open circuit field time constant mization problem. Then, SA algorithm is employed to solve
Ta time constant of the excitation system this problem with the aim of getting the optimal or near
T, time constant of the SPS optimal settings of the controller parameters. Different
Upss  output signal of the PSS control schemes have been proposed and tested on a weakly
Usps  output signal of the SPS controller connected power system. Based on eigenvalue analysis and
Vv terminal voltage of the generator simulation results, it was observed that the proposed control
Vy d-axis component of the terminal voltage schemes .provide good damping of electrom_echanicgl modes
Vq g-axis component of the terminal voltage of oscillations, enhance power system stability, and improve
Veps  injected voltage by SPS the system voltage profile.
Vet reference voltage
X4 d-axis reactance of the generator 2 L ived " gel
Xy d-axis transient reactance of the generator - Hinearized power system mode
éq g?;;slggjigrr:qﬁtetaﬂctgf g_eneJ:a_tt())r In this study, a single machine infinite bus system with an
ZL transmission line impeLd;ngE :J R+ jX SPS shown in Fig. 1 is considered. The SPS has a ratio of
Greeks ' 1:1/2 - ®. In this case, the real power flow can be
o rotor angle of the generator described as
p derivative operator did E’qvb i
w speed of the generator Pe= TS'”(S - P (€
Dot reference angle -
® phase shift angle of the SPS Hence, the real power f_Iow can be regulated to mitigate
the low frequency oscillations and enhance power system

transient stability by controlling either the internal voltage

adaptive or variable structure techniques. Itis shown that the Eq or the angle®. While the power system stabilizer can
appropriate selection of conventional lead-lag stabilizer control Eq through the generator excitation system, the
parameters results in effective damping to low frequency static phase shifter can control the relative phase angle
oscillations [4,6]. A gradient procedure for optimization of between the system voltages by adjusting the adgle
PSS parameters is presented in [28]. The optimization The generator is represented by the third-order model
process requires computations of sensitivity factors and comprising of the electromechanical swing equation and
eigenvectors at each iteration. This gives rise to heavy the generator internal voltage equation. The swing equation
computational burden and slow convergence. In addition, is divided to the following equations
thg .search process i's susce'ptible Fo be trappgd in local 08 = wy(w— 1) 2
minima and the solution obtained will not be optimal. To
overcome the shortcomings of the previous methods and to
avoid computations of sensitivity factors and eigenvectors, P
SA based approach to PSS design is proposed. P, is assumed to be constant aRdcan be expressed as
In the last few years, simulated annealing (SA) algorithm
[29,30] appeared as a promising heuristic algorithm for
handling the combinatorial optimization problems. It has The internal voltageE,, equation is
been theoretically proved that the SA algorithm converges
to the optimum solution. The SA algorithm is robust i.e. the pPEq = (Erq — (Xa — X@)ia — Eq)/T o )
final solution quality does not strongly depend on the choice
of the initial solution. Therefore, the algorithm can be used
to improve the solution of other methods. Another strong
feature of SA algorithm is that a complicated mathematical pEiy = (Ka(Viet — V + Upsd — Etg)/Ta (©)

w = (Py, = Pe — D(w — 1))/M 3

Pe = Vdid + tiq (4)

The IEEE Type-ST1 excitation system shown in Fig. 2 is
considered in this study. It can be described as
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Fig. 1. Single machine infinite bus system with an SPS.

where;

V= (v + v (7
and;

Vg = Xqiq 8
Vq = Eq — Xgig 9

Fig. 3illustrates the block diagram of an SPS controller. The
phase shift angle of the SP®&, is expressed as

pP = (Ky(Prer — Uspg) — P)/Ts (10

In the design of PSS and SPS damping controller, the

linearized incremental model around a nominal operating
point is usually employed [1-3]. Linearizing the above
model yield the following linearized power system model,
see Appendix A,
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In short, the linearized system model can be written as
pX = AX+ BU (12

Here, the state vectoX is [A8, Aw, AEy, AEy]" and the
control vectorU is [Upsg AD]'.

Fig. 4 illustrates the block diagram of the linearized
power system model. The expressions of constimptds,
Ku Kg andK, are given in Appendix A.

3. Proposed control schemes
3.1. PSS and SPS controller structure

A conventional lead—lag controller structure for both PSS
and SPS as shown in Figs. 2 and 3 is considered in this
study. The stabilizing signals of the proposed PSS and
SPS controller can be expressed as

ST, 1+ sT; 1+ sT-
loce— K w 1PSS)( 3Pss)A 13
PSS™ PSS1 ST, ( T+ STypea) \ 1 F sTypee) ¢ 19
ST, 1+ sT; 1+ sT-
Uene— K w 1SPS)( SSPS) Ao (14
SPST NSPST ST, ( TF STyepe \ T+ sType) @ 19

In this structure, the washout time constditand the
time constantsTopss Tapss Tosps and Tasps are Usua"y
prespecified. In this studyl,, = 5s andTopgs= Tapss=
Tosps= Tasps= 0.1 s The controller gainSKpSSand Ksps
and time constant3;;pss Tapss Tispsand Tzgpsremain to be
determined. Itis seen [31] that the effort of phase shifter is to
change the mutual admittance between the fault location
and the generator bus. Therefore, the best location of the
SPS is at the generator terminal as it gives the greatest
change of electrical distance between the generator and
the disturbance point. Hence, the speed deviation is
available and used as the input signal to both PSS and
SPS controller. This makes the proposed controllers easy
for on-line implementation.

3.2. Proposed control schemes

To investigate the ability of PSS and SPS controller to
damp out the low frequency oscillations associated with the
electromechanical modes, the following control schemes

11 are proposed.
EZIIHX
K, E,
1+sT,
Eg°
Aw
K sT, ( 1+ 5T pgs 1+ 5T ps ¢
PSN4ST, S 14 5Typg 14 5T, pg

min

Upss

Conventional lead-lag PSS

Fig. 2. IEEE Type-ST1 excitation system with conventional lead—lag PSS.
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d)min
sT, ( 14 8T, g 1+ 8T, 55 ) Aw
SETesT,  1+sThgs  1+sTygs  [€
min Conventional lead-lag controller

Ugps

Fig. 3. SPS with conventional lead—lag controller.

e Scheme (ajvhere PSS only is considered. In this case, The problem constraints are the optimized parameter
the tuning parameters akgss Tipssand Tspsg bounds. Therefore, the design problem can be formulated
e Scheme (byvhere SPS controller only is considered. In as the following optimization problem.
this case, the tuning parameters Keps Tisps andTasps Maximi
. ! aximizeJ 16
e Scheme (cwhere coordinated design of both PSS and (16
SPS controller is considered. In this case, the tuning subject to

parameters arkpss Tipss Tapss Ksps Tispsand Tasps min max
Kpss = Kpss= Kpss (17)

3.3. PSS and SPS controller design TS = Tipss= THZs (18

As far as the electromechanical modes are concerned, thermin __ . _ max 19
. i : S . 3pss= Tapss= Tapss 19
first step in the design process is to identify the eigenvalues

of the system matribA associated with these modes. Par-

min _ — g Mmax
ticipation factors method [32] is used for this purpose. An Ksps= Ksps= Ksps (20
eigenvalue-based objective functiah defined below is i
pr%posed. J Tisps= Tisps= Tisps (2D
J = (of electromechanical mode (15 THN < Tagps= TR (22)

where ¢ is the damping ratio. This objective function is The minimum and maximum values of the controller
proposed to improve the time domain control system speci- gains are set as 0.1 and 100, respectively [2]. The minimum
fications such as damping factor, overshoots, and settlingvalues ofT;pssand Tspssare set slightly above the value of
time. Topssand Tupss respectively to compensate the phase lag

37 i

v

AE K3+ST,/'0 + AEfd

Fig. 4. Block diagram of the linearized power system model.
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betweenupss and E{1 [1]. The maximum values 0fpsg
Tapss Tisps andTgspsare setto 1.0 s.

The proposed approach employs SA algorithm to solve
this optimization problem and search for optimal or near e
optimal set of the optimized parameters.

4. Simulated annealing algorithm
4.1. Overview

Simulated annealing is an optimization technique that
simulates the physical annealing process in the field of
combinatorial optimization. Annealing is the physical
process of heating up a solid until it melts, followed by
slow cooling it down by decreasing the temperature of the
environment in steps. At each step, the temperature is main-
tained constant for a period of time sufficient for the solid to
reach thermal equilibrium. At any temperaturethe ther-
mal equilibrium state is characterized by tB®ltzmann
distribution This distribution gives the probability of the
solid being in a statewith energyE; at temperaturd as

P, = keX[X_Ei/T) (23

wherek is a constant.

Metropolis et al. [30] proposed a Monte Carlo method to
simulate the process of reaching thermal equilibrium at a
fixed value of the temperatufie In this method, a randomly
generated perturbation of the current configuration of the
solid is applied so that a trial configuration is obtained.
Let E. and E; denote the energy level of the current and
trial configurations, respectively. E;, < E., then a lower
energy level has been reached, and the trial configuration is
accepted and becomes the current configuration. On the®
other hand, ifE; = E. the trial configuration is accepted
as current configuration with probability proportional to
exp(—AE/T), AE = E; — E.. The process continues until
the thermal equilibrium is achieved after a large number
of perturbations, where the probability of a configuration
approaches Boltzmann distribution.

By gradually decreasing the temperatiirand repeating
Metropolis simulation, new lower energy levels become
achievable. AsT approachezero least energy configura-
tions will have a positive probability of occurring.

4.2. SA algorithm

At first, the analogy between a physical annealing process
and a combinatorial optimization problem is based on the
following [29]:

e Solutions in an optimization problem are equivalent to
configurations of a physical system.

e The cost of a solution is equivalent to the energy of a
configuration.

In addition, a control parameté€l, is introduced to play the e
role of the temperaturé.
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The basic elements of SA are briefly stated and defined as

follows:

Current, trial and best solutionS¢ymrens Xiar @aNd Xpesi
these solutions are sets of the optimized parameter values
at any iteration.

Acceptance criterionat any iteration, the trial solution
can be accepted as the current solution if it meets one of
the following criteria; (a) J(Xyia) < IXeurrends (D)
J(Xrial) = IXeurrend and exp— (I Xyia) — IXeurrend)/

C,) = rand0, 1). Here, rand(0,1) is a random number
with domain [0,1] andJ(Xyig) and JXeurren? are the
objective function values associated withy andXeyrens
respectively. Criterion (b) indicates that the trial solution
is not necessarily rejected if its objective function is not
as good as that of the current solution with hoping that a
much better solution becomes reachable.

e Acceptance ratioat a given value o€,, ann, trial solu-

tions can be randomly generated. Based on the accep-
tance criterion, ann, of these solutions can be
accepted. The acceptance ratio is defined,4s.

e Markov chain:it is defined as a sequence of trial solu-

tions where the probability of the outcome of a given trial
solution depends only on the outcome of the previous
trial solution. In the SA algorithm, the set of the
outcomes is given by the finite set of solutions. The
acceptance criteria described above show clearly that
the outcome of a trial solution depends only on the
outcome of the previous one. Hence, the concept of the
Markov chain can be used [29]. The allowable number of
transitions at each value of the control parameigr
represents the length of each chain.

Cooling scheduleit specifies a set of parameters that
governs the convergence of the algorithm. This set
includes an initial value of control paramet€, a
decrement function for decreasing the valueGgf and

a finite number of iterations or transitions at each value of
C, i.e. the length of each homogeneous Markov chain.
The initial value ofC, should be large enough to allow
virtually all transitions to be accepted. However, this can
be achieved by starting off at a small value @f and
multiplying it with a constant larger than &, i.e. Cyo =
aCp. This process continues until the acceptance ratio is
close to 1. This is equivalent to heating up process in
physical systems. The decrement function for decreasing
the value ofC; is given by C, = uC, where u is a
constant smaller than but close to 1. Typical values lie
between 0.8 and 0.99 [29]. The acceptance criteria show
that at large values o€, large deteriorations will be
accepted; a<C, decreases, only smaller deteriorations
will be accepted and finally, &, approachegerq no
deteriorations will be accepted at all. This feature, in
contrast to gradient-descent and other local search
algorithms, avoids trapping in local minima.

Equilibrium condition:it occurs when the current solu-
tion does not change for a certain number of iterations at
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Table 1
The optimal settings of the controller parameters of the proposed schemes

Prop. scheme (a) Prop. scheme (b) Prop. Scheme (c)

Kpss Tipss Tspss Ksps Tisps Tasps Kpss Tipss Tapss Ksps Tisps Tasps

20.34 0.120 0.232 96.99 0.080 0.085 40.62 0.150 0.115 8.760 0.944 0.119

a given value ofC,. It can be achieved by generating a
large number of transitions at that value@f

e Stopping criteria:these are the conditions under which
the search process will terminate. In this study, the search
will terminate if one of the following criteria is satisfied:
(a) the number of Markov chains since the last change of

the best solution is greater than a prespecified number; or,  ga algorithm has been applied to search for optimal
(b) the number of Markov chains reaches the maximum gettings of the optimized parameters of the proposed control

satisfied then stop; else sét,=k;+ 1 and C, =
uCp, u < 1, and go back to Step 5.

5. Application of SA to the proposed control schemes

allowable number.

schemes. In our implementation, the search will terminate if
the best solution does not change for more than 10 chains or

The general algorithm of SA can be described in steps asihe number of chains reaches 200. Each chain has a length

follows:

Step 1:Set the initial value o€y, and randomly generate
an initial solutionx;,;zr and calculate its objective func-

of 300 iterations. The equilibrium condition is satisfied if the
current solution does not change for more than 30 iterations.
The final settings of the optimized parameters for the
proposed schemes are given in Table 1. The convergence

tion. Set this solution as the current solution as well as the rate of the objective functiodwith the number of iterations

best solution, i.€Xinitial = Xcurrent = Xpest
Step 2:Randomly generate am of trial solutions in the
neighborhood of the current solution.

is shown in Fig. 5.
It is worth mentioning that the optimization process has
been carried out with the system operating at nominal

Step 3:Check the acceptance criterion of these trial solu- |5ading condition given in Table 2.
tions and calculate the acceptance ratio. If acceptance

ratio is close to 1 go to Step 4, else &€gh = aCyo, @ >

1, and go back to Step 2.

Step 4:Set the chain countdg, = 0.

Step 5:Generate a trial solutioRryiy. If Xyiq Satisfies the
acceptance criterion  Se¥yrrent = Xrials I Xeurrend =
J(Xyia1), @nd go to Step 6; else go to Step 6.

Step 6:Check the equilibrium condition. If it is satisfied
go to Step 7; else go to Step 5.

Step 7:Check the stopping criteria. If one of them is

6. Simulation results

To assess the effectiveness and robustness of the
proposed control schemes, three different loading con-
ditions given in Table 2 were considered. Moreover, differ-
ent disturbances and system parameter variations were
applied. The performance of the proposed control schemes
is compared to that of PSS given in [14] with a transfer

0.80 —
0.60 '
c
.0
S
S 040 gl
L o,
o i )
> i ——— with PSS Only
S 020 i
% e with SPS Only
O - .
0.00 with PSS & SPS
0.20 ' l ' | T | ]
0.00 200.00 400.00 600.00 800.00

Number of Iterations

Fig. 5. Objective function variations of the proposed schemes.
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Table 2 scheme (b). This confirms that PSS degrades the voltage
Loading conditions profile under severe disturbances.
Loading P (pu) Q (pu) v (pu) P ()
Nominal 1.0 0.015 1.05 0.0 6.1.2. Parameter variation test
heading PF 0.70 —0.20 1.05 5.0 To verify the robustness of the proposed schemes to
eavy 1.10 0.40 1.05 50 system parameter variation, the system inertia has been
reduced by 25% of its nominal value while a 25% pulse
function given by increase in the input torque has been applied ftom1.0
tot = 4.0 s The system response is shown in Figs. 8 and 9.
Upss = 7.091( 55 )< 1+ 0'68$> (24) The simulation results show that the system response is
1+5s/\ 1+01s greatly improved with the proposed schemes. It can be

It is worth mentioning that all the time domain Se€enthat CPSS fails to stabilize the system under this distur-
simulations were carried out using the nonlinear power bance. The results also demonstrate the robustness of the
system model. The system data is given in Appendix B.  Proposed schemes with system parameter variations. This

can be attributed to the optimal selection of the parameter
6.1. Nominal loading settings of the proposed control schemes. It can be
concluded that the performance of damping controllers

At this loading condition, the system eigenvalues with can be greatly improved when they are optimally designed.
and without the proposed control schemes are given in
Table 3. It is shown that the open loop system is unstable
and the CPSS [14] stabilizes the system with a damping 6.2. Leading PF loading
ratio £ of electromechanical mode of 0.254. The corre-
sponding damping ratios of the proposed schemes (a)—(c
a?e 0.48%, 0.65p6 agnd 0.744, respepcti\F/)er. Itis quite clegr)th(alt)leading power factor. In th_is case, the stability margin is

educed and it becomes important to test the proposed

the proposed control schemes enhance greatly the dam in% o .
brop g y P ontrol schemes under this situation. A three-phase fault

of electromechanical mode of oscillation. However, better has b lied at the infinite bus for 0.1 5. Th

damping characteristics can be achieved with proper coor-testhas €en applie at.t & Infinite bus ort.s. e system

dinated design of PSS and SPS controller as shown inesponse is shown in Figs. 10 and 11. It is shown that the
system damping characteristics are significantly enhanced

proposed scheme (c). .
Two different disturbances were applied to assess theWlth the praposed control schemes (b) and (c).

effectiveness of the proposed control schemes to enhance
system damping. These disturbances are as follows.

It may become necessary to operate the generator at a

6.3. Heavy loading

6.1.1. Fault test A three-phase fault disturbance at the infinite bus for

The behavior of the proposed control schemes under tran-0.05 s was applied. The results are shown in Figs. 12 and
sient conditions was verified by applying a three-phase fault 13. It can be seen that the proposed schemes (b) and (c)
at the infinite bus at = 1 s The fault duration was 0.1s. suppress the first swing in torque angle and extend the
The system response is shown in Figs. 6 and 7. It can be seesystem stability limit. In addition, the voltage profile is
from Fig. 6 that the first swing in the torque angle is signifi- greatly improved with the proposed scheme (b) in terms
cantly suppressed with the proposed schemes (b) and (c)of overshoots and settling time. The reason behind this is
This means that SPS outperforms PSS in damping of firstthe faster response of SPS compared to that of PSS. It can be
swing and increasing of stability margin. This positive effect concluded that PSS degrades the terminal voltage response,
can be attributed to the faster response of the SPS. In Fig. 7 particularly, under severe disturbances and heavy loading
the voltage profile is greatly improved with the proposed levels.

Table 3

System eigenvalues with and without control

No control PSS [14] Prop. scheme (a) Prop. scheme (b) Prop. scheme (c)
+ 0.295+ j4.960 —1.157=* j4.397 —2.795= j5.056" —3.221*j3.703 —4.009+ j3.547°
—10.393+ j3.284 —4.602+ j7.408 —3.500= j6.380 —6.628+ j7.607 —6.260* j5.618

- —0.201,-18.677 —0.205,-19.14 —11.187+j0.933 —10.00=+ j0.005

- - —8.466 —0.210,—18.115 —15.19+ j8.077

- - - - —9.23,-0.21,-0.2

2 Eigenvalues associated with the electromechanical mode.
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Fig. 6.8 response to the fault test with nominal loading.
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Fig. 7. Terminal voltage response to the fault test with nominal loading.
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Fig. 8.6 response to the parameter variation test with nominal loading.
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. 9. Terminal voltage response to the parameter variation test with nominal loading.
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Fig. 10.6 response to the fault test with leading PF loading.
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Fig. 11. Terminal voltage response to the fault test with leading PF loading.
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Fig. 12.6 response to the fault test with heavy loading.
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Fig. 13. Terminal voltage response to the fault test with heavy loading.

7. Conclusions

In this study, the effects of PSS and SPS control when
applied independently and also through coordinated appli-
cation has been investigated. The controller design problem
is formulated as an optimization problem. Then, SA algo-
rithm has been proposed to search for optimal settings of
controller parameters. Different control schemes have been
proposed and applied to a weakly connected power system
The proposed schemes were tested under different

disturbances, loading conditions, and system parameter

variations. The simulation results show that

1. the potential of SA algorithm to solve the problem of PSS
and SPS controller design;

2. the SPS controller provides good damping of low frequency
oscillations and improves greatly the voltage profile;

3. better damping characteristics can be obtained by
coordinated control of PSS and SPS;

4. the effectiveness and robustness of the proposed control
schemes over a wide range of loading conditions and
system parameter variations.
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Appendix A

Referring to Fig. 1, the voltagé = v/ — ®and itsd and
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g components can be written as
Vg = Eg sin @ — Xgig sin @ + xqiq cosP (A1)
Vg = Eq COSP — Xgig COSP — Xqig Sin (A2)

The load curreni, = V'Y, and the line current,, =
i —i_. The infinite bus voltagev, =V —i;,.Z. The
components ofy, can be written as

Vp SiN & = €1y — GV — Rig + Xig (A3)

Vpp COS8 = CyVg + €1V — Xig — Rig (Ad)

Substituting from Egs. (A1) and (A2) into Egs. (A3) and
(A4), the following two equations can be obtained

Csig + Colq = Vb SIN & + C3Eq (A5)

C7ig + Cgiq = Vb COSS — C4Eq (AB)

Solving Egs. (A5) and (A6) simultaneousli; and ig

expressions can be obtained. Linearizing Eqgs. (A5) andA:

(A6) at the nominal loading conditiomiy and Aigq can be
expressed in terms a3, AEﬁq andA¢@ as follows.

C5Aid + CGAiq = Vb COSSAS + C3AE::1 + CgA@ (A?)

C7AIg + CgAig = —Vy, SINGAS — C4AE + C1pAD (A8)

Solving Egs. (A7) and (A8) simultaneousljy and Ai,
can be expressed as

Aid = 011A5 + CleE::] + ClgAq) (Ag)

Aiq == Cl4A8 + C15AE/q + C]_6A(p (AlO)

The constants;—c;¢ are expressions &, Y, , Xg, Xq, idos ig0s
an and &,,.
The linearized form ofyy andv, can be written as

Avy = XAl (A11)

Avq = AEg — XgAig (A12)

Using Egs. (A9)—(A12), the following expressions can be
easily obtained

AP = K3A8 + KoAEG + KoAD (A13)
(K3 + STgo)AEq = AEgg — K4A8 — KAD (A1)
Av = KsAS + KgAEg + K, AP (A15)

where the constants;—Ks, K, K;, andK, are functions of
C11—Cie-
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Appendix B

The system data are as follows:
M=0926s Ty,=776, D=0.0; xq4=0973

Xy =019, x,= 055

R= —-0.034 X=0.997 g=0249 b=0.262

Ka =50, Tp = 0.05

Ks=10; T,=0.05

P = 10

Upsd = 0.2 pu
[Exgl = 7.3 pu

All resistances and reactances are in pu and time constants
are in seconds.

With the nominal loading condition given in Table 2, the
system matrices are

0.0 377 Q0 0.0
—-0.0588 00 -0.1303 QO
—0.0900 00 -0.1957 01289
| 955320 00 -—-81593 —-20.00

and
[~ 0.0 0.0
0.0 00775
5= 0.0 00185
| 1000 10%66
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