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ABSTRACT

This paper presents the design of a static var com-
pensator for power systems subject to voltage fluctu-
ation by using a known framework comprising the
principle of matching and the method of inequali-
ties. In the design formulation, all possible voltage
fluctuations are treated as persistent signals having
uniform bounds on magnitude and slope. The princi-
pal design objective is to ensure that the rotor angle,
the generator terminal voltage and the voltage of the
nearby bus always deviate from their nominal values
within the allowable ranges for all time in the pres-
ence of any possible voltage fluctuation. By virtue
of the framework, it is clear that once a solution is
found, the system is guaranteed to operate satisfacto-
rily in regard to the design objective. The numerical
results demonstrate that the framework adopted here
is suitable and effective, thereby giving a realistic for-
mulation of the design problem.

Keywords: Power Systems Control, Static Var
Compensator, Voltage Fluctuation, Design Formula-
tion, Control Systems Design, Principle of Matching,
Method of Inequalities

1. INTRODUCTION

In power system operation, there are occasions
in which large and rapid voltage fluctuations have
a great influence on the system’s dynamic stability
and performance. As a well-known example, the op-
eration of an Electric Arc Furnace (EAF) can affect
the operation of other equipment or machines in the
nearby factories and the nearby distribution systems.
The instantaneous fluctuation with large amplitudes
of EAF’s voltage is a source of power quality distur-
bances in an electric power system [1-3]. Moreover,
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the stability and the performance of nearby genera-
tors are deteriorated.

Compensators such as a power system stabilizer
(PSS), a static var compensator (SVC) or a static syn-
chronous (STATCOM) have been utilized to mitigate
the undesirable effects caused by EAF. In addition,
they can be used for improving the power system’s
stability (or damping) and dynamic performance. In
this regard, the subject of tuning such compensators
have been investigated by a number of authors, for
example, [1,4-8] and the references cited therein. In
these studies, the authors used the control theories
that are based on the system properties defined in
connection with deterministic test inputs (for exam-
ple, step functions or sinusoids), which never happen
in practice. Accordingly, their design problems were
not formulated in a realistic manner.

The objective of this paper is to present the design
of an SVC for improving the dynamic performance of
a power system operating under load voltage fluctua-
tion, in which all possible voltage fluctuations (defined
as voltage fluctuations that can happen or are likely
to happen in practice) are modelled as persistent sig-
nals having uniform bounds on magnitude and slope
(see (6) and (29) for more details). Accordingly, the
design problem is formulated realistically in the sense
that the uncertain characteristic of the possible volt-
age fluctuations is explicitly taken into account.

For the system to have sufficient damping as well
as satisfactory performance, the SVC will be designed
so as to ensure that the generator rotor angle, the gen-
erator terminal voltage and the voltage of the nearby
bus always deviate from their nominal values within
certain acceptable ranges for all the possible voltage
fluctuations. The violation of the bound for the gen-
erator rotor angle may give rise to the system’s in-
stability and consequently may cause blackout in a
widespread area.

The design methodology adopted in the paper is
based on Zakian’s framework [9, 10] (see also the ref-
erences therein), which comprises the principle of
matching and the method of inequalities. The frame-
work has been successfully applied to various engi-
neering problems (see, for example, [10-13]). See Sec-
tion 2 for a recapitulation of the framework.

Recently, the framework has been used by [11] in
tuning a PSS to improve the stability and the perfor-
mance of a power systems operating with load voltage
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fluctuation. The work reported in the present paper is
carried out in a more elaborate and refined way. The
SVC device is used, the configuration of the power
system is more complex, and the representation of
the voltage fluctuation is simpler.

In this work, attention is restricted only to the tun-
ing of SVC devices. However, it should be noted that
the method used here can readily be applied to the
tuning of other types of power system compensator
as well.

The structure of the paper is as follows. Section 2
provides necessary background of Zakian’s framework
and also includes the fundamental theory used for for-
mulating the design problem. Section 3 describes the
model of the power system used in the paper. In
Section 4, the characterization of the set of the pos-
sible inputs is explained. Section 5 explains how the
design problem is formulated. In Section 6, the nu-
merical results are presented. Finally, the conclusions
are given.

2. BACKGROUND

Section 2.1 briefly reviews the general concept of
Zakian’s framework, and Section 2.2 provides the
mathematical results which are used specifically for
solving the design problem considered in the paper.

2.1 Zakian’s framework

Two essential and complementary constituents of
Zakian’s framework [9, 10] are the method of inequal-
ities (Mol) and the principle of matching (PoM). The
Mol [9, 14, 15] suggests that a multiobjective design
problem should be cast as a set of inequalities that
can be solved in practice, whereas the PoM |9, 16]
suggests what kind of design inequalities should be
used so that the control objectives (2) are satisfied.
A detailed account of the framework can be found in
[9,10] and also the references cited therein.

2.1.1 The method of inequalities

The Mol [9, 14, 15] is a general design principle re-
quiring that a design problem should be formulated
as a set of inequalities

oilp) <C; (i=1,2,....,m) (1)

where p € R™ is a vector of design parameters, ¢; :
R™ — R U {oo} represents a quality or a property
or an aspect of the behaviour of the system, and the
numbers C; is the largest value of ¢;(p) that can be
accepted. Any point p satisfying (1) characterizes an
acceptable design solution.

The set of inequalities (1) includes two principal
subsets, one subset representing constraints and the
other representing required performance. Whereas
constraints have traditionally been represented by in-
equalities, the representation of desired performance
by a set of inequalities is a significant departure from

the tradition in which the performance is represented
by a single objective function to be minimized. The
Mol recognizes that desired performance is appropri-
ately stated by means of several distinct criteria, with
each criterion represented by one or more inequalities,
thus allowing greater insight into the design process.

In many cases, some of the principal ¢; are non-
convex functions of the design parameter p. Conse-
quently, a numerical algorithm is usually employed to
determine a solution of the inequalities (1) by search-
ing in the parameter space R™. Considerable experi-
ence over the last thirty years has shown that a wide
range of practical problems can be formulated in the
form (1) and can be solved by numerical methods.
Because there are a large number of articles (more
than 40 articles) on the successful applications of the
Mol, readers are referred to the book [10] for a com-
prehensive list of references.

2.1.2 The principle of matching

The PoM [9, 16] is a general concept which requires
that the system and the environment in which the
system is to operate should be designed so that both
are matched in the sense defined below.

Assume that the environment subjects the system
to an input f which causes responses (or outputs) y;
(i = 1,2,...,m) in the system. The input f gen-
erated by the environment is assumed to be known
only to the extent that it belongs to a set P, called
the possible set. This set comprises all inputs that
can happen or are likely to happen or are allowed to
happen in practice. Then the system and the envi-
ronment are said to be matched [16] if the following
criteria are satisfied.

lyi(t, f.p)| <& VEVfeP (i=1,2,...,m) (2)
where y; (¢, f,p) denotes the value of y; at time ¢ in
response to f with the design parameter p € R", and
€; is the largest value of y; that can be accepted. The
design problem is usually to determine any value of
p € R™ that satisfies (2).

For economic reasons, it can be further required
that the set P should not contain too many fictitious
inputs, that is, inputs that never happen in practice.
However, it is not within the scope of the paper to
deal with this requirement; see [20] for further details
on this.

Indeed, the criteria (2) have been used in prac-
tice by engineers to monitor the performance of the
control system. They are used to guarantee that the
outputs y; stay within the specified ranges +¢; for all
time and for all f € P. The criteria (2), though con-
ceptually useful, are not computationally tractable.

It is easy to show that the criteria (2) are equiva-
lent to

where the performance measures §j; are called the peak
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outputs for the set P and given by

gi(p) = supsup |yi(t, f,p)| (i=1,2,...,m). (4)

fEP >0

The criteria (3) become useful design inequalities,
provided that ¢; are computable. In connection with
the PoM, a number of researches have been devoted
to the development of readily computable inequalities
that can be used to ensure that (2) are satisfied for
various models of the possible set. See, for example,
[15,17-20] and also the references therein.

When there are a large number of possible inputs,
the usefulness of the criteria (2), as well as (3), be-
comes very clear. Specifically, when the performance
measures used in formulating the design problem are
hardly related to (2), engineers will have to perform
simulations with a number of input waveforms after
obtaining a design so as to check whether or not the
system operates satisfactorily. This process usually
involves repeated redesign and simulation of perfor-
mance, a process that can be very time-consuming.
It is clear that only the framework adopted in this pa-
per can deal with the design problem in connection
with the requirements (2) in a systematic manner.

2.2 Fundamental design theory

Consider a linear, time-invariant and nonantici-
pative system whose input f and outputs y; (i =
1,2,...,m) are related by the convolution integral

yilt, f.p) = / hi(t—mp)f(rdr  (5)

where h; denotes the impulse response of the output
y; and depends on the design parameter p. For the
rest of the paper, consider the possible set P charac-
terized by

PELS N flloo <M, | flloo <D} (6)

where the bounds M and D are positive numbers
that can be determined from the physical properties
or the past records of the system.

In connection with (6), it should be noted that the
set P contains an important class of bounded signals
that persistently vary for all time (see [9,10] for de-
tails).

2.2.1 Computation of performance measures

For the possible set P in (6), there are available
methods for computing the peak outputs g;. See, for
example, [19, 20] and the references therein. However,
none of them are simple.

For clarity in explaining how to apply Zakian’s
framework to the design problem, this paper consid-
ers the use of the majorants y; instead of the peak
outputs ¢;. Note, in passing, that the majorants y;
have a property that g;(p) > g:(p) for all p € R™.

It is known [10, 15] that the majorants g; are given
by

Gi = [8iss| M+ |80 = 8i,ssl1, D (7)

where s; are the responses y; when the input f is the
unit step function, and s; ;s denote the steady-state
values of s;. Expression (7) provides a useful and
simple formula for computing the majorants ;.

From the above, one can easily see that

gi(p) <e (i=1,2,...,m) (8)

are readily computable inequalities that can be used
in practice to ensure that (3) are satisfied. Hence,
in this paper, (8) are used as the design inequalities
instead of (3).

In using (7) to compute ¥;, once the step responses
s; are obtained, the rest of the computation can be
carried out very easily by standard numerical algo-
rithms. Since the calculation of g; is very simple, one
can focus one’s attention mainly on understanding
the design methodology without having to worrying
too much about the detail of how to compute ;.

2.2.2 Stabilization & finiteness of performance
measures

Following previous works [14,15,21], it is readily
appreciated that in solving the inequalities

.,m) 9)

by numerical methods, it is necessary to obtain a sta-
bility point, that is, a point p € R"™ satisfying

gl(p) S Eq (Z = 1727"

Gilp) < o0 Vi (10)
This is because numerical search algorithms, in gen-
eral, are able to seek a solution of (10) only if they
start from such a point (see [14,21] and also [10] for
details).

It is important to note [14,15,21] that condition
(10) is not soluble by numerical methods and there-
fore needs to be replaced with conditions (usually in
the form of inequalities) that can be satisfied by nu-
merical methods.

Assume that a state-space realization of the sys-
tem is {A, B,C, D}. Then one can easily prove that
Ji(p) < oo for all 7 if all the eigenvalues of A have
negative real parts; that is to say, if

a(p) <0

(11)

where «a(p) denotes the spectral abscissa of A, given
by
o(p) £ max{Re Ai(4)}

and A;(A) denotes an eigenvalue of A. Notice that
(11) is in fact equivalent to many well-known stabil-
ity conditions for finite dimensional systems, which
shows a close relationship between the finiteness of
7i(p) and the stability property of the system.
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Fig.1: Power system configuration

In practice, especially when used in conjunction

with the Mol, condition (11) is usually replaced with

a(p) < —eo (12)

where a small positive bound & is given (for example,
g0 = 107* is used here).

Accordingly, a stability point can readily be ob-
tained by solving the inequality (12). Once the sta-
bility point is obtained, the inequality (11) or (12) can
also be used to prevent the algorithm from stepping

out of the stability region during the search process.
See [14, 15, 21] for more details.

3. MODEL OF POWER SYSTEM

The power system considered in this study is mod-
elled as a single generator connecting to an infinite
bus with an SVC installed at bus 2. The single line
diagram of the system is shown in Figure 1 where ip
denotes the generator current, er the terminal volt-
age of the generator, ep the voltage at the infinite
bus, vy the voltage at bus 2, vy the load voltage at
bus 4, L;.1 an inductance of the transformer connect-
ing the generator to bus 2, L2 an inductance of the
transformer connecting the bus 2 to bus 4 and L; an
inductance of the transmission line connecting bus 2
to the infinite bus.

By assuming that the power system operates under
a three-phase balanced condition, it follows that

er(t) = Ep(t)sin(wt+ ¢1)

va(t) = Va(t)sin(wt + ¢2)

vr(t) = Vi(t)sin(wt + p3) (13)
ir(t) = Ip(t)sin(wt + p4)

where ; (i =1,...,4) are the phase angles of er, va,
vy, and i7 at the steady state.

Let (Etr,a, V2,45 Vi,a, I1,a) and (Erq, Vag, Vig,
It 4) denote the d- and g-components of (Er, Vs, Vi,
I7), respectively. One can readily show that the vari-
ables in the abc reference frame is related to the dqo

reference frame by
Br(t) = \/B}(0)+E}, (1)
t) = V22,d(t) + V2 q( )
Vi(t) = JVE.®) +VE, ()
Ir(t) I7.4(8) + 17 (1)

(14)

The power system considered here consists of a
generator, an excitation system, a governor con-
trol loop and an SVC. In the following subsections,
the mathematical models of each component are de-
scribed, grouped as an interconnected system, and
linearized about a nominal operating condition.

3.1 The synchronous generator model

The dynamics of the generator is described by the
following nonlinear differential equations [22].

dE!

T = g (=B + (Xa — X)) Ira + Eu)
T = P (~By+ (X, — XIry)
% = wpAw
4 = (T — T. — KpAw)
T. = Eylr g+ Ejlr g+ (X — Xé)IT,dIT,q( )
15

where E) and Ej are the transient electromotive
forces, Tj, and T, are the open circuit field time
constants, Xy and X, are the reactances, X and X
are the transient reactances, Fgq is the field voltage,
¢ is the rotor angle of the generator, Aw is the devi-
ation of the angular speed of the generator from the
synchronous speed, wy is the base angular speed, H
is the inertia constant, T}, is the mechanical input
torque, T, is the electrical input torque, and Kp is
the damping coefficient of the generator.

3.2 The excitation system

The excitation system comprises a voltage trans-
ducer, an automatic voltage regulator (AVR) and a
power system stabilizer (PSS) [22]. The block dia-
gram of the excitation system is given in Figure 2
and its state-space representation is

= 7= (Br —my)

o= KJAgE- le 2

dms = A (Ty 42 4 mg — mg) (16)
doa = (T390 + mg —my)

By = Ka(Viet —m1 — )

where m; and T; (i = 1,...,4) denote the state vari-
ables and the lead-lag time constants of the excitation
system, T’ is the transducer time constant, Ty is the
washout time constant, K is the PSS gain, and v, is
the output signal of the PSS described by

min min

vy my < Uy
Vs = My, e T s (17)
,U;Ilal)(7 m4 > UIII&X
where vmm and vI'®* are some constants.

See Section 5 for further discussion on how to ob-
tain the PSS parameters K, Ty and T; (i = 1,...,4)
as shown in Table 1.
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3.3 The governor control model

Figure 3 shows the block diagram of the governor
control loop. The differential equations describing
this subsystem are given by

d _ 1 (A

T o= G —9)

e = (g —gp) (18)
Tm - Tref_g2

where g; (i = 1,2) are the state variables, K is the
integrator gain, R is the droop constant, T is the
governor time constant, and Tp is the prime mover
time constant.

3.4 The SVC model

The SVC model used in this study is taken from
[23] and shown in Figure 4. The dynamic behaviour
of the SVC is described by

Gr = £ (Ky(Vag — Va) — 1)

% _ ﬁ(Tvl% + 51 — 82) (19)
dB

T = Tib<Bref - B)

where Vyq is the voltage of bus 2 at the steady state,
K, is the SVC gain, T, is the SVC time constant,
s1 and sg are state variables, T,; and T, are the
lead-lag time constants, T}, is the thyristor firing time
constant, B is the susceptance of the SVC and Byt is
the output susceptance of the voltage regulator given
by

Bmina Sg < Bmin
Bref = 52, Bmin S S2 S Bmax . (20)
Bmax; S > Bmax

It is worth noting that, in order to ensure that the
PSS and SVC models always operate in the linear
ranges, the control signals m,4 and s, need to satisfy

< () <o
for all ¢ 21
Bmin S 52(t) S Bmax ( )
where vt pmax B . and By are specified con-
stants.

3.5 The overall system equations

Owing to the very fast transient responses of the
transmission network [22], it suffices to represent the

EAW sTw |mo|l4+sT7| m3|
; K —sTar—1+sTo—

Tref
Aw 1 1 1 — %—i—
R 14+sTa 1+sTp T

g1 g2 m

Fig.3: Block diagram of governor loop

transmission network with the algebraic equation

I(z,V) = YyV (22)

where x is the state vector of the system, V' is the bus
voltage vector and [ is the current injection vector.

Accordingly, the overall system equations, includ-
ing the differential equations for all the devices and
the algebraic equations for the transmission network
(22), are expressed as

dx
— =h(z,V 23
= (V) (23
where h is a vector of corresponding nonlinear func-
tion.

Define the output vector of interest y, the input

vector u and the state vector x as follows:

y 2 [§ BEr Vo my so]
u £ VL Z0
r & [5 Aw E(’] E, mi my (24)

T
m3 Mg g1 g2 S1 S2 83]

where V1, /0 is the phasor of the voltage of bus 2.

The generator parameters (in per unit with respect
to 2220 MVA base) are shown in Table 1, and the
power system is in the steady state with the following
conditions:

Py =0.9 pu, Qo = 0.436 pu,

ETO =1.0 pu, EB() =0.9 pu.

By applying the steady-state analysis given in [22],
one obtains a nominal operating point

! /
o = [50 Awo qu EdO mio M2o

T (25)
m3o M40 G1o G20 ]

S10 S20 S30
where 0y = 46.26°, E,, = 0.3170 pu, Ej; =
1.0875 pu, all others are zero and the nominal voltage
of the load bus Vg = 0.732 pu.

Equation (23) is linearized about the nominal op-
erating point given in (25) and the incremental linear
model is given by

dAzx _
- = AlAx+ BAu (26)
Ay = CAzx+ DAu
Bmin
1+sTy1 |52 / Bret 1 _§

148Ty2 14Ty

Vao K, S1
T 1+sT, [ ]
Va

Fig.4: Block diagram of SVC

Bmax



302 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.9, NO.2 August 2011

Table 1: Generator parameters in per unit base
Kp = 10 H 3.5 sec
Ky, = 100 K, = 19.03
Ly = 0.15 pu L, = 0.5pu
L, = 09pu |T), = 80sec
Tyy = 1.0sec T = 0.2sec
Tp = 0.3 sec Tr = 0.015 sec
Tw = 0844 sec | Ty 0.137 sec
T = 0.058 sec | T3 0.225 sec
Ty = 0.158 sec | R = 0.05
Xq = 181pu X, = 176 pu
R, = 0003pu | X, = 0.30pu
X, = 065pu |w, = 1207 rad/sec

where A, B, C and D are constant matrices, the in-
cremental output vector Ay is defined by

Ay =[AS AEr AVy Amy Asy]  (27)

and Au, Az are the incremental input and state vec-
tors respectively.

4. CHARACTERIZATION OF POSSIBLE
SET

This section describes how to characterize the pos-
sible set P, which contains all the possible load volt-
age fluctuations in the power system. From the pre-
vious section, one can see that the input in the lin-
earized model is the incremental load voltage AVy.
Assume that the power system is in the steady state
for ¢t < 0 and the load voltage changes for ¢ > 0. That
is,

v (t) = {

where Vg is constant and depends upon the nominal
operating condition of the system. Accordingly, the
set P is defined as

P2 {AVL: |AVi ]l < M. AV ]l <D} (29)

Vo sin(wt + 0), t<0

(Voo + AV (b)) sin(wt + 6), t >0 (28)

™ Excitation System | E:q

L (AVR & PSS) Er
T, Aw
m
M Governor Loop Generator
é
| ——
L] Ir
Vi > Network

j
B V.
=2 sve 2

Fig.5: Configuration of the power system

M=02puy,D=0.2pu/s
0.2 T T

0.1 . |‘
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A 1 ;
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time (sec)

Fig.6: Test input waveform

where M and D are positive numbers specified by
designers.

At this point, the possible set P is to be defined.
Accordingly, the bound M is chosen with respect to
the change of real power of the load bus that used
to happen or is likely to happen in practice. The
bound D is related to the rate of change of the power
flow from the transmission network to the fluctuating
load. In this study, the bounds used are chosen, for
example, by

M=02pu and D =0.2pu/s. (30)

To shed some light on the physical meaning of
M = 0.2 pu, suppose that the system was in sinu-
soidal steady-state. By performing load-flow calcu-
lation, it is found that if the load voltage decreased
(or increased) 0.2 pu from its nominal value, then the
real power would be drawn from (or injected into) the
load bus by 275.66 MW (or 210.90 MW).

5. DESIGN FORMULATION

This section explains how the design problem is
formulated according to the PoM and the Mol.

Assume that the power system is subjected to the
incremental load voltage AV (t) for ¢ > 0 where AVy,
is characterized by (28)—(30). The SVC will be used
for improving the performance of the power system
with the signal V5 being fed back to the SVC. The
configuration of the feedback control system is shown
in Figure 5.

To ensure good performance for the power system,
the design problem considered here is to determine
the design parameters so that the following require-
ments are fulfilled for any disturbance AVy, € P and
for all time ¢ > 0.

R1. The incremental rotor angle (Ay;) should not
be too large so as to ensure that the system has a
sufficient amount of damping and that the generator
is always in stable operation (that is, the rotor an-
gle ¢ does not reach the stability limit). From the
linearization in Section 3, dg = 46.26° and thus we
set

&1 = 20°. (31)

R2. The incremental terminal voltage of the genera-
tor (Ayz) and the incremental voltage of the nearby
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bus (Ays) should remain strictly within +3% and
+5%, respectively, so that both the generator and
the nearby bus have good voltage regulation. Hence,
€0 =0.03 pu and e3=0.05pu (32)
R3. The signals Amy and Asy (defined as Ay, and
Ays, respectively) should remain within their linear
ranges of operation so as to ensure that the linear
model used is valid throughout the design process.
Accordingly, the bounds €4 and €5 are chosen as
€4=02pu and e5=1pu. (33)
From the above discussion, the principal design
specifications to be considered in Section 6 are

A < e
Afp < e
Ags < e3 (34)
Ay < ey
Aygs < g5

where Ag; denotes the majorant of Ag; and is given
by the formula (7), Ag; is the peak value of the output
Ay; for the possible set P in (29)—(30), the bound ¢;
is given in (31)—(33). Notice that (34) clearly shows
that the design problem is multiobjective.

6. NUMERICAL RESULTS

This section presents the numerical results of the
design problem formulated in Section 5.

To verify the design results, a test input AV} is
generated randomly as a piecewise linear function
such that AVL(0) = 0 pu, ||AVL]|c = 0.2 pu and
|AVL]|oe = 0.2 pu/s. Its waveform is displayed in
Figure 6. All the simulations in this section are per-
formed by using the actual nonlinear systems.

In this work, the inequalities (34) are solved by a
numerical search algorithm called the moving bound-
aries process (MBP). See [10,14] for details of the
algorithm. Note, in passing, that other algorithms
for solving inequalities can be found, for example, in
[24, 25].

6.1 Tuning the SVC by the PoM and the Mol

Before employing the SVC, we attempt to tune the
PSS in the excitation system so that the following
design criteria are satisfied.

Aji(p) < e
Ag(p) < e
bl 35
Agz(p) < e3 (35)
Ags(p) < e

where p = [Ky, Tw, T1, Ta, T3, T4] denotes the vec-
tor of the PSS parameters.

After a large number of trials, it appears that the
MBP algorithm cannot a vector p € RS satisfying

(35). This may indicate that the inequalities (35) are
unlikely to have a solution. By performing a number
of iterations, the best possible p that can be found is

P =[19.03, 0.844, 0.137, 0.058, 0.225, 0.158]  (36)

and the corresponding performance measures of the
system are

Ap(p) = 1462 (< 20°)

Aga(p) = 0.023pu (< 0.03 pu) (37)
Ags(p) = 0.092pu (> 0.05pu)

Ags(p) = 0.015pu (< 0.2 pu)

The PSS parameters in (36) are listed in Table 1 and
used throughout the paper.

The time responses Ay; due to the test input AV}
for the system without the SVC are plotted in Figure
7. It can be seen from (37) and Figure 7 that only the
requirement on the voltage regulation of the nearby
bus cannot be achieved. Hence, the use of SVC is
inevitable.

Now, the SVC (19) is installed at the nearby bus.
Let p € R* denote the design parameter vector of the
SVC and be given by

P £ [Kv T, Tn Tv2}T (38)
The SVC parameters are determined by solving the
inequalities (34). By starting from p; = [0, 0, 0, 0]
and after a number of iterations, the MBP algorithm
locates a design solution p; where

p1=[280 0150 0.169 0.033]"  (39)

and the corresponding performance measures are

Ajip) = 516 (< 20°)

Aga(p1) = 0.008 pu (< 0.03 pu)

Ags(p1) = 0.034pu (< 0.05pu) . (40)
Aga(p1) = 0.004pu (< 0.2 pu)

Ags(p1) = 094pu (< 1pu)

Figure 8 shows the time responses Ay; due to the
test input AV} for the system with the SVC (39). It
is clear from (40) and Figure 8 that the obtained SVC
not only significantly reduces the fluctuation in the
voltage of the near by bus and the terminal voltage,
but also provides a better damping to the system.

6.2 Comparison with the design obtained by
the Mol

To illustrate what can go wrong when the PoM
is not used, the design p; in (39) will be compared
with another design obtained by using the Mol in
conjunction with the step-response criteria.

In the following, assume that the incremental load
voltage AV, is a step disturbance given by

AV (t) =0.2 pu fort > 0. (41)
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Fig.7: Responses of the system without SVC due to
the test input AV

Note that AV does not belong to the possible set
P. The step responses of the power system with the
SVC (39) are shown in Figure 9.

For the purpose of comparison, define ¢; (i =
1,2,...,5) as the two norm of the transient devia-
tion of the step response of Ay;. That is to say,

b & \//0 {Yi(t) = Yiss} ™ dt

where Y; denotes the step response of Ay; due to the
AV}, given in (41) and Y; 45 denotes the steady-state
value of Y;.

Then the Mol is used to determine another set of
the SVC parameters, denoted by po, so that ¢;(ps) is
not worse than ¢;(p1) for every i where p; is given
n (39). That is to say, py is obtained by solving the
following criteria:

(42)

¢1(p2) < ¢i(p) = 1.6535

$a(p2) < Po(p1) = 0.0029

¢3(p2) < ¢3(pr) = 88515x 1077 . (43)
¢a(p2) < Pa(pr) = 74501 %1077

o5(p2) < és(p1) = 0.0123

By using the MBP algorithm, the following solu-
tion py is obtained where

po=[ 317 021 0142 0016 ]"  (44)
and the corresponding ¢;(ps) are given by
¢1(p2) = 1.6314
(ég(pg) = 0.0028
ds(pa) = 8.1724x 1072 . (45)
@4(]92) = 7.1697 x 10~3
bs(ps) = 0.0117
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Fig.8: Responses of the system with SVC (39) due
to the test input AV}

The step response of the system with the SVC (44)
are displayed in Figure 10.

From (45), it is evident that the step-response of
the system with ps is slightly better than the response
of the system with p; in the sense of the performance
measures ¢;. By comparing Figures 9 and 10, the step
responses of both systems are not much different.

In connection with the actual specifications (34),
we compare the performance of the SVC (39) with
that of the SVC (44). To this end, the time responses
Ay; of the system with the SVC (44) due to the test
input AV} are plotted in Figure 11. From this, it fol-
lows that when the SVC (44) is used, the incremental
voltage of the nearby bus violates the requirement
R2, and thereby the specifications (34) are not sat-
isfied. From Figures 8 and 11, one can see that by
using only the Mol with the step-response criteria,
the specifications (34) are not explicitly taken into
account in formulating the design problem. In this
case, it is very difficult to determine the design pa-
rameters so that (34) are satisfied. By contrast, the
problem can be solved effectively by using the PoM
in conjunction with the Mol. Accordingly, the value
of the design method used here is evident.

7. CONCLUSIONS

This paper describes a general procedure for de-
signing a device such as an SVC for power systems
subject to load voltage fluctuation by Zakian’s frame-
work, comprising the PoM and the Mol. The PoM
provides a set of design inequalities that can be used



Design of Static Var Compensator for Power Systems Subject to Voltage Fluctuation Satisfying Bounding Conditions 305

AS (deg)
o

-5 i i i i
0 0.5 1 15 2 2.5

01 time (sec)

01 ; B B B
05 1 15 2 25
01 ‘ time (sec) ‘
B
o 0
X
<4
01 T T T T
0.5 1 15 2 25

time (sec)

o
o
o

Amy (pu)
o

-0.02 i i i i
0 0.5 1 15 2 25

0 __time (sec)

Asy (pu)
1

0 05 1 15 2 25
time (sec)

Fig.9: Step responses of the system with SVC (39)

in practice to ensure the satisfaction of the criteria
(2). The resultant inequalities then give rise to the
multi-objective design problem that are solved effec-
tively by the Mol. The framework facilitates design-
ers to arrive at a realistic formulation of the design
problem.

The study in the paper shows that the framework
can effectively handle the design problem in which
the system possesses conditionally linear elements.
Specifically, in spite of the saturations in the SVC and
the excitation system, the power system with the ob-
tained design solution is guaranteed to always operate
within the linear ranges of the devices. Consequently,
ubiquitous theories for linear systems can be utilized
in the analysis and the design.

The numerical results clearly show that all the out-
puts Ay; of interest (namely, the rotor angle, the ter-
minal voltage and the voltage of the nearby bus) can
be ensured to remain strictly within the prescribed
bounds as long as the incremental load voltage AV,
belongs to the possible set P. Evidently, the criteria
(29) or (2) are realistic in the senses that they are ac-
tually used by the plant engineers to monitor the per-
formance of the system in practice, and that all the
inputs that happen in reality are explicitly taken into
account in the formulation. It is interesting to note,
however, that in power systems operation, the rotor
angle, the generator terminal voltage and the nearby
bus voltage can be allowed to exceed the bounds for
a short period of time. In this case, the use of the
criteria (2) may cause some conservatism, which can
usefully provide a safety margin for the design pro-
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Fig.10: Step responses of the system with SVC (44)

vided that it is not too excessive.

The comparison in Section 6.2 shows what can go
wrong if the design problem is formulated by using
the step-response criteria, which do not represent the
actual requirements (34).

In this work, the possible inputs are considered in
the form of the deviation of the voltage at the load bus
from its nominal value. However, it is worth pointing
out that in power systems operation, the information
of the real power and the reactive power of the load is
easily obtainable (for example, in the case of EAF’s).
Because of the potential of the framework, it may be
fruitful to develop in the future a practical method
for determining the bounds M and D of AV}, due to
the load fluctuation using such information so that
the possible inputs are characterized more accurately
and the conservatism can therefore be reduced.
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