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The design of a model-free fuzzy power system
stabilizer (PSS) lacks systematic stability analysis
and performance guarantees. This paper provides a step
toward the design of a model-based fuzzy PSS that
guarantees not only robust stability but also robust
performance of power systems. A new practical and
simple design based on dynamic outpul feedback is
proposed. The design model is approximated by a set of
Takagi-Sugeno (T-S) fuzzy models to account for
nonlinearities and uncertainties. The proposed stabil-
izer is based on parallel distributed compensation
(PDC). Sufficient design conditions are presented as
linear matrix inequalities (LMIs). The design proced-
ure leads to a tractable convex optimization problem in
terms of the stabilizer gain matrices. The design
guarantees robust pole clustering, in an acceptable
region in the open left half of the complex plane, and
robust performance in terms of H; and H,, measures,
over a wide range of operating conditions. Simulations
results of both single-machine and multi-machine power
systems confirm the effectiveness of the proposed PSS
design.
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1. Introduction

Power system stabilizers (PSSs) have been used by
utilities to damp out the electromechanical oscillations
that follow disturbances [17]. Power systems are often
subjected to disturbances due to several reasons, €.g.,
continuous load variations, set-point changes and
faults. In such cases, a fixed-parameter conventional
PSS may fail to maintain stability or lead to a degra-
ded performance [5, 18]. Different design techniques
such as robust control [16, 25} and adaptive control
[11, 23] have been proposed to enhance the perform-
ance of PSSs. The implementation of an adaptive
controller needs tough precautions to assure persistent
excitation conditions and performance merits during
the learning phase [23].

Recently, fuzzy logic has emerged as a potential
technique for PSS design. Besides its ability to
accommodate the heuristic knowledge of a human
expert, the advantage of a fuzzy PSS is that it repre-
sents a nonlinear mapping that can cope with the
nonlinear nature of power systems. Several reported
results confirm that a fuzzy PSS outperforms a con-
ventional PSS once the deviation from the nominal
design conditions becomes significant [19]. Imple-
mentation of a fuzzy PSS for a multi-machine power
system is reported in [6]. Tuning the scaling factors of
a fuzzy PSS is discussed in [7]. An adaptive PSS using
on-line self-learning fuzzy systems is discussed in [1]
and on-line tuning of fuzzy PSSs as a direct adaptive
one is reported in [8]. Although the performance of a
well-designed model-free fuzzy PSS is acceptable, it
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lacks systematic stability analysis and controller
synthesis. The reported work attempts to overcome
this drawback by a providing a model-based fuzzy
PSS that guarantees stability and performance of
power systems. In the past ten years, research efforts
on fuzzy logic control have been devoted to model-
based fuzzy control systems [9]. Stability and per-
formance limits of model-based fuzzy control systems
can be achieved via linear matrix inequality (LMI)
techniques [28].

LMI techniques are extensively used in the design
of a robust PSS, e.g., [2, 21, 22, 30]. In [30], the
authors represent the model uncertainty as a linear
fractional transformation. An output feedback PSS
is designed to guarantee stability for all admissible
plants such that a quadratic performance index,
based on the nominal plant, is minimized. In [22],
pole clustering is used to design a full state feed-
back for a multi-machine power system. In [21], a
combination of LMI and feedback linearization
techniques is used to design a centralized PSS for a
two-area power system. In [2], -a robust decen-
tralized PSS is derived by minimizing a linear
objective function under LMI and bilinear matrix
inequality (BMI) constraints.

In this paper, an LMI design of a model-based fuzzy
dynamic output feedback PSS is proposed. The design
guarantees a mix of three relevant objectives for wide
range of operating conditions. First, the design guar-
antees a robust pole clustering in a pre-specified LMI
region to maintain adequate damping and better time
response. Second, it achieves a good compromise
between the control effort and performance by min-
imizing a certain quadratic performance index (H,
problem). Third, the design maintains robustness and
guarantees disturbance rejection (H,, problem). A
power system design model is approximated by a poly-
topic Takagi-Sugeno (T-S) fuzzy model. Each fuzzy
rule (vertex) of the T-S model (poly-tope) represents
an extreme operating point corresponding to the
selected ranges. According to the universal approx-
imation theorem [28], the resulting fuzzy model can
approximate the original nonlinear system to an
arbitrary degree of accuracy. A stabilizer design is
carried out at each vertex of the poly-tope. The
designs are derived under global stability and per-
formance conditions using a common Lyapunov
matrix. The design approach leads to a set of LMI
conditions. The equivalent control signal is calculated
using a parallel distributed compensation (PDC)
control law [29].

Up to our knowledge, application of a model-based
fuzzy control in PSS design, as proposed here, is a
novel approach. Model-based fuzzy control system
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allows us to use an imprecise design model and con-
sequently, it enables a decentralized design approach
that is independent of the power system size as indi-
cated in the following sections. Furthermore, model-
based design relies on LMIs rather than BMIs to have
a tractable solution.

The rest of the paper is organized as follows.
Section 2 describes how to represent an uncertain
power system as a poly-topic model that allows for
a wide range of operating conditions. In Section 3,
a brief review of T-S fuzzy models is depicted fol-
lowed by the equivalent power system T-S fuzzy
model used for PSS synthesis. Section 4 presents
the analysis required to describe the conditions for
pole clustering, H,, and H, constraints in an LMI
framework. Sufficient LMI conditions required to
synthesis the fuzzy dynamic output feedback multi-
objective PSS are derived in Section 5. In Section 6,
simulation results illustrate the merits of the pro-
posed design. A single-machine infinite-bus system
is used first to clarify the design steps. A bench-
mark model of two-area four-machine test power
system is utilized to justify the effectiveness of the
decentralized scheme by comparing the proposed
PSS to a well-designed conventional PSS and to the
standard IEEE PSS4B stabilizer. Section 7 con-
cludes this work.

2. Problem Formulation

In a multi-machine power system, generators are
typically equipped with PSSs. To design a local PSS
for a generator, we consider an approximate design
model that treats the generator as if it was con-
nected to an infinite bus through an equivalent
transmission-line reactance. This assumption gets
more accurate as the network gets bigger. This can
be explained as follows. If a generator is connected
to a large network, the transients of the generator
do not affect much the rest of the network. So, the
network behaves as an infinite bus (i.e., constant
voltage and frequency) with respect to that gener-
ator. On the other hand, the influence of the net-
work on the generator is reflected on the delivered
active and reactive powers. The connection between
the generator and the rest of the network is through
a Thevenin’s equivalent reactance that represents a
virtual transmission line. It is apparent that the
proposed design model is an approximate repres-
entation of the real system. Hence, the proposed
control design should rely on robust techniques.
First, we will introduce H, and H, problems.
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Second, we will show how to formulate the PSS
design problem in the Hy and H, framework.
Consider the state space model

x = Ax + Byw + Byu
- (N
y=0Cyx

where x is the state vector, w is the external disturb-
ance, and u is the control signal. The control signal is a
supplementary signal added to the excitation system.
The system matrices 4, By, B, and C, have appro-
priate dimensions. To attenuate the effect of the dis-
turbance w on selected state variables, an auxiliary
output z, is introdueed as

)

where C, is a constant matrix of appropriate dimen-
sion. The design problem is to select u such that

Zeo = C1X

3)

where 7 is a pre-specified design parameter. It is also
frequently required to minimize the total energy of
some state variables and the control signal. So,
another auxiliary output z; is defined as

Zo0llco < ¥

(4)

where C; and D,; are constant matrices of appropri-
ate dimensions. This is an H> problem that corre-
sponds to the minimization of

73 = Cox + Dpu
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x=[A§ Aw AE; AEgy J”. The state vector is
composed of the deviations in power angle Ad, speed
Aw, induced voltage AE,, and excitation voltage
AE;gy. The purpose of the PSS is to provide a stabil-
izing signal u such that the speed deviation Aw would
vanish with an acceptable transient behavior follow-
ing disturbances. This can be achieved by restricting
the closed loop poles within a specified region in the
complex plane. Furthermore, if it is required that the
maximum Aw to be less than a certain v, it is possible
to choose

Zoo = Aw (6)
So, any external disturbance that causes Aw to deviate
from zero is regarded as a disturbance. One such
example is the change in the excitation reference
voltage since it results in some oscillation in Aw.
Finally, if it is required to minimize the energy cor-
responding to Aw and u, the following H, perform-
ance index is minimized

J=/oo((Aw)2+r uz) dt %
0

where r is a weighting factor. In such case, the aux-
iliary output z; is

T

= [Aw ru] (8)

Combining (1), (2), and (4), the overall design model

o0
T T
J= / (x"Rix +u” Ru) dt (5)  ofa single-machine infinite-bus power system can be
0 cast in the following form
where R, and R are positive definite weighting mat- X Ak) B B
rices. Zw{ | Ct 0 0 9
Now, consider the PSS design problem. A typical |l | C 0 Dy ©)
design model of a single-machine infinite-bus power y c, 0 0
system is shown in Fig. 1. The state vector is defined as
M ’
| Bl
AV, K. AE Ky Am
1+ Tes (O |k T8 f{;:
Ui )
.
@,

Fig. 1. The linearized model of a single-machine infinite-bus system [5].
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where
0 Wy 0 0 7
k, k>
- 0 -5 0
Alk) = | _=ks 0 il N o
Tdo Tdok3 do
_KEk5 0 _KEk5 _L
- TE Te T |
r K T
Bi={0 0 0 —EJ B, = B,
i T

n
C|=0100]

D _[0°
22—_\/;

The parameters that appear in A(k) and B, are defined
in the list of symbols; see the Appendix. It is noted that
A(k) depends on the so-called k-parameters
(kt, ---, kg) of the model in Fig. 1. These parameters
are functions of the delivered active power P and
reactive power Q [25]. As P and Q vary, the matrix
A(k) varies also. The proposed PSS should stabilize
the system over all possible operating points in the

_ o+
ranges P € [P, }L’] and Q € [Q, Q].
To design a PSS, a T-S fuzzy model is proposed in

Section 3. The model consists of IF-THEN rules. The
cousequents of the rules are the linearized models

- = + - + + +
calculated at (P, Q), (P, Q), <P, Q), and (P, Q).

So, the resulting rule base consists of four rules only.
The aggregation of the rules form a poly-topic model.
The resulting poly-tope has four vertices. Each vertex
corresponds to one of the models included in the rule-
base. The resulting problem corresponds to stabilizing
four plants simultaneously. This can be achieved using
the PDC algorithm as explained in Section 3. This is a
crucial result as it means that, by stabilizing the fuzzy
model, we actually stabilize every model that lies

within the poly-tope. So, as long as P € [13 , ;} and

— +
Qe [Q, Q:], our design assures stability and per-

formance.
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3. T-S Fuzzy Model and PDC
3.1. Review of T-S Fuzzy Systems and PDC

A T-S fuzzy model, also called type-IIT fuzzy model by
Sugeno, is in fact a fuzzy dynamic model [14, 26, 27).
This model is based on using a set of fuzzy rules to
describe a global nonlinear system by a set of local
linear models which are smoothly connected by fuzzy
membership functions. A T-S fuzzy model includes
qualitative knowledge, represented by fuzzy IF-
THEN rules, and quantitative knowledge, represented
by local linear models. The construction of a T-S fuzzy
model has been extensively addressed in the literature,
e.g., [30] and the references therein. There are two
basic approaches to construct T-S fuzzy models. The
first approach is to linearize the original nonlinear
system at a number of operating points. This
approach is adopted in this study since the modeling
equations are known. The second approach is based
on the data gathered from the nonlinear system when
the model is unknown. Based on the first approach,
the ith rule of a T-S fuzzy model is written as follows:

Model Rule i
IF z,(¢) is M‘iAND. ..AND z,(¢) is M},

x(t) = A;ix(f) + Bu(?)

THEN
y(t) = Cix(2)
M}.j=1,2,...,n,is the jth fuzzy set of the ith rule
and z(t), ..., z,(t) are known premise variables that

may be functions of state variables, external dis-
turbances, and/or time. Let p]’:(zj) be the membership
function of the fuzzy set M; and let

b= () = I (z) (10),

Equation (10) gives ith rule firing strength.

Given a pair (z(?), u(t)), the resulting fuzzy system is
inferred as the weighted average of the local models
and has the following form

x= Z hi{Aix(t) + Bu(t)} /i k;
i=1 i=1
= Z a{ Ax(1) + Bu(t)} (11)
i=]

y= Zr: a{Cix(t)}

where, ai=h/Y h, 0<a <1, a;=1, for
i=12,...,r. = =1
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The PDC algorithm offers a procedure to design a
fuzzy controller from a given T-S fuzzy model [29]. In
the PDC design, each control rule is associated with
the corresponding rule of a T-S fuzzy model. The
designed fuzzy controller shares the same fuzzy sets
with the fuzzy model in the premise parts. For a T-S
fuzzy model as described i (11), the following state
feedback fuzzy controller is constructed via PDC as
follows:

Model Rule # i:
IF z,(1) is M{ AND...AND z,(t) is M
THEN u(t) = Fix(t), i=1,2,...,r

The fuzzy control rules have a linear controller in
the consequent parts and the overall fuzzy controller is
represented by

)= Y R F0}/3 b = 3 a Fix()}
i=1 i=1 =1
(12

Although the fuzzy controller (12) is constructed using
local design structures, the feedback gains must be
determined using global design conditions to guarantee
globalstability and performance. Different methods for
stability analysis and control design of T-S fuzzy sys-
tems are reported in [9]. The analysis adopted in this
paper seeks to find a common Lyapunov matrix for all
the local subsystems in a T-S fuzzy model.

Substituting (12) into (11), the augmented system is
given by

X=3"%" oioy{A; + BiF;}x(1) (13)
=1 j=I
Let
Gyj = A; + BiF; (14)

Using (14), it is possible to rewrite (13) as

N r r r G‘ + G
x= Z, 2 Gax(t) +2 2 Z Qi <]—2—’—') x(1)
i= =l i<
(15)
Theorem 1 [28]: The T-S fuzzy model (15) is globally

asymptotically stable if there exists a common positive
definite matrix P such that

G;P+PG,’,‘<O, i=12..,r (16)

T
4+ Gy Gy + G .
<G’—;i> P+P(—’—;—i)50, i<ji (17
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Corollary 1 [28): Assume that B; = B,i=1,2,... r,
the equilibrium of the fuzzy control system (17) is
globally quadratically stable if a common positive def-
inite matrix P exists and satisfies (16) only. This fol-
lows directly because definite negativity of (16) implies
semi-definite negativity of (17) in case of common B.

3.2. A T-S Fuzzy Model for a Single-Machine
Infinite-Bus (SMIB) System

It is proposed to represent the SMIB system by the
following four-rule T-S fuzzy model.

Model Rule 1: B
IF (Pis P) AND (Qis Q)

x A By B X
C 0 0
Zo | _ | C
THEN Z°2° =lc, 0 Dy [WJ
y G 0 0

Model Rule 2:

IF (P is about P)AND(Q is about é)

x A B B .
¢ 0 0
2| — | C1
THEN Z; C; 0 Dn [:J
y ¢, 0 0

Model Rule 3:

IF <Pis P)AND(Q is Q‘)

x A; By B, X
| _lC 0 0

THEN - =1¢ 0 Dy w
» G, 0 0

Model Rule 4:
+ +
IF (P is P) AND (Q 18 Q)

x As By B .
C 0 0 ’
N | %o | =
THE b C, 0 Dy [ wJ
y ¢, 0 0

In_the above rules, the linguistic variables 2, ;’, 0,
and Q will be assigned membership functions M,, M 2,
Ny, and N,, respectively. The construction of the
membership functions is given below. The resulting
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fuzzy system is inferred as the weighted average of the
local models and has the following form:

4
x Yaid; B B, x
i=1
oi=]"¢c, 0 o |lw (18)
2 Cz 0 Dzz U
Y G 0 0

Any value P ¢ [P , 1+>] can be expressed as follows:
-+ - -+ +
P =M (P,P,P)x P+ My(P,P,P) x P

(19)

where, M (P, ;, P) and M, (P, 7’, P) are membership
functions of the variable P such that:

_ * - *
M (P, P,P) + My(B,P,P) =1 (20)

Consequently, these membership functions can be
calculated as:

~

—-P _ + P—
B MZ(PaP7P)=

+
.y P—

~y+

_
M[(P,P,P) =

o+
s NUI

21)

The membership functions for the variable P are
shown in Fig. 2. In a similar manner, membership
functions for Q are defined and labeled Ny, Ny
respectively. The weights are calculated as follows.

;‘l| =M2N2,h2=M2N|,h3 =M1N2, and h4=
M\ N;. The normalized weights are calculated as

4
Q= hi/z hi, i=1,2,..,4. It is easily proved that
=1

4
ZC&,‘= 1.
i=]

Remark: In the proposed modeling approach, each
machine is approximated by a separate T-S Suzzy
model. As a result of this approach, a multi-machine
power system could be decomposed into a set of T-S
Sfuzzy models. This allows for a decentralized design.
The interactions between the different T-S fuzzy models
are taken into account by a set of Scheduling variables

P P
Fig. 2. Membership functions of the scheduling variable P.
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(P.Q) that appear in the premise parts of a Sfuzzy
model.

4. Performance Requirements of PSS and
Their LMI Analysis Conditions

In power systems, a damping ratio of at least 10% and
a damping factor greater than 0.5 guarantee that the
low frequency oscillations die out in a reasonably
short time. These transient response specifications can
be satisfied by clustering the closed loop poles in an
admissible region as shown in Fig. 3. This ensures a
minimum decay rate ax and a minimum damping
&min = c0s(6/2). This in turn bounds the maximum
overshoot and the settling time of the closed loop
system. To avoid very large controller gains, the real
part of the poles should be larger than —¢;.

The desired multi-objective PSS design must guar-
antee that all system eigenvalues lie in the pre-descri-
bed region. This region can be expressed as an LMI
region defined by three LMI individual regions as
shown in Fig. 3. The intersection of the LMI regions
results in another LMI region [3]. An LMI region is
any subset D of the complex plane C and it is defined
in [3, 4] as follows: *

D={seC:®+s¥+3507 <0} (22)

where ® and ¥ are real matrices, ® = &7, and Cis the
set of complex numbers. In this section, LMI con-
straints are given to satisfy many design objectives.
For the analysis purpose, these inequalities will be
written for the closed loop system that has the fol-
lowing state space realization:

L]
X = Agx + Byw
Zoo = ClooX

z3 = Ceppx

where A, By, Cye, and Cgp are the closed loop
system matrices with appropriate dimension.

Im(s}
Region 2 b
4 !
S
-~
Q\\. :
S
Admissible : Lo Refs
a, Pole Region [
: '
et
Y ——
H . H
b b
i i € Rpgrion |
> Region 3

Fig. 3. LMI region: region-1 guarantees an upper bound on the
settling time, region-2 guarantees sufficient damping of the system,
and region-3 prevents controller gains from being excessively large.

(23)
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Lemma 1 [3, 4]: The eigenvalues of system (23) lie
inside an LMTI region (22), if and only if there is a
symmetric positive definite matrix P such that:

QP+ TR (PAy)+ ¥ ® (43P) <0,
(24)

LMI constraints for the evaluation of the H, and H,
norm of the closed loop transfer functions from w to z
and z; of system (23) defined by T, and T, are
provided in [24] and [15]. These LMI conditions
are summarized for the sake of completeness in the
following lemmas.

Lemma 2 (15, 24): The H,, norm of the transfer func-
tion from w (o Z., in the system (23) denoted by
| Tzowlloo does not exceed v, if and only if there exist
symmetric positive definite matrix P such that:

ATP+PAy PBy Cyrl
* Yol 0 <0 (25)
* * —Yood

Lemma 3 [15, 24): The H; norm of the transfer function
fromdto z; in system (23) denoted by || T;,u||, does not
exceed v, if and only if there exist two symmetric
matrices P and Q such that:

TP+ PAy PB

[ e _1‘} <0 ‘ (26)
Q C

[* P‘Z] >0 (27)

Trace(Q) < 74 (28)

Lemmas 1-3 are used in the following section
to design a dynamic output feedback stabilizer
satisfying mixed H,/H, criteria under regional pole
constraints.

5. Synthesis of A Fuzzy Multi-Objective
Dynamic Output Feedback PSS

In this section, a full order dynamic output feed-
back fuzzy multi-objective PSS design is proposed.
Sufficient LMI conditions for the existence of such
PSS are derived. The choice of a particular
dynamic PDC parameterization is influenced by
the structure of the T-S subsystems [29]. In this
paper, linear parameterization is adopted and the
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proposed model-based fuzzy PSS takes the fol-
lowing form.

4

Xe = Za,-{Aixc(t) + By(0)}

=t (29)

u= Z o {Cixe(t) }
=1

where, x. € R"™! is the controller state vector, 4’ €
Rr=n B e R™1 Cl € R'" are state space matrices
for the ith controller subsystem, and u is the overall
control signal. Each rule of the T-S fuzzy model is
assigned a local PSS (4!, B., C). The ith control rule
is written as

Model Rule i ~
IF (P is about P)AND(Q is about Q)

THEN [ % = 4ixc + Bly
u=C.x,
Define the augmented system matrices for the ith
rule as

i A; B?-Ci- i T
7 |BiCc, 4 }’Bﬁu:[BlT 0]’,
too = [C 0], Cop = [CZ DZZCL]
(30)
The augmented state vector becomes xy =

AT

E

A; is the state matrix of the ith model rule. B,, B,
Cy, C3, Cy, and D, are defined in (9). Substituting (30)
in (24)—(26), the resulting synthesis inequalities are
not affine in the controller parameters 4', B., C'. and
the matrix P. For this reason, the congruence trans-
formation and change of variables presented in [4, 15]
are used to have a set of LMIs. The following theorem
gives sufficient LMI conditions required to design a
model-based fuzzy dynamic output feedback PSS that
robustly satisfy the design objectives described in
Section 4.
Theorem 2: The system in (18) is globally quad-
ratically stablizable via the controller (29) and the
Jollowing objectives:

o SUp|| Tepwll o< Yoo
SeN

o Sup|Tepnly <
Sefl

e Eig(4,) € D, where 4., is defined in (30) and D is
given by (22)
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hold if and only if there exist X =X"Y = Y7,Q =
Q7 and A € R Bi € R™! and C' € R'™ such that
foralli = 1, 2, 3, 4, the following LMIs hold:

M. Solimun et al.

for the ;™ subsystem, one can get the i*h

controller parameters as

C=CMT (35)
X 1 '
>0 31 . .
(1 Y) 31 B. = N'B (36)
PP 5@ <x 1) A, =N""(A'-Y4X - NB.C,X - YB,C:M") M~ T
o 1Y (37)
+U® 4X +'B2Ci A ) The design steps could be summarized as follows:
Al YA; +B'C,
) T i.  Determine the ranges P € [ P };] and Q €
AX + B,C A; o+ . | .
+07® . ) <0 [Q Q} that encompass all practical operating
Al YA; + B'Cy L
conditions.
(32) ii. Use the ranges in (i) to define the membership
functions in (21).
AX +XAT + B,C + CV BT AT+ 4 B XCT
H,, - * YA+ ATY+BC, +CIBY  YB,  CT | o (33)
* * Yool 0
* * * ~Yood
[ 4X +XAT + B,C + €7 BT AT 4 4, B

Hy : S [Q CGX+DpC G,
* X I1]1>0
I Y

Trace(Q) < v

Proof: 1t follows directly from the previous lemmas
1-3 together with the congruence transformation
and the change of the variables presented in [4, 15, 24]

4.

The decision variables appear in bold letters. The
parameters of the ith dynamic controller 4., B, Ci
can be recovered again from the new variables
X,Y,A', B, and C' as follows:

1. If the set of LMISs given by (31)—(34) is feasible,
one can find nonsingular matrices M and N to
satisfy that MNT = J — XY. Schur’s complement
for LMI (31) infers that Y>0 and
(X-Y™') >0, such that (/-XY) is non-
singular. Hence, two square and nonsingular
matrices M and N can be found as a singular
value decomposition of the matrix (7 — XY).

ii. Using the following correlations between the
controller parameters and the new variables

YA+ ATY +B'C, + CTB” YB, | <0

* -1
(34)

ili. Generate the T-S fuzzy system defined in Sub-
section 3.2.

iv. Define ag,ar, and # and then find the matrices
® and ¥ describing the LMI region (24), see [3].

v. Solve the LMI optimization problem in (31)-
(34), and use (35)-(37) to get the controller
matrices of each rule (vertex).

The above design steps are carried off-line. Using
the results of step (v) above, the controller (29) is
implemented on-line. Fig. 7 depicts a schematic dia-
gram of the closed loop control system. The controller
(29) receives P, O, and Aw as inputs and produces the
stabilizing signal u as an output.

6. Simulation Results

The proposed PSS design algorithm is validated in this
section based on two different models. The first model
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is a SMIB model which is used to illustrate the design
steps. The second model is a two-area four-machine
test power system which is used as a benchmark
problem in the literature. In applying the design
algorithm to the multi-machine system, each machine
is considered as a single machine connected to an
infinite bus via a tie line. Consequently, a PSS is
designed independently for each machine.

6.1. Design Validation Based on a single-Machine
Infinite-Bus Power System

The effectiveness of the proposed stabilizer design
method is tested by computer simulation of a nonlinear
model given in Appendix A.l. The data are given in
Appendix A.2, while generation patterns are assumed to
be varying independently over the following intervals:

Pe[04 1], Q€[-02 0.5] (38)

These intervals encompass a wide range of operating
conditions as it includes different loading conditions

such as:

(1) Light loading at leading power factor (P = 0.4
puand Q = —0.2 pu)

(i) Light loading at a poor lagging power factor
(P =04puand @ = 0.5 pu)

(iii) Heavy loading at a leading power factor (P =
1.0 puand Q = —0.2 pu)

(iv) Heavy loading with lagging power factor (P =
1.0 pu and Q = 0.5 pu)

Our purpose is to design a fuzzy multi-objective PSS
that guarantees a damping ratio of at least 10%, and a
damping factor of at least 0.5 for all operating con-
ditions. This objective could be achieved by clustering
the closed loop poles inside an LMI region as shown in

’ A \
4 '
— v\‘.
g Ok SR f
) | | /
4 . . ; *
/ /
-6} ‘ ,,
-4 -3 ~é -1 o ' 2
Rets)
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Fig. 3, where agp = 0.5, o = —15, and 8 = 168°.
The LMI region is bounded by oy, to avoid excessive
feedback gains and to obtain a better performance
formulated in terms of H,, H,, or both. Simulation
results are firstly carried out with the open loop
system and then the generator is equipped with a fuzzy
dynamic output feedback PSS. MATLAB LMI
Toolbox [10] is used to solve the Semi-Definite Pro-
gram (SDP) defined in Theorem 2.

A fine grid is taken for the values of P and @ within
the ranges defined in (38) resulting in 1024 plants. The
eigenvalues are calculated at each grid point. The
dominant poles of these plants are shown in Fig. 4a.
Many plants are weakly damped and the others are
unstable. This motivates the application of PSS to sta-
bilize all plants and achieve acceptable performance.

Mixed objectives in terms of H, and H, under
regional pole constraints are considered. Using the
ranges of P and Q in (38), a fuzzy model is constructed
in the form depicted in Sub-section 3.2. The mem-
bership functions are calculated using these bounds as
follows:

1-P P-04
Mi="75 M="gg
0.5-0 _0+02
Ni===%7 M="%3

The mixed H,/H_ fuzzy output feedback PSS that
guarantees pole clustering is obtained by solving the
set of LMIs defined in (31)—(34) such that the
objective function o 7vee + a2z is minimized. o and
o are two positive scalars used as weights for A, and
H, costs, respectively. The mixed H,/H,, PSS design
guarantees Yo = 0.075 and v, = 33.3. The mixed H,/
H, fuzzy output feedback PSS clusters the eigenva-
lues of all grid points inside the LMI region (27) as
shown in Fig. 4b.

20
10k
go
-1}
~20
-8 -4 -2 - -8 6 -4 2 0
Regs)
)]

Fig. 4. Pole distribution. (a) Without PSS, (b) with the fuzzy mixed H/H,, PSS.
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The nonlinear model given in Appendix A.l is used
to investigate the performance of the proposed design.
The SMIB model is subjected to a small signal dis-
turbance of 3% step change in Vi, after 0.5s, when
the generator delivers full load power with unity
power factor at generator terminals, i.e., (Pg = 1.0 py,
Qg = 0.0 pu). The rotor speed deviation without PSS
is depicted in Fig. 5a, while the rotor speed deviation
with the proposed fuzzy mixed H/Ho, PSS is depicted
in Fig. 5b.

6.2. Design Validation Based on a Multi-Machine
Power System

The purpose of this section is to demonstrate the
merits of the proposed PSS based on a more realistic
model. A benchmark model of a two-area four-
machine power system [17] is utilized in this study for
the following reasons:

1. Tt is 2 multi-machine system that is accepted in the
literature as a tool to study the inter-area mode of
oscillations.

2. Each generator is represented by a full seventh-
order model that considers stator transients and
d-q damper winding. This makes the results reliable
when the system is exposed to large disturbance.

3. This model is available as a Matlab/Simulink demo
program [12]. Furthermore, it is equipped with
well-tuned PSSs including the standard IEEE
PSS4B one [13]. This gives credit to the comparison
with the proposed PSS.

The physical system is described in Sub-section
6.2.1. The proposed decentralized algorithm is
explained in Sub-section 6.2.2. The design of the
proposed PSS is based on a reduced-order model.

x10®
8

o

| T.se

(a)
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Another decentralized design is reported in [20].
Finally, in Sub-section 6.2.3, simulation results are
depicted. The proposed PSS is compared to the IEEE
PSS4B [13] and to Kundur’s PSS [17]. Remarkably,
the proposed PSS can maintain system stability for
extended tie-line power, while IEEE PSS4B and
Kundur’s PSS could not.

6.2.1. System Description

The two-area four-machine power system, shown in
Fig. 6, is adopted for simulation studies. The test system
consists of two fully symmetrical areas linked together
by two 230 kV lines of 220 km length. It is specifically
designed in [17] to study low frequency electro-
mechanical oscillations in large interconnected power
systems. Each area is equipped with two identical
round rotor generators rated 20kV/900MVA. The
synchronous machines have identical parameters
except for the inertias which are H = 6.5s in area-1
and H = 6.175s in area-2. Thermal plants having
identical speed regulators are further assumed at all
locations, in addition to fast static exciter with a gain
of 200. The loads are represented as constant impe-
dances and spilt between the areas. The full para-
meters of a single unit are given in Appendix A.3,
while the parameters of the reduced-order model used
for design purpose are given in Appendix A.4.

Fig. 6. Two-area four-machine test power system 7.

05; 10
¢
a5k
-1}
o |
2
oLl
T
'l
¥
] 2 4 6 8 1
T, sec
®)

Fig. 5. Rotor speed deviation for 3% step change in Vierat Pg=0.9 puand @, =0.0 pu. (a) Without PSS. (b) With the fuzzy mixed Ho/H PSS.
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6.2.2. PSS Implementation

Fig. 7 shows a schematic diagram of the proposed
decentralized PSS design. As explained in Section 2,
each generator is approximated by a single-machine
infinite-bus model. A local PSS is designed as shown
in Sub-section 6.1. The design steps are summarized as
follows.

i.  Use the load flow studies to determine feasible

operating ranges for each generator; i.e., P; €

E F,] and Q; € [0 Q+] for i=1, 2,..., 4
where i is the generator index.

ii. Calculate the bus impedance matrix to deter-
mine approximate values of the reactance that
connect each generator to the infinite bus.

ii.  Construct a fuzzy model (as shown in Sub-section
3.2) for each generator.

iv. Define an LMI region similar to that in Fig. 3 to
encompass the closed loop poles and guarantee
acceptable transient response.

v. Solve the LMIs (31)—(34) for each generator and
use (35)-(37) to construct the controller as
depicted in Section 5.

vi. Implement the control law (29).

6.2.3. Simulation Results

The tie-line power of the test system is assumed to
vary between 200 and 800 MW. A fine grid of tie-line
power is assumed and 25 grid points are considered.
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Each grid point should have a steady-state load flow
solution. The roots of the linearized system at differ-
ent grid points are calculated and the dominant modes
are shown in Fig. 8a. The dominant roots include two
sets of oscillation modes namely, local and inter-area
modes. Many grid points are unstable due to inter-
area oscillations. A mixed H,/H,, fuzzy PSS is
designed for each machine separately and the roots of
the closed loop system are calculated at each grid
point and plotted as shown in Fig. 8b. The proposed
PSS gives sufficient damping over both local and
inter-area modes of oscillations.

A comparison between the conventional PSS [17],
the standard IEEE PSS4B [13] and the proposed
design is carried out. To check the effectiveness of the
proposed PSS to improve transient stability and
extend the stability margin of power systems, two
levels of tie-line powers are tested and different fault
conditions are considered. The following points con-
sider system response due to a three-phase short cir-
cuit at different locations under different values of tie-

line power.

i. When area-1 delivers 413 MW to area-2, the
system undergoes a large disturbance of a three
phase to ground fault at bus-8 and cleared by
tripping the breaker at the ends of the lines
connected to bus-8 after 133 ms. Relative speed
and relative angle between machine -1 and
machine -4 are shown in Fig. 9a,b, while the
tie-line power is depicted in Fig. 9. It is
obvious that the proposed design outperforms
both CPSS and I[EEE PSS4B at this point

¥r
v, N 5
T AVR > 3
tles
Vr
Ve \ b
: s AVR > g
@l
Urme

Fig. 7. Fuzzy synthesis framework for decentralized PSS design.
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Fig. 9. System response due to a 3-phase short circuit at bus-8 cleared after 133 m (P~ 410 MW).

ii.

which is considered as the nominal design
point for the CPSS.

When area-1 delivers about 450 MW to area-2,
the system undergoes a three-phase short circuit
at bus-8 and cleared by tripping the breakers at
ends of the lines connected to bus-8 after 133 ms.

The conventional PSS and the IEEE PSS4B fail
to maintain system stability at this increased tie-
line power. The proposed PSS succeeds to do
that. The system response at this operating point
is depicted in Fig. 10. The control signal is as
shown in Fig. 10d.
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Assume a three-phase short circuit occurs at 90 km
far from area-2, under the same tie-line power
(Piie =~450). Both CPSS and IEEE PSS4B fail to
maintain stability, while the proposed fuzzy PSS suc-
ceeds as depicted in Fig. 11.
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Remarks:

The above design assumes that the LMI conditions
(31)—(34) are feasible. For some ranges of P and Q or
even for some values of the machine parameters, the
LM1I solver may fail to find a feasible solution. In such
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Fig. 10. System response due to a 3-phase short circuit at bus-8 cleared after 133 m. (P~ 450 MW). (a) Relative speed between machine-1
and machine-4. (b) Relative angle between machine-1 and machine-4. (c) Tie line power. (d) Control signals provided by the proposed

design.
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cases, the design ranges of P and Q could be made
narrower or the design could be based on relaxed
stability conditions [9]. Lastly, if the LMI conditions
remain infeasible, another design algorithm is adopted.
The superiority of the proposed controller can be
explained as follows:

a. It imitates a smooth gain scheduling design
algorithm where a different controller is actually
applied according 10 the need of the plant.
The transition from one controller to another
is smooth since it is carried out via a fuzzy
system.

b. Fuzzy controllers are nonlinear mappings while the
CPSS and IEEE PSS4B are linear ones. This
nonlinearity gives more flexibility in shaping the
control surface and producing better performance.

7. Conclusions

A design of a PSS that can cope with a wide range of
loading conditions and external disturbances has been
the objective of the power industry. This paper has
provided a step toward this goal. It has been shown
that the nonlinear model of a power system can be
systematically represented by a poly-topic model in
the form of a T-S fuzzy system. A multi-objective
criterion including robust pole clustering, limited
control energy, and pre-specified attenuation of the
disturbance effect has been introduced for dynamic
output feedback case. Sufficient LMI conditions have
been derived for control synthesis. These LMI con-
ditions have been efficiently solved using the interior
point algorithm. The resulting controller has been
implemented based on the PDC approach. Simulation
results of a two-area four-machine power system have
confirmed the superiority of the proposed algorithm
in damping the post-fault inter-area oscillations.
Compared to a well-tuned conventional PSS and to
the IEEE PSS4B, it has been shown that the proposed
PSS has a superior capability to cope with larger tie-
line power.
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Appendix 1 A.1 Nonlinear 4th order SMIB model
(design model) [ 0 314.16 0 0 7
y —0.0221 0 -0.1249 0
. T 1 -02664 0 04629 0.1667
6 = wow .
| 199.31 0 -37.294 -20 |
S=1 17— (2= )& sins 0 31416 0 0 ]
M| T\ +x,)) [ :
N\ 12 —0.1248 0 -0.1186 0
(=502 ). dq= ‘
+ - sin 26 —-0.2531 0 —0.4629 0.1667
2(xe + x;) (xe + x,)
. | 24.273 0 -220.11 =20 |
_ Ul fxe+xa g
a Ty [ (xe‘f'x:l) ¢
+ (xd | Voo) cosd + E(d] 0
X, + X, 0
- K B,=B= ,i=1, .,4,
Ey = 7% (VREF +. 00
50
u— \/Co +crcost§ + Cqu cos b + C3E:72) - —I—E(d
Tg .
Ci=C=[0 1 0 0],i=1,..,4
2 ' 2 2
o= qum) o= (dem’> 3 XV ’
Xe + Xq Xe + X, Xe + Xgq

2%, Voo ( Xe )2
Q=|—"73 = ;
(xe + xd) Xe + X,

Table 1. Initial states of the nonlinear model calculated at the test point P = 0.9, pu, Q@ = Opu

£ Q
0.9 0.0

Initial states
Aw = 0,6 = 81.761, qu =0.79451 pu, Eggo = 1.8151 pu

Terminal voltage (V1)
0.9203,.23.03°

Test point




664

A.3 The full parameters of one unit of the test system
given in [17].
R, =0.0025, xg= 1.8, x, =17, x4 =0.2,
x;=03, x, =0.55, x,=x, =025
Tio =80, T,, =04, T =0.03, T, = 0.05,
H=6.5, w,=2376.99rad/s,
RATING = 900 MVA, Kg =200, Tg = 0.001,
Etdmin =0, Efgmax = 12.3 pu,
Umin = —0.15 pu, Upax = 0.15pu.

A.4 The parameters of the approximate 4th order
model used for design purpose only in Sub-section 6.2.

xe=18,x,=17,x,=03,T,

Kg = 200, Tg = 0.001
w, = 376.99rad/sec, RATING = 900 MVA

=8.0,M =13,

A.5 Load flow data for the test points in Sub-section
6.2.3 (Tables 2--3).
A.6 List of symbols:

All quantities are in pu except M is in seconds, time
constants are in seconds and § is in radians:

Vi = terminal voltage

M. Soliman et al.

E, = induced EMF proportional to field
current

Egq = generator field voltage

Vief = reference voltage

Xe = tie line reactance

X, X4y X, = generator d-axis transient reactance, d
and g-axes synchronous reactance,

respectively

) = angle between g-axis and infinite-bus
bar

Iy, I, = d-axis and g-axis stator currents

Aw = speed deviation

Wo = synchronous speed (rad/s)

T. = electrical torque

Tm = mechanical torque

Ty = open-circuit ¢-axis transient time con-
stant

M = inertia coefficient in seconds

Kg,Tg = exciter gain and time constant

pe = infinite-bus voltage

PO = active and reactive power loading,
respectively

s, C = complex operator and complex plane,
respectively

® = Kronecker product

Trace = trace of a matrix

* = ellipses for symmetry in off-diagonal

entries of a matrix

Table 2. Test point 1 for the system in Fig. 6 (all value are given in per unit)

Bus index Generation (P +jQ) Loads (P +jQ) Bus voltages
| 0.7778 +j0.1725 - 1/28.18°
2 0.7778 +0.3051 - 1/17.73°
3 0.8030 +j0.1636 - 1/0°
4 0.7778 +30.2678 - 1/ - 10.98°
5 - - 0.9811/21.35°
6 - - 0.9613/10.76°
7 - 1.0744 —j 0.1111 0.945/2.05°
8 - - 0.9555/ — 26.64°
9 - 1.9633 —j 0.2778 0.9667/— 17.91°
10 - - 0.983/ — 7.0396°

Table 3. Test point 2 for the system in Fig. 6 (all value are given in per unit)

Bus index Generation (P +jQ)

Loads (P +jQ) Bus voltages

0.7889 +j0.1864
0.7889 +j0.3337
0.90414 +j0.2205
0.7778 + j0.3367

OOV TIAWUVHAWN —
!

—_—

- 1/27.51°

- 1/16.88°

- 120°

- 1£—-1343°

- 0.9792/20.57°

- 0.9573/9.78°
1.0744 —j 0.1111 0.93820.87°

- 0.942/ — —-29.92°
2.0744 —j 0.2778 0.9566/ — —20.43°

- 0976/ - - 7.98°
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