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Abstract— Robustness of Type-l1 fuzzy logic power system
stabilizers (FLPSSs) often lacks mathematical reasoning where
the performance of such a stabilizer is often reviewed by
transient response of the closed loop system. Necessary and
sufficient conditions that guarantee robust dynamic stability of
an FLPSS are presented. A small-signal model of an FLPSS is
developed to study the dynamic stability of a single-machine
infinite-bus power system. Such a small signal model is proved
to be a conventional proportional-derivative (PD) controller
whose parameters are expressed in terms of normalizing factors
of FLPSS. The parameters of such a PD controller, are tuned to
guarantee robust dynamic stability, thereafter normalizing
factors can be directly computed. Synthesis of a robust PD
controller is based on simultaneous stabilization of a finite
number of extreme characteristic polynomials. Such
polynomials are derived using Kharitonov theorem from an
interval polynomial considered to reflect effect of loading
conditions on characteristic polynomial coefficients. A convex
region in the K,-K, parameter plane which guarantees robust
stability is obtained using Routh-Hurwitz array. Such a region
presents the pool for all robust normalizing factors of an
FLPSS. Simulation results are presented to confirm the
effectiveness of the proposed approach.
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Robust PD Control, Kharitonov polynomials.

I. INTRODUCTION

Over the past three decades or so, fuzzy logic control has
emerged as a promising technique for PSS design [1-10].
Performance of an FLPSS is significantly affected by tuning
its parameters (scaling factors). Recently, modern
Evolutionary Algorithms (EA) algorithms including but not
limited to Genetic Algorithms (GA), Particle Swarm
Optimization (PSO) and Artificial Bee Colony (ABC) [7-
10] are adopted for optimal adjustment of scaling factors,
membership functions and the number of rules. Although the
performance of the resulting FLPSS with a certain set of
scaling factors is elegant, it often lacks systematic stability
analysis and assessment. Optimality of such set is often
realized via simulation and/or experimental results of both
single and multimachine systems. This paper presents a
method for computing all scaling factors of an FLPSS that
can guarantee robust dynamic stability of a single machine
infinite-bus system over wide range of operating conditions.
Robustness of the proposed FLPSS is ensured by selecting
appropriate set of controller parameters. A small signal
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model for an FLPSS is developed to accomplish robust
dynamic stability study. Such a small signal model results in
a conventional proportional-derivative (PD) controller. The
controller parameters of an FLPSS are explicitly expressed
in terms of gains of such a PD controller. An interval plant
model is considered to reflect the effect of variation in
generation patterns on the coefficients of the model. Robust
PD controller design is reduced to simultaneous stabilization
of finite number of extreme plants extracted from the interval
plant model wusing Kharitonov theorem. Inequality
constraints that describe the boundaries of the stability
region, in K,-K,; parameter plane, of each extreme plant are
derived via Routh-Hurwitz criterion. Intersection of all the
regions corresponding to all extreme plants gives the pool
for all robust PD controller gains which in turn account for
that of an FLPSS. Simple models are considered for the
power system and for the FPLSS to demonstrate the
principles of the proposed approach; however extension to
more realistic models is straight forward.

The rest of this paper is organized as follows. Section II
presents a brief literature of fuzzy logic controllers while the
proposed small signal model of an FLPSS tags this section.
Formulating power system model with uncertainties, due to
changes in generation patterns, as an interval plant model is
presented in Sec. III. Robust synthesis of a PD controller is
considered in Sec. IV, where robust stability region is
obtained with retrieval of the controller parameters of an
FLPSS. Section V presents simulation results while Sec. VI
concludes this work.

II. FLPSS STRUCTURE

An FLPSS comprises four basic parts: the fuzzifier, the
knowledge base, the inference engine and the defuzzifier.
The fuzzifier maps the crisp inputs into fuzzy variables using
normalized membership functions and input gains. The fuzzy
inference engine generates the proper control action based on
the available rule base. Proper crisp value is derived from the
fuzzy control action through the defuzzifier using normalized
membership functions and output gains [11]. The speed
deviation and its derivative are commonly used as inputs to
an FLPSS. Instead of the speed deviation derivative as input,
accelerating power is used as presented in [2] to minimize
the torsional interactions [14]. An FLPSS out is injected to
the summing point of the AVR. The common letters N, Z
and P are used here to stand for the linguistic variables
negative, zero and positive respectively. The universe of
discourse of the input variables is assumed to bounded by
X, and X . It is a common practice to determine these

values from simulation information. If X =-X this

max min

discourse can be normalized between +1 and -1 by
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introducing a set of scaling factors to represent the actual
signals such thattk, =1/Aw k,=1/Aa and

k,=1/u, where Aa= p(Aw). These maximum values are

usually determined from simulating the system under severe
condition.

max 2 max

A. Fuzzy Rule Creation

Symmetrical rule base is commonly used for monotonically
increasing systems (Drainkov et al., 1993). Each fuzzy rule
takes the general form of “IF Antecedent THEN
Consequent”, e.g. [F Aw is Z AND Aais P THEN u is 6.
TaBLE] lists all rule entities of a 3-rule based FLPSS.

TABLE I. AN FLPSS RULES WITH SINGLETON OUTPUTS

p(Ao)
N VA P
N 6 0, 0,
Ao VA o, 0, 0,
P | o | o | o

The three membership functions (MFs) N, Z and P are
considered as triangular functions as shown in Fig.1. The
firing strength of the i/ rule consequent is a scalar value (h;)
which is equal to the product of the two antecedent
conjunction values. The appropriate crisp control is
generated using center of gravity method. Consider that
6,i=1,.,Nrepresent the centroids of N MFs that are

assigned to U,. Therefore, the crisp output of an FLPSS is
computed as follows [12]:

N
_ h.0,
U, =K, xz+ =K, a6
zi:l hi
h,
where, o, =—— , a= [al a, aN]
i=1""i
and ©0=[0, 0, 0,
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Figure 1. Triangular MFs considered for an FLPSS input variables.

The firing strength of the i rule (4;) is calculated based on
interpreting the conjunction “and” as a product of the values
of the MFs corresponding to the measured quantities Ao and
Aa. For example, the firing strength of the shaded rule in
Table 1 is given by h, = 1, (A@)x 1, (Ad) , where A@ and

Ad  are the normalized values of Aw and Aa respectively,
ie., Aw=K, Aw and Ad = K Aa.In an FLPSS, the values

6.,i=1,..,N are set once and kept constant afterwards. As a
common practice, the values of 6, i=1,..,9 are set so that
0,=0,=0,=9,0,=0,=0,=9"and0, =6,=0,=9". As
a result, the output of an FLPSS turns out to have only three

MFs whose centroids are 9 ,9°and $*. In the following

subsection, the FLPSS output MFs are assumed to be
singletons.

B. Small Signal Model of the 3-Rule Based FLPSS

After defuzzification, the crisp control output U, of an
FLPSS is given by

U,, =K {u,(Ad)x p1, (Ad)x§ + 1, (AD) % p1,(Aa)x 9"
+ 41, (AD) % 1, (AT)x 8° + 1, (A@) x w1, (Ad)x §”
+ 1, (A@) % 11, (AG) x I + 1, (AD) x 1, (Ad) x G
+ 1, (AD)x 1, (AG)x §° + i, (AD) x p, (Aa)x 9"
+ 4, (A0)x p, (Ad)x §"}

If we consider the dynamic stability of a power system, i.c.
small signal stability where|Aa)| >¢—0"; thus the input

MFs can be calculated as
W (0@)= u(Aa)=0, u(ad)=p(Ad)=1,
w)(0@)= w(Aa) =0
The small perturbed output control is given by
AU —K Apy (AD)x G + A, (AD)x P + Ap, (A@D)x §°

P e A (AT xS + A, (AT)x I + Apt, (AT) x 3
A, (Ad) =K Aw, Au,(Ad) =—K Aa, A, (A®) =0,
Au,(Aa) =0, Au,(Ad) = K Ao, Au,(Ad) =K Aa,
AU, =K {-K Aox3 +K Aox§

-K Aax9 +K Aax 9"}

AUPSS = K!le('9+ _197 )Aw +K1¢Ka (19+ - Lg?)Aa

k, ky

AU, =k, do+k,4a

For a fixed structure FLPSS: &' =1land & =-1 which in
turn leads to k£, =2K K andk, =2K K, . Accordingly, it is

verified that an FLPSS serves as a conventional PD
controller when the power system undergoes small signal
disturbance. As a result, the problem of selecting scaling
factors of an FLPSS to guarantee robust dynamic stability is
transformed into that of synthesizing a robust PD controller.

III. POWER SYSTEM UNCERTAINTY

The test system comprises a single-machine connected to
an infinite-system through a tie lie line. Such infinite system
may represent Thevenin's equivalent of a large
interconnected power system. System dynamics are
represented by four non-linear differential equations as given
in [15]. System data are given in the Appendix. The block
diagram for linearized model of such system as proposed by



deMello and Concordia [13] is shown in Figure 1. The
model parameters ki-k¢ are load-dependent and have to be
computed at each operating point that is fully described by
both active and reactive powers P, Q. These parameters can
be expressed as explicit functions in P and Q as derived in
[15]. Open loop transfer function (TF) is in turn load-
dependent and hence it is more convenient to accomplish the
design. At any operating point, such TF has a general form
given by:

—bs
“+as’ta,st+tas+
a,s"+as’ +a,s”+as+a,

G,(s)= (O]

The coefficients a,,a,,a,and b, vary according to a
vector p which consists of two independent quantities
(machine loading P and Q), i.e, p=[P Q] while a,and
a, are always constant and independent of machine loading.
The vector p takes values in a rectangular whose vertices are
givenby (P 0).(P 0),(P Q)and(P Q). Simply, any
change in P and/or Q leads to corresponding changes in
a,,a,,a,andb,. So as P and Q vary over their prescribed
intervals, Equation 1 describes a family of plants rather than
a nominal plant. Since «,,q,,a,andb, ~ depend
simultaneously on p, this family of plants can not be exactly
described by an interval plant, but as a subset of the
following interval plant:

G,(5)= =M.
! la, a]ls*+la, als’+[a, als’+[a, als+la, a]
2)
]
ke |8 ky

1 A

1+ kTy,s o

Ey

Figure 2. Block diagram of the linearized model [1]

As result, if this interval plant is robustly-stable, the
family of plants is robustly-stable as well. However,
instability of such interval plant does not imply instability of
the family of plants. The bounds of each coefficient in this
interval plant can easily be computed.

IV. DESIGN OF ROBUST PD-BASED PSS

Hurwitz stability of an interval polynomial like that
given by (3) is often examined via Kharitonov theorem [16-
17]. The positive feedback control system shown in Figure 3
has the following characteristic polynomial:
D(s)—(K,+K,s)N(s)=0 3)

The influence in operating point has been addressed using
the interval plant model described in the previous section.
According to Kharitonov, it suffices to insure simultaneous
stabilization of the following extreme plants only, i.e.

D,(s)—(k, +k,s)N,(s)=0,
A (k
Ak, k,,s)=as" +a,;s’+(a,+k,b)s* +(@ +k,b)s+a,
A, (k

Ak, k, s)=as" +a,s*+(a, +k,b)s’ +(a +k,b)s+a,

i=1234, j=12 ()

k,.s)=a,s' +a,s’ +(a, +k,b)s* +(a, +k,b)s+a,

P’

pkis)=a,s'+as’ +(a, +k,b)s* +(a, +k,b)s+a,
Ak, .k, s)=a,s"+a,s +(a, +kdl;l)s2 +(a, +kpl;l)s+c_zo
Ak, k,5)=a,s' +a,s’ +(@, +k,b)s’ +(@ +k,b)s+a,
Ak, k,,s)=a,s* +as’ +(a, +k,b)s* +(a, +k,b)s+a,

A(k,.k,,s)=a,s* +a,s’ +(a, +k,b)s’ +(a +k,b)s +a,
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Figure 3. Equivalent block diagram for the closed loop system.

These eight extreme polynomials can be reduced to only four
polynomials if and only if the controller parameters assume
positive values which in turn ensure the positivity of all
scaling factors. This reduction falls out directly from the fact
that the coefficients (a, +k,b)and (a, +k,b)have their

upper bounds as (a, +k dgl) and (a, + kpl;1 ) respectively and
their (a, +k,b,)and
(a, +k,b,) respectively providing both k, and k, are

have lower bounds as

nonnegative. In general, negativity of &, and/or k, cause sign
change in such coefficients which makes it obligatory to
consider all extreme plants. Consequently, polynomials
A,A,,A, and A, are trustily discarded. Stability of remnant

polynomials, i.e. A,,A,,A;and A, are examined using RH

array. Stability of a nominal polynomial is firstly examined
to derive general stability constraints; thereafter extreme
polynomials have to satisfy these constraints. Consider the
nominal closed loop polynomial as follows:

as'+as’+(a,+bk,)s* +(a, +bk )s+a,=0 5)
Then construct RH table as follows:

s*la, a,+bk, a,
s’la, a,+bk,

a,bk a,a

4 T WO, 0“3

S‘ Ru = (azaz +a3b1kd —aa, _a4b1k]})(a| "'blk,,)_anazz

s*|R, =a,a, +abk,—aa

s°|aya,

Noticeably, positivity of R,, implies that of R, and hence it
is sufficient to enforce the positivity of R, , i.e.

(a,a, +abk,—aa,—abk, Ya +bk,)—-aa; >0
Therefore;

k, > (a,/a)k, +(a,a, —a,a,)/(a,b)+(a,a,/b)/(a, +bk,) (6



This condition must be satisfied for the four extreme
polynomials as follows:

k; > (a,/a)k, +(a,a,-a,a,)/(a,b)+(@,a,/b)/(a,+bk,)

ki >(@/a )k, +(@a,-a,a,)/(a,b)+(@,a,/b)/(@+bk,) @
ki > (a,/@)k, +(a,a,~a,a,)/@b)+(a,a/b)/(a, +bk,)
k> (a,/a )k, +(@a,—a,a,)/(ab)+(a,a,/b)/(@ +bk,)

As a result, robust stability of the interval plant is guaranteed
!ff‘ .

ky €N isasoks ®

V. COMPUTATION OF ALL ROBUST FLPSS PARAMETERS

Usually, a power system operates at different load levels
and various generation patterns. It is assumed that
uncertainty in the power system model is only due to
constantly variations in load levels. However, the proposed
technique can rigorously account for different types of
uncertainties such as uncertainty in the parameters of the
generator and tie line reactance. Machine loading in terms of
active and reactive powers (P, Q) are assumed to vary over
real compact intervals given by Pe€[0.2 1.0],

Q0e[-0.2 0.5]. Interval coefficients of the proposed
interval plant can precisely computed as follows:

a,= min % @ = max @,  i=0l..4 ©)
PP P], PP P],
OdQo 0] 0dQ 0]

Using a fine grid on P and Q intervals, the bounds of the
interval plant coefficients can be calculated using these min-
max equalities as follows:

a, =[1 1],a, =[20.463 20.463],a, =[22.413 87.206],

a, =[131.52 792.93],a, =[569.89 1763.7],b, =[2.439 11.574]

Marginal stability of the four extreme polynomials is
governed by the following four equality constraints:

K} =0.049k, —6.56+14792/(131.5+2.44k ),
ki =0.049k, +6.7+14792/(793 +2.44k ),
k3" =0.049k, —7.0+1008/(131.5+11.57k,),
k™ =0.049k, 4.2 +1008/(793+11.57k )

(10

These critical stability equality constraints are plotted in
Figure 4; remarkably the boundaries of robust stability
region are sufficiently governed by critical stability
constraints of A, and A, only where:

(an

d

. [0.049k, ~6.56+14792/(131.5+2.44k,) k, <187.5
0.049k, +6.70+14792/(793+2.44k,)  k, >187.5

This robust stability region describes the basin of all robust
stabilizing parameters, i.e. k,, k, and k, of an FLPSS. For
example if k, is set to 0.5, then k, =k, andk, =k, ;

generally k, =0.5k,/k, andk, =0.5k, /k, .

1201
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Figure 4. Region of robust stability in k,-k, parameter plane.

VI. SIMULATION RESULTS
The data of test system and its nonlinear model is given in
the Appendix.

A. Robust stability test
Robust stability of the closed loop system at different
operating points varying over Pe[0.2 1.0] and

Q0 e[-0.2 0.5]is the essential objective of this paper. As

depicted in Figure 4, there are different values of &, and k,
that can robustly stabilize the entire range of operating
conditions. An applicant controller parameters are chosen as
k,=50 andk,=60. The roots of the closed loop

characteristic polynomials of 1024 plants are computed
where the minimum damping factor of each plant is shown in
Figure 5. Remarkably, all plants have damping factors that
are less than -0.5sec™.
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Figure 5. Minimum damping factors for 1024 plants covering the full
operating range [0.2 1.0]x[-0.2 0.5] with K, =50, K, =60

B. Transient Stability tests
The transient stability is examined by simulating the
nonlinear model of the considered system. The performance
of the candidate controller is tested for a heavy load with
leading power factor operating point given by P=1.0 and
0=-0.15 pu when the system undergoes a 0.1 pu step change
in the mechanical torque for 0.1 sec. the system response is



shown in Figure 6. The candidate controller considers the
same output limits and the same filtering conditions as
presented in [15]. The controller output is limited within the
standard PSS output limits +0.1 that can not affect the profile
of the terminal voltage dramatically. Remarkably,
conventional PSS fails to maintain system stability while the
proposed design achieves good damping characteristics.

126

8, deg

106 L L L L L L L L L |
0

T, sec

Figure 6. Rotor angle response for 0.1pu step change in Ty,.

VII. CONCLUSIONS

Robustness of conventional fuzzy logic power system
stabilizers (FLPSSs) always lacks mathematical reasoning
where the performance of such a stabilizer is often reviewed
by transient response of the closed loop system. Necessary
and sufficient conditions that guarantee robust dynamic
stability of an FLPSS are presented. A small-signal model of
an FLPSS is developed to study the dynamic stability of a
single-machine infinite-bus power system. Such a small
signal model is proved to be a conventional proportional-
derivative (PD) controller whose parameters are expressed in
terms of normalizing factors of FLPSS. The parameters of
such a PD controller, are tuned to guarantee robust dynamic
stability, thereafter normalizing factors can be directly
computed. Synthesis of a robust PD controller is based on
simultaneous stabilization of a finite number of extreme
characteristic polynomials that are derived using Kharitonov
theorem. A convex region in the K,-K, parameter plane
which guarantees robust stability is obtained using Routh-
Hurwitz array. Such a region presents the pool for all robust
normalizing factors of an FLPSS. Simulation results are
presented to confirm the effectiveness of the proposed
approach.

APPENDIX

Data of a single-machine infinite-bus system:
X, =16 puX, =155 puX, =032 pu T, = 6sec.,M =10sec,

K, =25T, =0.0SSec.,E,md‘" =—5pu,E‘;:,“x =5pu, V" =1pu,

o, =2xx50rad/ sec.

Nonlinear model:

=00
o=(T, —(E.1,+(X, - X),I))I M

E =—(E +(X,-X)I,-E,)IT,
E"’ = (KEV"«J' +Um -K.V; _E/d )/TE
RI,—(X,+X ) +V"sin5=0

RI +(X,+X)I,+E +V*cosd=0
A, .  TE,
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