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ABSTRACT

This paper addresses the problem of determining robust three-term output-feedback power system sta-
bilizers (PSSs) (C1(s)=(x15+x2 +x3/s); Ca(s)=x1(1+x25)/(1+x35)) which can function properly over wide
range of operating conditions. Necessary and sufficient constraints that characterize the admissible set
of PSSs parameters are derived firstly by applying Routh-Hurwitz (RH) criterion to the characteristic
polynomial of the generalized plant model. The complete set of stabilizing PSSs for any operating point is
therefore determined in the controller parameter space [x1, X2, X3] by plotting RH constraints at this point.
Since the design parameters are load-dependent and have to be adjusted at each operating condition,
an interval plant is developed to describe uncertainties in the model parameters imposed by continuous
variation in load patterns. Necessary and sufficient constraints for Hurwitz stability of such interval plant
are derived using Kharitonov's theorem where robust PSS design is reduced to simultaneous stabiliza-
tion of finite number of vertex/segment plants. The stability region for each of these plants is plotted
using RH constraints where the intersection of the resulting stability regions yields the set of parameters
that guarantee Hurwitz stability of the considered interval plant. Simulation results of an applicant PSS
confirm the effectiveness of the proposed design approach.

© 2014 Published by Elsevier B.V.

1. Introduction

Power systems are often subjected to disturbances by sev-
eral reasons such as continuous load changes, set-point changes,
and faults. Consequently, it exhibit low frequency oscillations that
either decay gradually, or continue to grow, causing system separa-
tion. These low frequency oscillations are due to the lack of damping
of the electromechanical mode of the system [1-4]. The desired
additional damping can be provided by supplementary excitation
control through a power system stabilizer (PSS). The main problem
encountered in the conventional PSS design is that power systems
constantly experience changes in operating conditions due to varia-
tions in generation and load patterns. So, a conventionally designed
PSS may fail to maintain stability over wide range of operating
points. Further, the performance of conventional PSS is degraded
once the deviation from the nominal point becomes significant. To
cope with uncertainties, imposed by continuous variation in oper-
ating points, has become the priority of the PSS designers. To make
the performance of a PSS robust, the design algorithm must account
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for power system uncertainties. Uncertainties in the power system
model can be unstructured in the form of norm-bounded param-
eter uncertainty [5,6], or structured associated with loading and
other varying operating conditions [7-11]. Various approximations
have been utilized in the modeling of uncertain systems includ-
ing w-synthesis [7-11], Lyapunov state-space based procedures
[12-15], and interval polynomial [16-20]. These approaches target
two main objectives; the first considers the evaluation of system
robustness under the effect of parametric uncertainties, while the
second considers the synthesis of PSSs that can guarantee robust-
ness under parametric uncertainties. In Refs. [ 7,8], Djukanovic et al.
have successfully applied the structured singular value (SSV) theory
to determine robust stability of a power system for a wide range of
operating conditions. A systematic procedure for sequential design
of decentralized controllers, in multimachine power system, was
studied in Ref. [9] where the robust performance in terms of the
structured singular value (SSV or @) was used as the measure
of control performance. Castellanos et al. [10,11] have examined
the application of SSV theory to the problem of evaluating the
robust stability of large power systems with structured uncertain-
ties where variations in system operating conditions and system
topology are modeled as structured uncertainties and included in
the nominal power system model. Rao et al. [12] reduced the con-
troller synthesis to solve a nonlinear optimization problem where
parametric uncertainty was handled using Quantitative Feedback
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Nomenclature

All quantities are in per-unit unless otherwise stated

Tm mechanical torque

Te electrical torque

Vr terminal voltage

Eg voltage behind transient reactance

Egq field voltage

X generator d-axis transient reactance

X4,Xq  direct axis and quadrature axis synchronous reac-
tance

Re,Xe  tieline resistance and reactance, respectively

1) torque angle (rad)

Kg, Tg exciter gain and time constant

Pg, Qg active and reactive power at generator bus

Ve infinite bus voltage

Upss stabilizing signal (PSS output)

M inertia constant (s)

k1, ..., ks parameters of the power system block-diagram
Ty open circuit d-axis time constant

Wo synchronous speed (rad/s)

Aw rotor speed deviation

S laplace operator

kp, ki, kq PID controller gains
K, T1, T, parameters of a phase-lead compensator

X, X lower and upper bounds of a variable x, respectively

K',K?,...,K* Kharitonov vertex polynomials

NS;, i=1, ..., 4 Kharitonov segments associated with Nj(s),
i=1.2,...,4.

Gs(s) family of Kharitonov segment plants

Aji polynomial characterizing the segment plant Gj(s,
A)

C(s) controller transfer function (TF)

R31,Ra1, Ri1, Ro1  Hurwitz residues for s3, s2, s1, and s° rows

ky, ki pre-specified values of kp and k;

kT, kS critical values of the PID controller’s parameters k;
and kg.

1) empty set

4 damping ratio

Theory (QFT). In Ref. [13], the design of a robust decentralized
state feedback PSSs was considered to guarantee pole-placement
in a pre-specified region in the left-half of the complex plane.
The design assumed full state measurability and considered poly-
topic uncertainty. Werner et al. [14] expressed the uncertainties
due to variable operating points using Linear Fractional Transfor-
mation (LFT) and then an LMI technique is applied to find a 4th
order H,, controller under regional pole placement constraints.
Soliman et al. [15] suggested an iterative LMI algorithm to design
robust decentralized PID based PSSs. In Ref. [ 16], Soliman suggested
an interval arithmetic approach for computing the admissible set
of robust proportional-derivative (PD) based PSS using interval
Routh-Hurwitz arrays. The authors of Ref. [17] applied a general-
ized Kharitonov’s theorem to parameter perturbations in the state
space model of the power system with a PSS. The parameters of the
PSS were considered as candidates for perturbations and the region
of stability was computed using the edge theorem and the seg-
ment lemma. The design was carried out at certain operating point
where only uncertainties in controller parameters are reported. In
Ref. [18], uncertainties due to continuous variation in the operat-
ing point, was described by an interval polynomial. The design of a
phase-lead PSS was reduced to simultaneous stabilization of eight
vertex plants derived using Kharitonov’s theorem. Root-locus tech-
nique was applied to compute only the gain where compensator’s

zero and pole time constants were pre-specified to ensure fast
response. Rigatos and Saino [19] extended the results of Ref. [18]
and presented the two-stage stabilizer. However, time constants
of the compensator’s poles and zeros were also pre-specified. Soli-
man et al. [20] presented a reconfigurable design of fault-tolerant
PSS and FACTs controllers using Kharitonov’s theorem where sys-
tem uncertainties were represented by an interval polynomial. The
gains of the controllers are computed using particle swarm opti-
mization (PSO). The authors suggested an eigenvalue-based cost
function that ensures a specific settling time. Computing the admis-
sible set of robust phase-lead compensator’s parameters, which
can stabilize the plant under wide range of operating conditions,
was not targeted in Refs. [17-20]. Furthermore, the case of PID
based PSSs was not dealt with. In Refs. [21,22], robust PSS syn-
thesis is reduced to a simultaneous stabilization of some operating
points and then evolutionary algorithms such as genetic algorithms
and particle swarm are applied to compute controller parameters
while minimizing eigenvalue-based objective functions. Concisely,
robust PSS design involves three basic issues regarding uncer-
tainty modeling, controller order and solution algorithm. Robust
PSS design techniques often result in a unique controller without
considering the set of all admissible PSSs. Computing the set of
admissible parameters gives great flexibility while implementing
PSSs.

This paper presents a step to attack this problem by charac-
terizing such set for a single-machine infinite-bus system. The
robustness issue is treated using generalized Kharitonov theorem,
while stability conditions derived with Routh-Hurwitz criterion are
used to parameterize the stabilizing controllers. Two approaches
are proposed for designing robust PID-based PSSs. The first one con-
siders simultaneous stabilization of four segment plants while the
second approach considers simultaneous stabilization of sixteen
vertex plants. For phase-lead compensator design, simultaneous
stabilization of only eight vertex plants is considered. The rest of
the paper is organized as follows. Section 2 considers the challenge
facing the design of PSSs and develops an interval plant model to
capture all uncertainties imposed by loading conditions. Necessary
and sufficient conditions for stabilizing an interval plant via a three-
term controller using generalized Kharitonov theorem are briefly
reviewed in Section 3. Parameterization of the robust PID-based
PSS and that of robust phase-lead PSSs are presented in Sections 4
and 5, respectively. Section 6 presents the results while Section 7
concludes this work.

2. Problem formulation

The system under study comprises a single-machine connected
to an infinite bus through a tie-line. Such system is commonly used
in the analysis and design of a PSS. The system is represented by
a fourth order linearized model as proposed by deMello and Con-
cordia [3]. The linearized model of this system can be described
by the block diagram shown in Fig. 1. The system data and nonlin-
ear model are given in Appendix A.1. The model parameters k1, ko,
k4, ks, kg shown in Fig. 1 depend basically on the values of P and
Q while k3 depends on the tie-line reactance only. These param-
eters could be expressed as explicit functions of P and Q as given
in Ref. [18]. The state space realization of the system is given as
follows:

x=A(k)x +Bu, y==Cx @)
where xeR*! is the state vector defined by x=

[Ad Aw AE; AEy ]T, u is the stabilizing signal and the
output y is typically represented by the angular speed deviation
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Fig. 1. Block diagram of the linearized model [1].

Aw. The state space matrices are defined as follows:

0 o 0 0

kl kz
Alk)= | _k4 -1 1|

Tao Taoks Ty

_ KEk5 0 _ KEkG _ l
Tg Tg Ty |
Kg 1T
B{O 00 T} , C=[0 1 0 0], D=]0] )
E

Therefore, the open loop transfer function (TF) of the system
shown in Fig. 1, is given by Gp(s)= Aw(s)/ AUpss(s) = C(sI — A(k))~1B.
Remarkably, the TF is in turn load-dependent. This TF could be
evaluated at any operating point by the following general form:
—N(s)

—b]S _ (3)

Gp(s) =
p(s) a4st +a3s3 + azs2 +ays+ag  D(s)

The mathematical expressions that compute the values of a4, as,
ay, ay, ag, and by as function of the machine loading and machine
parameters are given in Appendix A.2. The coefficients a4, az are
always constant and independent of the machine loading. The val-
ues of the coefficients ag, a;, a; and by vary according to a vector
k which consists of two independent quantities (machine loading P
andQ),ie.x =[P Q ]T. In this study, it is assumed that Pe [P P]
andQ e[Q Q]and hence the vector k takes values in a rectangle,
in the P-Q plane, whose vertices are (P, Q), (P, Q), (P, Q), (P, Q).
Consequently, any change in P and/or Q leads to corresponding
changes in ag(k), a1 («), az(«) and b1 (k). Therefore, Eq. (3) describes
a family of plants rather than a nominal plant as P and Q vary over
their prescribed intervals. Furthermore, because ag(«), a;(x), ax(k)
and b (k) depend simultaneously on «, this family of plants can be
approximated by the following interval plant:

- b, b1 ls

—N'(s)
Gp(s) = - - - - — = T
la, asls*+[a; asls*+[a, Gxls*+[a, @ ls+la, Gl D'(s)

(4)

where the bounds of each interval is computed over P[P P ]and
Qe[Q Q]as follows:

family of plants can be considered as a subset of the interval plant
(4) and hence if the plant (4) is robustly stable, the original family
of plants is robustly stable as well, but the converse is not necessar-
ily true. Robust stability of interval plants is often addressed using
Kharitonov’s theorem [23-27].

3. Mathematical preliminaries

This section briefly reviews some basic results form the area
of parametric robust control. For a full comprehensive survey, the
reader is referred to Ref. [27].

Definition 1.
of the from

Consider the set fof all real polynomials of degree n

p(s) = ag + a5 + axs% + . . . + aps™ (5)
Where the coefficients vary over independent intervals as follows:

ao=[ay al,a1=[a; G ], a2=[a, @], ...,an=[gq, an] (6)

Such a set of polynomials is called an interval polynomial. In
1978, Kharitonov presented his celebrated theorem that provides
necessary and sufficient conditions for Hurwitz stability of such an
interval polynomial.

Theorem 1 ([27]). Every polynomial in the interval family f is
Hurwitz-stable if and only if the following Kharitonov polynomials
are Hurwitz:

K(s) = @y + a1 + Gps% + 353 + a45* + ags® + Ggs® + . ...

K?(s) = ag + 15 + G282 + a38° + aus% + ass® + ags® + . .. )
7

K3(s) = g + ;5 + ay5% + 35> + Gg5* + ass® +ags® + . ..
K4(s) = Gg + @15 + 0,52 + a38° + ags? + ass® + ags® + ...

Proof. see [27].

The following notation is necessary before proceeding to the
generalization of Kharitonov theorem. Let m be an arbitrary
integer and let P(s) = [Py(s), Py(s), ..., Pm(s)] be an m-tuple
of real interval polynomials where each polynomial Pi(s), i=1,
.., m is an interval one. Each polynomial has its four poly-
nomials K(s), K2(s), K3(s) and K%(s). If K;, denotes the set of
m-tuples obtained as follows: for every fixed integer i between
1 and m set Pi(s)=Ki*(s), k=1, 2, 3, 4. Clearly, there are at

min_ @ max_ a; min_ by max_ by
[q; @]=[PelE Pl Pe[P Pl ] i=0,1,2,[b, by]=[P<[E Pl Pe[P Pl
Qe[Q Q] Qe[Q Q] Qe[Q Q] Qe[Q Q]

It is worth mentioning that these coefficients are dependent,
continuous and positive for all admissible values of P and Q. The

most 4™ distinct elements in Kp. Further, a family of m-tuples
called generalized Kharitonov segments are defined as follows:
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for any fixed integer | between 1 and m, set Pi(s)=K(s), i # [
while for [, suppose that Pj(s) varies in one of the four seg-
ments given by [K;'(s) K2(s)], [K'(s) K>(s)][K2(s) K*(s)]
and [K3(s) K*(s)]. A segment means all convex combination of
two associated vertex polynomials, e.g., a segment [ K;!(s) K;?(s)]
means all convex combinations of the form (1—A)K'(s)+
AK%(s), Ae[O0 1]. There are at most m4™ distinct generalized
Kharitonov segments, which could be denoted by S;;,. The following
theorem presents the generalization of Kharitonov theorem.

Theorem 2 ([27]).

I. Given an m-tuple of  fixed real polynomials
[Fi(s), Fx(s), ..., Fm(s)] the polynomial family
P1(s)F1(s)+Py(s)Fa(s)+...+Pn(s)Fn(s) is Hurwitz-stable if
and only if all the one-parameter polynomial families that
result from replacing [ P1(s), Pz(s), ..., Pm(s)]in the above
expression by the elements of Sj; are all Hurwitz-stable.

Il. If the polynomials Fi(s), i=1, 2, ..., m are real and having
the form F;(s)=sti(a;s +b;)U;(s)Q;(s), i=1, 2, ..., m, where t;>0
is an arbitrary integer, a; and b; are arbitrary real numbers,
Uj(s) is an anti-Hurwitz polynomial and Q;(s) is an even/odd
polynomial, then it is sufficient that the polynomial families
P1(S)F1(s)+Py(S)Fa(s) +. ..+ Pn(s)Fn(s) is Hurwitz-stable with the
P;,i=1,...,mare replaced by the elements of K.

Proof. see[27].

4. Parameterization of robust PID-based PSSs

Now consider an interval plant transfer function given by
G(s) = Ni(s)/Dj(s), i,j=1,2,3,4 and a PID controller given by
C(s) = (kgs® + kps+k;)/s, thus the family of closed loop characteristic
polynomials is given by A(s, kp, ki, kg)=sD(s)+ (kgs? + kps + k;)N(s).
Characterization of the robust PID controllers for an interval plant
means to determine the values of kp, k; and k, for which the entire
family of the closed loop characteristic polynomials is Hurwitz.
Obviously, stabilizing an interval plant by a PID controller does not
match the polynomial structure requirements given in Part-II of
Theorem 2. Therefore, it is mandatory for synthesizing such a con-
troller to apply the conditions of Part I of the same theorem. Let
NS;(s), i=1, 2, 3, 4 be the four Kharitonov segments associated to
Ni(s),i=1, 2, 3, 4 and given by
NSi(s, &) = (1 = N1 (S) + AN2(s), NSz(s, 1) = (1 — L)N1(s) + ANs(s), (8)
NS3(s, &) = (1 = X)Na(s) + ANa(s), NSa(s, 2) = (1 — X)N3(s) + ANq(s),
where L e[0 1]. Let Gs(s) denotes the family of the 16 segment
plants given by
NS,-(S, )\.) P
W, i,j=1,2,3,4, Ae[0 1]}

9

The family of closed loop characteristic polynomials for each
segment plant G;;(s, A) is denoted by A(s, kp, ki, kg, A) and is given
by:

Gs(s) = {Gji(s, A)IGji(s, A) =

Aji(s, kp, ki, kg, A) = sDi(s) + (ki + kps + kas*)NSi(s, ) (10)
st ag
3| a3
s2 | Ry1 = asap + asbky — ayas — asbikyp
Sl
sO | Ro1 = a3(ag + b1k;)

Plant
(Generator + Exciter)

=D

Fig. 2. Positive feedback control system with PID controller.

Therefore, an interval plant G(s) is stabilized by a particular PID
controller if and only if each segment plant Gj(s, A) € Gs(s) is sta-
bilized by that same PID controller. Rather than using these 16
Kharitonov segments, the term F(s) = k; + kps + kgs? can be decom-
posed into two properly basis polynomials to suit the polynomial
structure in Part II of Theorem 2, as follows F§(s) = k; + skp and
Fg(s) = s2ky. Thus, the synthesis problem is reduced to a stabiliza-
tion of three interval polynomials as follows:

A(s, kp, ki, kq) = F1(s)Di(s) + F5(s)Nj(s) + Ff(s)Nl(s)

= sD(s) + (kps + k;)N(s) + s2kygN(s), 1i,j,1=1,2,3,4 (11)

While sweeping over A<[0 1] is eliminated, such approach
results in sixty-four vertex plants and hence increases the compu-
tational effort.

4.1. Necessary and sufficient conditions for Hurwitz stability
The positive feedback control system, shown in Fig. 2, has the
following closed loop characteristic polynomial:
1-C(s)Gp(s)=0 (12)
Considering the numerator negativity in (1), (10) can be rewrit-
ten as follows:
sD(s) + (kqs? + kps + k;)N(s) = 0 (13)

Since N(s) of (3) is always given by a zero at origin, pole-zero
cancelation at origin occurs with the controller pole, and thus (11)
can be rewritten as follows:

D(s) + (kqs® + kps + k;)NF(s) =0 (14)

where Nf(s)=b; for (3) and Nf(s)=[b, by ] for (4). The charac-

teristic polynomial of the closed loop system is generally given

by:

ag + bik; + (ay + bikp)s + (az + b1kg)s? + ass® + ags* =0 (15)
Hurwitz stability of this polynomial is examined using Routh-

Hurwitz (RH) criterion. Once more, the coefficients of (3) are

positive over the entire range of operating conditions, i.e. a;, b; >0,
i=0, 1, ..., 4. Typical RH array is constructed as follows:

a + b]kd ap + by k,'
ay + bq kp

(13((10 + b] I(j)

R]] = ((13(12 + a3b1 kd —ajayg — a4b1kp)(a1 + b] kp) — a%(ao + b] ki)
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Hurwitz stability is guaranteed if and only if the positivity of
the first column is ensured, i.e. Rj; >0, i=0, 1, 2. It is clear that the
positivity of Ry; infers that of Ry; for nonnegative k. Consequently,
stability constraints are reduced to only Ry, R11 >0. Furthermore,
the stability boundaries are given as follows:

ket = _T?O (16)
asby araq —axaz | (as/b1)(ao + bik;)

ker = (7) k i 17

“a asbq pt asbq + ay + bq kp ( )

4.2. Kharitonov segment plants

The numerator NF(_s) has only one segment that is given by
NSf(s) = (1 - A)b; + Ab;. Therefore, the PID stabilizer has to sta-
bilize the following segment plants simultaneously:

Di(s) + (kgs? + kps + k)[(1 — )b, +Abi]=0, i=1,2,3,4 (18)

Putting (1 — A)b; + Ab; = by, the characteristic polynomials of
these four segment plants are given as follows:

o + b1k + (ay + D1kp)s + (@ + bikg)s? + G3s® + aus* =0
do + b1k + (@1 + b1kp)s + (@ + brkg)s? + a3s3 + a5t =0
Go + b1ki + (a; + bikp)s + (ay + b1kg)s® + a3s3 + ags* =0
g + bik; + (@1 + b1kp)s + (ay + b1kg)s? + ass® +Gss? =0

The stability boundaries given by (16) and (17) have to be
applied for each segment polynomial in (19). Applying (16) to these
segment plants, the minimum critical value of the integral constant
can be directly computed as follows:
keT = min G _ "% (20)

rel0 1], b1 b

apelay apl

By applying (17) to the characteristic polynomials of segment
plants at fixed values of kp = kj and k; = ki > k{', the minimum
critical value of the derivative constant can be directly computed
as follows:

_%k* (aia4 — G203) (‘_13/51)(204‘{71’(;)_
a3 (asby) (a; +bik)
G, (@185~ 0ra3)  (@3/b1)ag + 1K)
4 pe . M0 T
K~ max 43 (asb1) (?1 +b1kp~)
rel0 1], | sy, (@184 — 3y03) (a3/b1)(ao + b1k})
kp = kp. as? (ashy) (a, +byky)
L la @d4 — a,a,)  (a3/b1)@o + bikr)
ki =k; > k; ai; (14:273) 3/_1 0 *11
L 43 (asb1) (@1 +biky)

(21)

In Eq. (21), “max” refers to the maximum element in the vector
while A varies over [0 1] with fixed values of k, and k;. Assuming
fixed value of k;, the critical values of k; can be computed for a
range of k, by sweeping over A€[0 1] at each value of k. This
numerical algorithm has to be repeated with different values of k;
to scan the three-dimensional space of the controller parameters.

4.3. Kharitonov vertex plants

This approach can avoid sweeping over A [0 1] by consider-
ing additional vertex plants. These additional plants come out from
the decomposition of the controller into two parts, i.e. C?(s) = k; + skp

and CP(s)=s2k,. Such vertex systems have the following character-
istic polynomials:

Di(s)+ CU(sINF(s) + C*(sNf(s) =0, i=1,2,3,4 jI=1,2 (22)

Eq. (22) describes sixteen characteristic polynomials for exam-
pleifi=1andj,[=1,2

g+ byki +(ay + bykp)s + (a2 + ¢ kq)s? + @353 + 454 = 0

Ao+ biki +(aq + bykp)s + (Gz + C1kg)s® + ass® + a4 =0
_ _ (23)
Ao+ b1k +(aq + bikp)s + (G2 + c1kg)s? + @38 + a5t =0

o + b1k + (ay + bikp)s + (@ + T1kg)s? + @s3s3 + a45* =0

wherec; = by, ¢ = by. The letter c is considered to distinguish the
multiplier of k; form that of k, and k;. Necessary and sufficient sta-
bility constraints (16) and (17) obtained for the general polynomial
(15) are applied to the sixteen vertex polynomials. While applying
the constraint (17), the term (agb1/azb)ky has to be replaced by
(asb1/ascy)kp to account for difference in the coefficients between
kp and k4 imposed by decomposition and therefore such constraint
(18) has to be rewritten as follows:

ajag —azaz | (az/cq)(ap + b1k;)

24
ascq (a; + bikp) (24)

kg = %k
ascy
The constraint (16) is satisfied for the sixteen polynomial if and
only if k; > —go/Bl, which agrees with (20). The critical value of
the derivative gain is computed for the 16 polynomials by (17) for
fixed kp and k; where the critical k4 is computed as follows:

M asby ke + a,a, —axas  (a3/cq)(ag+biki) T
asc; ' ascy ay +bikp A1
asb, K, + 9194~ apas  (az/cq)ag + byk;) A
=— Kp == 112
) a3Cq a3Cq a; +bikp
ki = max
kp =k,
o — * - 7 - - - - 7
ki = ki agbq k. o 0104 — 0r05 N (as/¢1)(ao + b1k;) VYY)
[ 4581 7 3¢ ay + bikp

(25)

In (25), “max” refers to the maximum entry of this vector at
fixed values of k, and k;. A marginal stability surface is developed
in the space of the controller parameters by considering a fine grid
inkp x k;.

5. Parameterization of robust phase-lead PSSs

According to Theorem 2, the design of robust phase-lead com-
pensators is carried out for Kharitonov vertex plants only. The
design algorithm aims to compute the robust stabilizing com-
pensators. The closed loop system using the proposed phase-lead
stabilizer is shown in Fig. 3. Consider a phase-lead stabilizer having
a transfer function given by:

K(1+Tis)

C(s. K T, T2) = — T Tos

(26)
The positive feedback control system shown in Fig. 3, has the

following closed loop characteristic polynomial:

(14 T2s)D(s) + K(1 + T15)N(s)=0 (27)

Consider the plant (3) and the controller (26),(27) can be rewrit-
ten as follows:

Tya45° + (T203 + a4)s* + (Tza2 + a3)s>

+(T2aq + ay + KT1b1)s? + (Toag + a; + Kby )s+ay =0 (28)
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Fig. 3. Positive feedback control system with phase-lead compensator.

Typical RH array for (28) is constructed as follows:
2| Thay
Tras +ag
s3 | Rs1 = (T2a3 + a4)(T2a3 + a3) — Tra4(T2aq + az + KTy by)
2 | Ry1 = R31(T2a1 + @y + KT1by) — R3p(T2a3 + ag), aoRs31

s!| Ri1 = Ra1R32 — RozR31

s% | Ror = agR3y

Stability of polynomial (28) is enforced if and only if R;; >0,
i=1, 2, 3. Unlike PID controller, no explicit formulas are deduced
for phase lead compensator. A typical range of a PSS pole time-
constant in industry is frequently given by T, =[0.02 0.15]s, i.e.
PSS design is typically carried out with some value in this inter-
val [2]. Hence, robust stability boundaries for a given T, = T are
expressed as follows:

Ra(K.To)|; . =0, i=1.2,3 (29)

These boundaries can be generalized by f(x, y) =0 and be plotted
using MATLAB function “ezplot”. Necessary and sufficient condition
for the existence of the solution set, that contains the stabilizing
phase lead stabilizers, can be stated as:

N,_. _ , RakT)+e (30)
T,=Ty*, i=1,2,3

To guarantee robust stability, such controller has to stabilize the
eight vertex plants of the interval plant model (4) simultaneously,
i.e. the following eight characteristic polynomials are Hurwitz.

(1+T5)Di(s) +K(1+TysNi(s) =0, i=1,2,3,4, j=1,2 (31)

Considering the eight vertex plants, sufficient constraint for the
existence of the solution set that contains the robust stabilizing
phase lead stabilizers can be rewritten as follows:

Ry (K, 1) +0 (32)
="

r11‘:1,2,3,4, j=1,2, k=1,2,3 =

6. Simulation results

The main result of this paper focuses on the computation of
the admissible parameters of the three-term PSSs that guarantee
robust stability under wide range of operating points. Results based
on the interval plant model (4) are presented for both PID controller
and phase-lead compensator. It is assumed that active and reactive
powers at the generator bus vary over the following intervals:

Pe[02 1], Qe[-0.2 0.5] (33)

Tray + as

Typically, these intervals encompass all practical operating
points [10,11]. Further, any point that belongs to these ranges has a
steady load flow solution. The coefficients of (3) are calculated for
1024 mesh points that belong to [0.2 1] x[-0.2 0.5] where
their bounds are computed and given by:
az=[1 1], a3=[20.46 20.46], a, =[22.41 87.21],

a; =[131.5 793], ap=[570 1763.7], b1 =[2.44 11.57]

(34)

6.1. Robust stabilization via PID-based PSSs

The design is carried out based on the interval plant model
(4) while the bounds of its coefficients are given by (34). The
results are presented for the case of nonnegative proportional
gains and an arbitrary interval is taken as k, = [0 500 |. Negative

Trag + a; + Kbq

Traq + ay +KT1b1 dp

(T2a3 + a4 )(T2a0 + a; + Kby ) — Tasag

proportional gains present supplementary phase-lag and hence it
is not considered. However, a PID controller may exist for such a
negative gain.

6.1.1. Segment plants

If we consider the negative values of the integral gain, the
minimal allowable value of k; is given by (20) which results in
ki =—49.24 and hence ifk; = [ -49.24 200 ]; the critical values of
kg canbe calculated explicitly as givenin (21). The upper bound of k;
is randomly chosen. The marginal stability surface in the controller
parameter space is shown in Fig. 4. To simplify the illustration, the
critical values of the derivative gain are plotted against the pro-
portional gains at constant values of the integral gain as shown in
Fig. 5.

6.1.2. Vertex plants

The minimal critical value of the integral gain is not altered
between segment and vertex plants and given by k" = —49.24. The
unconstrained maximization (25) computes the critical value of the
derivative gain for a pre-specified pair (k}, k}) considering the inter-
vals (33). The critical surface is computed for the ranges of k, and
k; as shown in Fig. 6. For clear illustration, the critical values of ky
for the range of k;, is shown in Fig. 7 for fixed values of k;.

6.2. Robust stabilization via phase-lead PSSs

Characterization of the robust phase-lead PSSs is accomplished
based on interval plant model (4). Firstly, the computation of the
stabilizing PSSs for a nominal plant is considered for P=1.0 and
Q=-0.2.The time constant of the stabilizer pole is selected at 0.05 s.
After computing the coefficients, Matlab function “ezplot” is utilized
to plot the constraints (29). Fig. 8 shows the plot of the three con-
straints and it is noticed that they all tolerate with Ry; =0, i.e. the
stability region is that bounded by Ry only. The effect of the pole
time constant on the stability region is considered where stability
regions for different values are shown in Fig. 9. Remarkably, small
values of the pole time constant have the effect of extended stability
regions.
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Fig.5. Robust stability regions on k,—k4 parameter-plane for fixed values of k; using
segment plants.

Using the coefficients bounds (34), the constraint (32) is not sat-
isfied, i.e. the constraint (29) does not tolerate in a common region
for the eight vertex plants with T, =0.05 s. To overcome this prob-
lem, a smaller pole time constant can be considered, e.g., T, =0.02 s,
or the ranges (33) have to be narrowed down to P=[0.4 1.0] pu,
Q=[-0.1 0.5]pu at T,=0.05s. The latter suggestion is adopted
where the stability region is shown in Fig. 10.

6.3. Applicant controller validation based on linear model

The poles of the uncontrolled plants are firstly computed to illus-
trate the poor damping characteristics and even instability of some
operating points. The damping ratios of the dominant poles of 1024
mesh plants in (33) are shown in Fig. 11, which indicates nega-
tive damping for some plants, i.e. unstable plants. An applicant PID

stabilizer is selected as k, =100, k; = —20 and k4 =70 and the closed
loop poles are computed where damping ratios of the dominant
poles are shown in Fig. 12. Remarkably, a minimum damping ratio,
that is greater than 0.3, is achieved for the entire family of plants.
Furthermore, a phase-lead PSS is selected as K=50, T; =0.5s and
T, =0.05 s and the closed loop poles are computed where damping
rations of the dominant poles are similarly shown in Fig. 13.

Hint: Although the robust phase-lead stabilizer is designed for
a narrow operating range, the controller considered for simulation
can stabilize all plants in the full range (33) because the suggested
approach presents sufficient but not necessary stability constraints
(conservative results).

6.4. Applicant controller validation based on nonlinear model

The nonlinear model of the considered system, which is given
in Appendix, is stimulated using the controllers’ parameter setting
selected before. The response of the closed loop system due a 10%
step change in mechanical torque is shown in Fig. 14. The proposed
PSS designs are both tested at an operating point determined by
Pg=0.9 and Qg =0.2 pu. Remarkably, the proposed robust PSSs can
ensure system stability at this test point.

6.5. Multimachine simulation

The proposed design can be applied to multi-machine power
systems by designing a PSS for one machine at a time and consid-
ering the rest of the system as an infinite bus. The resulting control
is decentralized or local as it uses speed deviation only from the
generator on which it is installed. Local PSSs have the following
advantages: (i) effective in damping local modes, (ii) no communi-
cation network is needed to transfer data to a centralized controller,
thus cost-effective, and (iii) time delays are avoided. The purpose of
this section is to demonstrate the merits of the proposed PSS design
methodology based on a more realistic model. The two-area four-
machine test power system shown in Fig. 15 and proposed in Ref.
[2] is utilized in this study because it is accepted in the literature
as a tool to study the inter-area mode of oscillations. Further, this
system is available as a MATLAB/SIMULINK demo program [28]. In
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Fig. 6. PID parameters space developed using vertex plants.
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vertex plants.

Therefore, the equivalent single-machine subsystems are roughly
identical due system symmetry. Consequently, the design is car-

-tuned power system stabilizers

addition, it is equipped with well

ried out once for one equivalent subsystem whilst the resulting

stabilizer is added to the four machines.

including the standard IEEE PSS4B [29] and the conventional PSS
[2]. This gives credit to the comparison with the proposed PSS.

which allows for £50% perturbation

Since damping and frequency of inter-area oscillations depend

mainly on the quantity of the tie-line power, different operating
points that result in different tie-line powers ranging from 200 MW

to 600 MW are considered
around the nominal tie-line power. The values of P and Q at each

machine-bus are computed through a load flow study for different
operating points where the corresponding ranges are given by:

6.5sinarea-1and H=6.175sin area-2. Ther-

The test system consists of two fully symmetrical areas linked

together by two 230KkV lines of 220km length. It is specifically
designed to study low frequency electromechanical oscillations in
large interconnected power systems. Each area is equipped with
two identical round rotor generators rated 20kV/900 MVA. The
synchronous machines have identical parameters except for the
inertias which are H

[0.5 09]&Q=[0.2 0.5].

P =

mal plants having identical speed regulators are further assumed at
all locations, in addition to fast static exciter with a gain of 200. Sat-

uration limits are imposed on both excitation voltages (E¢y ) and the
supplementary signals (U) as specified in Ref. [2]. The loads are rep-

Multimachine power system is a multi-input multi-

output (MIMO) system and hence it violates theoretically the

Remark 1.

resented by constant impedances and split between the two areas.
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basic requirements of the proposed approach because it is not
a SISO system and it has many PSSs that have more than three
terms. Consequently, the proposed approach cannot be applied to
multimachine systems directly. Firstly, a multimachine system is
decomposed into a set of single-machine subsystem using Thevenin
theorem. Each subsystem comprises one machine connected to
hypothetical infinite bus through an equivalent tie line. This decom-
position enables us to consider the uncertainties in P and Q of each
machine separately.

Remark 2. The decomposition approach, which is proposed to
consider the multimachine case, neglects the interaction between
different control loops. No one can claim that the interactions
between different control loops have no effect in the control design.
However, Baker et al. [30] proved that the interaction between

03w .
02d...7
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Fig. 10. Stability regions for the eight vertex-plants while P=[0.4 1.0] pu, Q=[-0.1
0.5]puand T, =0.05s.

excitation systems becomes significant when the machines are
closely tied electrically.

The constraints presented in Sections 4 and 5 are utilized to
compute the controller stability regions as before. An applicant PID-
based PSS parameters are selected as kp =30, k; =50, ks =1 while an
applicant phase-lead based PSS parameters are selected as kpss =40,
T1=0.5s, T, =0.02s. The effectiveness of the proposed designs to
suppress both local and inter-area modes of oscillations is inves-
tigated by small and large-scale disturbances. Firstly, the system
response due to 10% increment in the load of Area #2 is shown in
Fig. 16. Secondly, the system is tested for a three-phase to ground
short circuit and the response is depicted in Fig. 17. Noticeably, the
standard IEEE-PSS4B stabilizer [29] and the conventional design

Se AN S
NSNS SN OOTTSS
ITRESNSIISSSSS .~

-0.2

Q (pu)

Fig. 11. Damping ratios of the dominant open loop poles of 1024 points in Ref. [33].
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Fig. 12. Damping ratios of the dominant closed loop poles of 1024 points in [33] using PID stabilizer with k, =100, k; = —20, kq=70.

presented in Ref. [2] failed to maintain system stability. Moreover,
Figs. 16 and 17 present the response of the PID design reported
in Ref. [15] for fair comparison with the proposed PID design. The
proposed PID-based PSS outperforms the PID-based PSS presented
in Ref. [15], as shown in Fig. 16 for small disturbance, in terms of
overshooting and settling time. However the latter outperforms the
formerin case of large disturbance, as shown in Fig. 17. Remarkably,
the responses of the proposed controllers, CPSS, and IEEE-PSS4B,
shown in Fig. 16, have the same steady state operating point while
the PID-based PSS in Ref. [15] has different steady state point. This
may be explained by the fact that the interaction between all con-
trollers was considered in Ref. [15] while such interaction is not

05

0.4\"”_”:,,,...
035
0ad .t

0-25\”‘“,.:..,

Py (pu)

considered in the proposed design and CPSS design because the
design is carried out on the basis of single-machine infinite-bus
model.

Remark 3. Multimachine simulations were carried out to con-
firm the effectiveness of the proposed method in designing PSSs
based on the classical approach of single-machine infinite-bus sys-
tem (SMIB). Consequently, the size of a real system comprising
m-machines has no effect on the results because the proposed
approach is applied m-times to the m single-machine subsystems.
However, the ultimate solution of stabilization of low-frequency
oscillations of a multimachine should be a multimode stabilizer

0.2

0.1

Q, (pu)

Fig. 13. Damping ratios of the closed loop poles of 1024 points in [33] using phase-lead stabilizer with kpss =50, T; =0.5 s, T, =0.05 s.
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Fig. 17. System response due to three-phase to ground fault on one tie line at 70 km far from Bus #8 for 133 ms.

design based on the multimachine model. However, the results
obtained, based on SMIB models, have confirmed the effectiveness
of proposed approach to compute a set of decentralized feasible
controllers in a multimachine system.

6.6. Discussion and comments

The proposed design approach assumes the textbook version of
a PID controller to carry out this study. Therefore, one may com-
ment the problem of sensor noise due to the inclusion of pure
derivative term. Such a comment can be by considered in the design
approach by using a high pass filter with appropriate corner fre-
quency toimplement the derivative action. Corner frequency can be
selected to account for the frequency range of the electromechan-
ical modes at different operating points. The proposed technique
has been applied to a single-machine infinite-bus system equipped
with a three-term controller. These simple models are primarily
used to demonstrate the principles of the proposed technique.
However, further research is currently under way to extend the
application to the design of robust decentralized PSSs in multima-
chine power system. Kharitonov’s theorem presents the necessary
and sufficient conditions for Hurwitz stability of an interval polyno-
mial on condition that the coefficients of such polynomial vary over
independent intervals. In our case, the coefficients of the interval
polynomial (2) are not independent because any variationin P, Q, or
both makes all coefficients to vary simultaneously. Consequently,
any change in one coefficient implies simultaneous changes in the
others. This fact makes the results derived via Kharitonov’s theo-
rem “conservative”. Therefore, in the controllers’ parameter plane
point of view, the described stability region is a subset of a larger
one.

7. Conclusion

This paper presents a simple analytical method for computing
the set of robust three-term stabilizing PSSs. An interval plant is
developed to capture uncertainties in the parameters of the power
system model imposed by constantly variation in the operating
point. Stabilization of the proposed interval plant by PID con-
troller and phase lead compensator based PSSs are dealt with using

generalized Kharitonov’s theorem. Necessary and sufficient con-
straints for characterizing the robust stabilizing three-term
controllers are derived by applying RH criterion to a set of seg-
ment/vertex plants where the region of robust stability comes out
from the intersection of the stability regions of all segment/vertex
plants. The synthesis of robust PID based PSS is reduced to simulta-
neous stabilization of either four segment plants or sixteen vertex
plants. It is remarked that using segment approach gives more
relaxed stability constraints than that obtained from using the ver-
tex approach, i.e. the stability region computed for vertex plants is
always smaller than that computed using segment plants. Simula-
tion results of applicant PID and Phase-lead stabilizers confirm the
effectiveness of the proposed approach in damping low frequency
oscillations that follow both small and large disturbances. The
design methodology applies only to a single-machine infinite-bus
system equipped with a three-term controller. These simple mod-
els have demonstrated the principles of the proposed technique.
However, further research is currently under way to extend the
application to the design of robust decentralized PSSs in multima-
chine power system without decomposing it into single-machine
subsystems.

Appendix.

A.1. Nonlinear model and data of a single-machine infinite-bus
test system:

(’S = WoW,
. T — (Eglq + (Xq — Xlalg)
w = )
M
b B+ Xa—Xa—E
Q= T ’
do
i KgVief + Upss — KgVT — Egq
fd = " ,

—(Xe +Xg)lg +V>°sind =0
(Xe +Xlg +Ey + V> coss =0
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Xq4=1.6 pu, Xq=1.55 pu, X, =0.32 pu,

Téo =6 s, M=10 s, Kg=25, Tg=0.05 s,

ERin = 5 pu, EN™ =5 pu,

V® =1 pu, wo=2314.159 rad/s, Rating=100 MVA

A.2. Coefficients of the transfer function of the system shown in
Fig. 1 in terms of k;—kg and machine parameters:

Gy = Mk3TéloTE, as = M(k3Tc/10 +Tg), @y =M+ wokq k3TéoTE

+KgkskeM, @7 = a)okl(kg,Télo + Tg) — wokak3kaTg,

ﬁ() = a)o(k1 — k2k3k4 — KEk2k3k5 + KEk1 k3k5), B] = KEkzk?,.

Since d4 is always fixed (load-independent), both numerator and
denominator are divided by d4 to get strictly proper monotonic
transfer function whose coefficients are computed at any operating
point as follows:

Gy a3 1)) ax {o by
ag=-—=1, 3=z, MG=z=, G ==, dQ=%, b=

ay ay ag ay ay ag
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