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Power system stability and voltage regulation have been consid-
ered as an important problem for secure system operation over the
years. Currently, because of expanding physical setups, function-
ality and complexity of power systems, the mentioned problem be-
comes a more significant than the past. That is why in recent years
a great deal of attention has been paid to application of advanced
control techniques in power system as one of the more promising
application areas.

Conventionally, the automatic voltage regulation and power sys-
tem stabilizer (AVR-PSS) design is considered as a sequential de-
sign including two separate stages. Firstly, the AVR is designed
to meet the specified voltage regulation performance and then the
PSS is designed to satisfy the stability and required damping perfor-
mance. It is well known that the stability and voltage regulation are
ascribed to different model descriptions, and it has been long recog-
nized that AVR and PSS have inherent conflicting objectives. There-
fore, successful achievement of both goals using nonintegrated de-
sign approach turns out to be very difficult, and, it is reasonable to
realize a compromise between the desired stability and regulation
performances by a unique controller.

In the last two decades, several control methods have made to co-
ordinate the various requirements for stabilization and voltage regu-
lation within the one controller. Some studies have been considered
an integrated design approach to AVR and PSS design using do-
main partitioning, robust pole-replacement, adaptive control, Lin-
ear Quadratic Gaussian (LQG) optimal technique, Internal Model
Control (IMC) method, fuzzy logic and nonlinear control design ap-
proaches. However, because of complexity of control structure, nu-
merous unknown design parameters and neglecting real constraints,
the proposed linear control methods are not well suited to meet the
design objectives for a multi-machine power system. The perfor-
mance of those nonlinear schemes that use a switching strategy of
two different kinds of controller to cover the different behavior of
system operation during transient period and post-transient period
is highly depended upon the selection of switching time. More-
over, using different control surfaces through a nonlinear structure
increases the complexity of designed controllers.

In this paper, the stabilization and voltage regulation considering
the practical constraints for feasibility are formulated via an Hoo

static output feedback (Heo-SOF) control problem which it can be
easily solved using an iterative linear matrix inequalities (LMI) al-
gorithm. The resulting controller is not only robust but it also al-
lows direct and effective trade-off between voltage regulation and
damping performance. The proposed controller uses the measurable
signals and has merely proportional gains; In result it gives consid-
erable promise for implementation, especially in a multi-machine
system. In fact the proposed control strategy attempts to make a
bridge between the simplicity of control structure and robustness of
stability and performance to satisfy the simultaneous AVR and PSS
tasks. In the proposed control structure, the conventional power sys-
tem stabilizer and automatic voltage regulator blocks are replaced
by a single Hoo-SOF controller including fixed optimal gains.

The Heo-SOF controller uses the terminal voltage Avy, electri-
cal power Ap,; and machine speed Aw; as input signals, which all
of them are easily measurable in a real power system environment.
The controlled output vector is selected such that completely cov-
ers all significant controlled signals which must be minimized by an
ideal AVR-PSS design. Hence, it is expected the proposed robust
controller to be able to satisfy the voltage regulation and stabilizing
objectives, simultaneously.

In order to show the effectiveness of this methodology, it is ap-
plied to a four-machine infinite-bus system. The obtained results
are compared with a full-order dynamic Heo output feedback con-
trol design. The closed loop performance analysis shows that the
resulted robust performance indices of both synthesis methods are
very close to each other. It indicates that although the proposed
Hoo-SOF approach gives a much simpler controller (pure gain) than
the Heo dynamic output feedback design, however it holds robust
performance as well as dynamic Hoo controller.

Comparing the simulation results also shows that the robust de-
sign achieves robustness against the voltage deviation, disturbance
and line fault with a quite good performance as well as full dynam-
ical Hoo controller. Furthermore, practically it is highly desirable,
for reasons of simplicity, ease of maintainability and tune-ability.
Making an effective and direct trade-off between voltage regula-
tion and damping improvement, having a decentralized property
and simplicity of structure are the main advantages of the developed
methodology.
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1. Introduction

Power systems continuously experience changes in operat-
ing conditions due to variations in generation/load and a wide
range of disturbances . Power system stability and voltage
regulation have been considered as an important problem for
secure system operation over the years. Currently, because of
expanding physical setups, functionality and complexity of
power systems, the mentioned problem becomes a more sig-
nificant than the past. That is why in recent years a great deal
of attention has been paid to application of advanced control
techniques in power system as one of the more promising ap-
plication areas.

Conventionally, the automatic voltage regulation and
power system stabilizer (AVR-PSS) design is considered as
a sequential design including two separate stages. Firstly,
the AVR is designed to meet the specified voltage regulation
performance and then the PSS is designed to satisfy the sta-
bility and required damping performance. It is well known
that the stability and voltage regulation are ascribed to differ-
ent model descriptions, and it has been long recognized that
AVR and PSS have inherent conflicting objectives.

In the conventional AVR-PSS @, the PSS consisting of a
gain in series with lead-lag structure, generating a stabilizing
signal to modulate the reference of the AVR which is essen-
tially a first order lag controller. The phase compensation
needed is often quite large; hence it often results in the satu-
ration of the PSS, especially if it is constructed out of analog
components. Furthermore, the achievable performance of the
PSS may be limited by the structure and closed-loop tuning
of the AVR .

The conflict between voltage regulation and damping are
well addressed in Ref. (3)—(5). In Ref. (3) and (4) it is analyt-
ically shown that for an ideal AVR design without any inter-
nal pre-compensation, the AVR is detrimental to the inherent
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system damping. A result for constant AVR gain is stated in
Ref. (5). Interested readers can refer to the mentioned refer-
ences to see the analysis detail. From the performed studies,
it can be deduced that the successful achievement of both
goals using nonintegrated design approach turns out to be
very difficult. Therefore, it is reasonable to realize a com-
promise between the desired stability and regulation perfor-
mances by a unique controller.

In the last two decades, some studies have considered an
integrated design approach to AVR and PSS design using do-
main partitioning ®, robust pole-replacement® and adaptive
control ”. Recently, several control methods have been made
to coordinate the various requirements for stabilization and
voltage regulation within the one controller ®». A desensi-
tized controller based on Linear Quadratic Gaussian (LQG)
optimal technique is used in Ref. (8). An approach used in
Ref. (3), (4) involves use of Internal Model Control (IMC)
method to make a trade-off between voltage regulation and
power system stabilization. Although all above approaches
have used linear control techniques, because of complexity
of control structure, numerous unknown design parameters
and neglecting real constraints, they are not well suited to
meet the design objectives for a multi-machine power system.
Some proposed scenarios apply a switching strategy of two
different kinds of controller to cover the different behavior of
system operation during transient period and post-transient
period ®'". The performance of these schemes essentially
depends upon the selection of switching time. Moreover,
using different control surfaces through a highly nonlinear
structure increases the complexity of designed controllers.
As a preliminary step of this work, the authors have ad-
dressed the problem of a robust control methodology to en-
hance the stability and voltage regulation of a single-machine
infinite bus in the presence of conventional PSS and AVR
equipments ‘*.

In this paper, the stabilization and voltage regulation con-
sidering the practical constraints for feasibility are formu-
lated via an Hoo static output feedback (Hoo-SOF) control
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problem which it can be easily solved using an iterative linear
matrix inequalities (LMI) algorithm. The resulting controller
is not only robust but it also allows direct and effective trade-
off between voltage regulation and damping performance.
The proposed controller uses the measurable signals and has
merely proportional gains; so gives considerable promise for
implementation, especially in a multi-machine system. In
fact the proposed control strategy attempts to make a bridge
between the simplicity of control structure and robustness of
stability and performance to satisfy the simultaneous AVR
and PSS tasks. In order to show the effectiveness of this
methodology, it is applied to a four-machine infinite-bus sys-
tem. The obtained results are compared with a full-order dy-
namic Hoo output feedback control design.

2. A Background on Heo-SOF Control Design

This section gives a brief overview for the Hoo based static
output feedback (Heo-SOF) control design. Consider a lin-
ear time invariant system G(s) with the following state-space
realization.

Xi = Aixi + Brw; + Bau
Gi(s): zi = Cpix; + Dy
yi = Coix;

where x; is the state variable vector, w; is the disturbance and
area interface vector, z; is the controlled output vector and y;
is the measured output vector. The A;, By;, By, C1;, Co; and
Dy,; are known real matrices of appropriate dimensions.

The Heo-SOF control problem for the linear time invari-
ant system G;(s) with the state-space realization of Eq. (1) is
to find a gain matrix K; (uv; = K,y;), such that the resulted
closed-loop system is internally stable, and the Hoo norm
from w; to z; (Fig. 1) is smaller than vy, a specified positive
number, i.e.

| TZiw,(5)||o<, Y )

It is notable that the Hoo-SOF control problem can be
transferred to a generalized SOF stabilization problem which
is expressed via the following theorem .

[Theorem.] The system (A, B, C) is stabilizable via SOF
if and only if there exist P > 0, X > 0 and K; satisfying the
following quadratic matrix inequality

ATX + XA - PBB"X - XBB"P+ PBB"P (B"X + KiC)T]

BTX + K,C -
) 3)
W; ———> — z,
G,(s)
uz yi
K; -

Fig. 1. Closed-loop system via Hoo-SOF control
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Here, the matrices A, B and C are constant and have appro-
priate dimensions. The X and P are symmetric and positive-
definite matrices.

Since a solution for the consequent non convex optimiza-
tion problem Eq.(3) can not be directly achieved by using
general LMI technique ", a variety of methods were pro-
posed by many researchers with many analytical and numeri-
cal methods to approach a local/global solution. In this paper,
to solve the resulted SOF problem, an iterative LMI is used
based on the existence necessary and sufficient condition for
SOF stabilization, via the Heo control technique.

3. Proposed Control Strategy

3.1 Modeling In order to design a robust power
system controller, it is first necessary to consider an appropri-
ate linear mathematical description of multi-machine power
system with two axis generator models. In the view point of
generator unit ‘7, the state space representation model for
such a system has the form

X1 = Xoi

Joi = —(Di/Mi)xa; — (1/M;)APi(x)

J3i = —(1/T)p)x3i — (Axai(x)/ Ty ) Al gi(x) + u;
Xai = =(1/Tpo)%ai = (Axgi(x)/ T 1) Algi(x)

.................... 4)
where the states
x,-T = [Xli X2i X3 x4i] = [5:' Wi E;,- Efﬁ]
.................... (5)
are defined as deviation form the equilibrium values
L =16¢. w¢ E¢ E*¢
el li 2i qi di
and, here
Axgi = Xgi = Xy DXy = Xgi = Xl ovverenne (6)
APi(x) = (E) Iz + E;ilqi) —(EZI, + E";I;i) ----- 7
1 = Z[Gik Ccos 0y + By sin 6ik]E:1k
k
+ D [Giesin 6z — By cos Gyl Epy oo+ ®)
k
Iqi = Z[B,‘k COS 61‘]( - G,‘k sin 6ik]E:1k
k
+ D [Gix c08 b + B Sin G Efy -+ )
k

A detailed description of all symbols and quantities can
be found in Ref. (15). Using the linearization technique and
after some manipulation, the nonlinear state Eq. (5) can be
expressed in the form of following linear state space model.

Xi = AXG A+ Bill (10)

where
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with elements that are given in Appendix.

3.2 Overall Control Framework  The overall control
structure is shown in Fig. 2, where the conventional power
system stabilizer and automatic voltage regulator blocks are
replaced by a single Hoo-SOF controller including the fol-
lowing optimal gain vector.

K" =[km. S T I SRy (12)

The Hoo-SOF controller uses the terminal voltage Auvy;,
electrical power Ap,; and machine speed Aw; as input sig-
nals, which all of them are easily measurable in a real power
system environment. Av,.r; and d; show the reference voltage
deviation and system disturbance input, respectively.

Using linearized model for a given power system unit
in the form of (1) and performing the standard Heo-SOF con-
figuration (Fig. 1) with considering an appropriate controlled
output signals results an effective control framework, which
is shown in Fig. 3. This control structure adapts the Hoo-SOF
control technique with the described power system control
targets and allows direct trade-off between voltage regulation
and closed-loop stability by optimal tuning of a pure vector
gain. Here, disturbance input vector w;, controlled output
vector z; and measured output vector y; are considered as fol-
lows:

[
4
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w! = [Avreﬂ di] ............................. (13)
z = [ﬂliAUn' H2iAS;  p3iAP; ﬂ4iui] """" (14)
yl = [Avn' Ape: Awi] ....................... (15)

where y; = [/JU Mo U3i ,u4i] is a constant weight vector
that must be chosen by designer to get the desired closed-loop
performance. The selection of constant weights uy;, (p; and
us; is dependent on specified voltage regulation and damp-
ing performance goals. In fact an important issue with regard
to selection of these weights is the degree to which they can
guarantee the satisfaction of design performance objectives.
One can simply fix the weights to unity and use the method
with regional pole placement technique for performance tun-
ing 9.

The selection of these weights entails a compromise
among several performance requirements. Furthermore, py;
sets a limit on the allowed control signal to penalize fast
changes, large overshoot with a reasonable control gain
to meet the feasibility and the corresponded physical con-
straints.

Since the vector z; properly covers all significant controlled
signals which must be minimized by an ideal AVR-PSS de-
sign, it is expected that the proposed robust controller to be
able to satisfy the voltage regulation and stabilizing objec-
tives, simultaneously.

As we know, considering the speed deviation as control in-
put signal, the conventional PSS is structurally composed of
phase-lead compensator(s), which acts like as a proportional-
derivative (PD) controller. The proposed control system has
the feedbacks from speed and electric power deviation sig-
nals, and, actually these two signals give the PD information
of generator speed. Furthermore, the additional feedback for
the voltage deviation is similar to the used one in the conven-
tional AVR (with a quite small time delay) for the measure-
ment of voltage signal.

It is notable that, since the solution must be obtained trough
the minimizing of an Heo optimization problem, the designed
controller satisfies the robust stability and voltage regulation
performance for the closed-loop system. Moreover, the de-
veloped iterative LMI algorithm (which is described in the
next section) provides an effective and flexible tool to find an
appropriate solution in the form of a simple static gain con-
troller.

3.3 An Iterative LMI Algorithm In order to solve
the Hoo-SOF, an iterative LMI algorithm has been used. Sim-
ilar to the given approach in Ref. (17), (18), the key point is
to formulate the Hoo problem via a generalized static output
stabilization feedback such that all eigenvalues of (A — BK;C)
shift towards the left half plane in the complex s-plane, to
close to feasibility of Eq. (3). The described theorem in the
previous section gives a family of internally stabilizing SOF
gains is defined as K,r. But the desirable solution K; is an
admissible SOF law

Ki € Kso

Ui = Kitfi, Ki € Kypprrrrvrrrrrrrnseerenneaeens
such that
“Tziwi(s)“oo < 7*, |7 - 7*| L Errrrrrrrereeens
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where ¢ is a small positive number. Suboptimal performance
index y* indicates a lower bound such that the closed-loop
system is Hoo stabilizable. The optimal performance index
(y), can be obtained from the application of a full dynamic
Hoeo dynamic output feedback control method.

The proposed algorithm, which is described in Fig. 4, gives
an iterative LMI suboptimal solution for above optimization
problem. Here A,, B, and C, are three generalized matrices
of the following forms

A; By 0 By;
A,=| 0 —y12 0 |, B,=|0

Cyi 0 -yl/2 Dya;
Cy=[Csi 0 0]

The proposed iterative LMI algorithm shows that if we
simply perturb A, to A, — (a/2)I for some a > 0, then we
will find a solution (X > 0, K) of the matrix inequality Eq.(3)
for the performed generalized plant. That is, there exist a real
number (a > 0) and a matrix P > 0 to satisfy inequality (II)

Set initial values and compute
(43,B,.C, )

0>0 ] Ag,Bg.Cy)

Solve X from:
o  ATX+XA,-XB,BIX+Q=0 (D)

andset P =X

vy

Minimize a; subject to

ATX, +X,A,-PB,BLX, - X,B,BIP, + PB,B. P, - a.X,

iPgTgti T NiTg et
BIX, +K.C
T =T
B X+ |
-1
X=X">0
i=i+1
ni=r—Ay B=X;
=i+l
x
Minimize trace(X)
subject to
(II) and (1IT)

Satisfy the
Gain constraint

Retune 4

Fig.4. Iterative LMI algorithm
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given in Fig. 4. Consequently, the closed-loop system matrix
A, — B,KC, has eigenvalues on the left-hand side of the line
R(s) = a in the complex s-plane. Based on the idea that all
eigenvalues of A, — B,KC, are shifted progressively towards
the left half plane through the reduction of a. The given gen-
eralized eigenvalue minimization in the developed iterative
LMI algorithm guarantees this progressive reduction.

The selection method for the constant weight vector ;, in-
cludes the following steps:

[Step 1] Set initial values,

[Step 2] Run the iterative LMI algorithm shown in Fig. 4,

[Step 3] If the ILMI algorithm gives a feasible solution
such that satisfies the robust Heo performance and the gain
constraint; the assigned weights vector is acceptable. Other-
wise retune y; and go to Step 2.

4. Application to a 4-Machine Infinite Bus
System

To illustrate the effectiveness of the proposed control strat-
egy, a longitudinal four-machine infinite bus system, is con-
sidered as a test system "”®”, The study system is shown in
Fig. 5. All units are thermal type, and units 2, 3 and 4 have a
separately conventional excitation control system as shown in
Fig. 6 and Fig. 7. The generators, lines and conventional exci-
tation system parameters are given in Table 1~3 (Appendix).
Here, for the simulation purpose, 1000 is considered as the
system base MVA.

Unit 1 is selected to be equipped with robust control, and
therefore our objective is to apply the control strategy devel-
oped in the previous section to controller design for unit 1.
It is assumed this unit has an exciter part same as the shown
“Exciter” block in Fig. 7.

Unit 1 Unit 2 Unit 3 Unit 4
(D otpun G | 0apu (3 | o5 @ | osp
O, () O] ® ®[$
I N2 N __f Fault 1\ E
@ @ N Infinite Bus
0.3 pu 0.6 pu 0.6 pu
Fig.5. Four-machine infinite-bus power system
Emax
Vref Av; X, Upi _ K,
L 2+ Eg
1+5T; 1+5T,
. Epin
AVR Exciter
Vi Egioi
Fig.6. Conventional excitation control system for
units 2 and 3
U ax
Veess Avyy K, upe | 1+sTy K, &
U+sTy)(I+sT,) PN TasT, 1+sTs Jat
. Unin
AVR Exciter
vy E oy

Fig.7. Conventional excitation control system for unit 4
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First of all, using hinflmi function in LMI toolbox of MAT-
LAB software @, a full order robust dynamic controller with
the following structure is designed.

K](S) .

Xg = Agxg + Bgyi
u; = Cxxg + Dgyi

Then, applying the proposed Hoo-SOF control methodology
an optimal gain vector for the problem at hand is obtained as
follows. The value of 10 is considered as upper limit for the
gains of vector’s arrays. The used constant weight vector (u;)
is given in Appendix.

Kisor =[9.9897 8.9987 1.5986]------------ (20)

The considered constraints on limiters and control loop
gains are set according to the real power system control units
and close to ones that exist for the conventional AVR_PSS
units. In the simulated example, since the conventional PSS
gain and the AVR gain have been set to 10, to perform the
fair comparisons between the conventional PSS-AVR and the

Table 1. Generator constants
Unit | M; | D; | x4 | % | *u | Xu | Tie | Tyoe | MVA
No. | (sec) (pu) (pu) (pu) (puy | (sec) (sec)
1 8.05 | 0.002 | 1.860 | 0.440 | 1.350 | 1.340 | 0.733 | 0.0873 | 1000
2 | 7.00 [ 0.002 | 1.490 [ 0.252 | 0.822 | 0.821 | 1.500 [ 0.1270 | 600
3 | 6.00 | 0.002 | 1.485 [ 0.509 | 1.420 | 1.410 | 1.550 | 0.2675 | 1000
4 [ 805 | 0.002 [ 1.860 | 0.440 | 1.350 | 1.340 | 0.733 | 0.0873 [ 900
Table 2. Line parameters
Line No. | Bus-Bus Ry (pu) X; (pu) Sj (pu)
1 1-9 0.02700 0.1304 0.0000
2 2-10 0.07000 0.1701 0.0000
3 3-11 0.04400 0.1718 0.0000
4 4-12 0.02700 0.1288 0.0000
S 10-6 0.02700 0.2238 0.0000
6 11-7 0.04000 0.1718 0.0000
7 12-8 0.06130 0.2535 0.0000
8 9-10 0.01101 0.0829 0.0246
9 10-11 0.01101 0.0829 0.0246
10 11-12 0.01468 0.1105 0.0328
11 12-5 0.12480 0.9085 0.1640
Table 3. Excitation parameters for units 2, 3 and 4
KI KZ K3 K4 |Emax(min) Umax Umin
1.00 19.21 | 10.00 | 6.48 5.71 7.60 -5.20
|5, || o7 T, T, T,
(sec) | (sec) | (sec) | (sec) ( sec) ( sec) (s)
0.010 | 1.560 | 0.013 | 0.013 0.200 3.000 [ 10.000

Table 4. Comparison of Hoo-based proposed robust
control designs

Control Control Robust Critical power
design structure Perf index output
Heo-Dynamic | High order | ¥ =435.1052 0.95 (pu)
Hoo-SOF Puregain | y*=456.3110 0.93 (pu)
AVR-PSS  (Conventional - 0.50 (pu)
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proposed controller, both feedback gains k,; and k,; have been
set to be less than 10. Also, in comparison of conventional
P + w type PSS, the assigned gain for k,,; is small enough.

In a real power system, the excitation voltage should be not
rise from the accepted level after applying the shutdown test
to the target generator. The gain setting for the proposed con-
troller does not give any unacceptable excitation voltage rise
during the shutdown test. When never applying the shutdown
test, the PSS is usually locked among a quite short time after
opening the generator circuit breaker. Therefore, even if the
gains are little bit higher, then there still does not cause any
problem for the excitation voltage increase.

The closed loop performance analysis shows that the re-
sulted robust performance indices (y and y*) of both synthe-
sis methods are very close to each other (Table 4). It indicates
that although the proposed Hoo-SOF approach gives a much
simpler controller (pure gain) than the Hoo dynamic output
feedback design, it holds robust performance as well as dy-
namic Hoo controller.

5. Simulation Results

In order to demonstrate the effectiveness of the proposed
strategy, some simulations were carried out. The perfor-
mance of the closed-loop system in comparison of a full-
order dynamic Hoo output feedback controller is tested in the
presence of voltage deviation, faults and system disturbance.
During the simulation, the output setting of unit 1 is fixed to
0.6 pu.

Figure 8 shows the electrical power, terminal voltage and
machine speed of unit 1, and the electrical powers of other
units, following a fault on the line between buses 11 and 12
at 2 sec. The fault is continued for 4 cycles. As the next test
case, the performance of designed controllers was evaluated
in the presence of a 0.05 pu step disturbance injected at the
voltage reference input of unit 1 at 20 sec. Figure 9 shows the
closed-loop response of the power systems fitted with the dy-
namical Heo controller and the proposed robust gain vector.

System response in the face of a step disturbance (d;) with
one second duration in the closed-loop system at 20 sec, is
shown in Fig. 10. Comparing the simulation results shows

Py, (W)

Peo PU A w1 (radis) Vir PY)
°
o &
.

P, (u)

Py (W)
coo
£58
S
?

Time (sec)

Fig.8. System response for a fault between buses 11
and 12; Solid (Hoo-SOF), dotted (Hoo-Dynamic)
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Fig.9. System response for a 0.05 pu step change at the
voltage reference input of unit 1; Solid (Hoo-SOF), dotted
(Heo-Dynamic)
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Fig. 10. System response for a step disturbance at
20 sec; Solid (Hoo-SOF), dotted (Hoo-Dynamic)

that the robust design achieves robustness against the voltage
deviation, disturbance and line fault with a quite good perfor-
mance as well as full dynamical Heo controller. Furthermore,
practically it is highly desirable, for reasons of simplicity of
simplicity of structure and flexibility of design methodology.
Table 4 shows a comparison between the proposed Heo-SOF
and Heo-Dynamic approaches in view point of structure, ro-
bust performance indices and the critical power output from
unit 1 for a three-phase to ground fault (between buses 11 and
12 in Fig. 5). To investigate the critical point, the real power
output of unit 1 is increased from 0.1 pu (The setting of the
real power output from the other units is fixed at the values
shown in Fig. 5).

The size of resulted stable region by both methods is ap-
proximately equal, and it is significantly enlarged in compar-
ison of conventional AVR-PSS controller. Using the conven-
tional AVR-PSS structure, the resulted critical power output
from unit 1 to be 0.31 pu“”®; and in case of tight tuning of
parameters it will not to be higher than 0.5 pu.

Finally, to demonstrate the simultaneous damping of local
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Fig.11. Oscillation modes analysis, following a fault;

(a) Speed deviation, (b) Global mode, (c) fast mode;
Solid (Heo-SOF), dotted (Conventional AVR-PSS %)

(fast) and global (slow) oscillation modes, filtering analysis
has been performed. For the study system, the local mode for
each corresponding unit, and the low frequency global mode
are around 1.5Hz and 0.3 Hz, respectively. The simulation
results for the speed deviation of unit 1, following a fault on
the line between buses 11 and 12 are shown in Fig. 11. The
results are compared with a tight-tuned conventional AVR-
PSS type " in a stable operating condition.

6. Conclusion

In order to simultaneous enhancement of power system sta-
bility and voltage regulation, a new control strategy is devel-
oped using an Hoo-SOF control technique via a developed
iterative LMI algorithm. The proposed method was applied
to a four-machine infinite bus power system, and the results
are compared with a full-order dynamical Heo control de-
sign. The performance of the resulting closed-loop system
is shown to be satisfactory over a wide range of operating
conditions.

Making an effective and direct trade-off between voltage
regulation and damping improvement, decentralized prop-
erty, keeping the fundamental AVR-PSS concepts, ease of
formulation for stability and performance requirements and
flexibility of design methodology to give a feasible solution
are the main advantages of the developed methodology.
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Appendix
Appendix

The elements of A; matrix in Eq. (11):

az =

_ 1 d9fi(x)

Mi ('ix]i Xei
s = _[GiiE;i ~ Bk + I;i] 1 9fux)
’ M; M; Oxs;
o |GE A BaEL 1] 1 ahu
# M; M;  Oxa
Xei
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- Axyi 0 f2i(x) o = 1 BilAxu
= | s 3= —
Thoi x|, Toi To;
Axgi 0 f3i(x) 1 Bilx,
as = — T —6 ' g4 = _T’ + —T’
qoi M| 40i 40i
where,

J1i(x) = x4iALgi(x) + x3;Al4(x)
+ Z {[ aiMi(0) + Eif1i(0)1xak

k#i
+ [Efvin(6) + Ep9i())xsk

+Efvi(6) + EL50(6)] sin ¢,-k}
Jai(x) = Z [k (6)Xax + Vir(8)X3x + vit(6) sin pix |

k#i

Fx) = ) (O xar + Pix(0)x3¢ + Dix(6) sin g

k#i

Nix(6) = Gix cos 6;x + By sin oy,

ik (6) = Bix cos 6jx — Gjx Sin G

Vik(0) = Gig sin 6 — B cos Oz,

Yix(6) = By sin 6 — Gy cos 6

U,'k(é) = Zgll-k sin

0¢ +6; ¢ +6;
Sk 292 cos "‘Tk,

dir = 0.5(x1; — x11)

0 (0) = 292y sin ————
ik = 6; — Ok
gl = GEl, — BiEY;,

(Sffk + 6ik 6€k + 6ik
i —2gly cos A=
5 glir COS 2

gk’

92ik = GaEly + ByEyy
Constant weights: y = [500 5 05 110]
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