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Abstract: A robust, adaptive control scheme is
presented which stabilises a nonlinear model of a
power system to disturbances anywhere in the
power system. The control is local, in the sense
that the control of each machine depends only on
information available at the machine. Simulation
results are presented which show that the control
is very effective against instabilities of current
importance such as sustained oscillations follow-
ing a major system disturbance.

1 Introduction

Over the last decade, the interconnected power system in
the United States has become less stable. As a result, the
large interconnected subsystems that coordinate their
activities have begun to detect sustained oscillations in
their simulation analysis. Real oscillations have also been
observed. These oscillations usually follow a major dis-
turbance, for instance, removal of a fault or the loss of a
major transmission line. One of the more prominent
examples of this phenomenon is the 0.7 Hz oscillation
that arises in the Western System Coordinating Council
(WSCC) following the loss of one of the AC or DC inter-
ties between the Pacific Northwest and California [1].
Preventing this sustained oscillation is of great interest
since the potential for an oscillation causes lower oper-
ational limits to be set on transfer levels on the interties.
Oscillations can also arise during ‘normal’ steady-state
operation.

The damping of these oscillations has been studied by
a number of investigators. However, the majority of exist-
ing literature on power system control is based on linear-
ised generator models, using eigenvalue analysis and pole
placement techniques [2-4], model reduction techniques
[5], and some modern control theory (adaptive, robust,
etc.) [6-10]. Since these control schemes are derived from
linearised generator models, they are suitable for small
disturbances about a steady-state operating point. Some
authors have declared that the controls so designed are
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also effective for transient stability under certain circum-
stances [3, 11], but these claims cannot be proved, only
substantiated by numerical simulation.

The very nonlinear nature of the generator and system
behaviour following a severe disturbance precludes the
use of classical linear control techniques. Some authors
have tried to bypass the nonlinearity problem by using
identification techniques [12, 13] (i.e. observe the data of
system inputs and local terminal state variables to estab-
lish a linear dynamic equivalent model, and then base the
control on the equivalent model). This technique is very
hard to apply to the transient problems, because tran-
sient periods only last a few cycles, and the identification
will further delay the control action.

Many investigators have tried to design controls
directly based on nonlinear generator models. Differen-
tial geometric theory is the approach used to design these
controls [14]. Another technique seen in the literature is
exact feedback linearisation [15]. Unfortunately, both
techniques need global information of the system, which
is still impractical in a real power system. Although the
authors of Reference 14 tried to decouple the control, it
seems impossible when the system is large. .

In a previous paper [ 16] we developed a global robust
control that stabilised a power system for any dis-
turbance, anywhere in the power system. The motivation
for this control was the problem of damping the sus-
tained oscillations that now arise in many power systems
following severe disturbances. The robust control devel-
oped [16] is, so far as we know, the only decentralised
robust control, with global stability, that has been formu-
lated for a nonlinear model of a power system. Thus, the
control applies to the transient and midterm stability
problems as well as the steady-state stability problem.
The control has the additional advantage of requiring
only local linear feedback.

Although the control [16] guarantees asymptotic sta-
bility, it does not provide much insight as to how to
determine the local feedback gains. Thus, the tuning of
the control becomes a separate problem. This tuning is
important, because we would like to shape both the tran-
sient response of the system and the control. Shaping the
control (through time) is particularly important. Since
research on this type of control is quite new, it is too
much to expect that the shape of the control can be
‘optimised’ in any sense. However, we would like the
control to be feasible. We will have more to say about
this when we discuss the simulation results.

In this paper, we propose a new adaptive control
scheme for providing global robust control of a power
system. The control is once again from the mechanical
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side and the power system model remains quite simple.
However, as shown by the simulation results, the use of
adaptive control overcomes the tuning problem discussed
above. The adaptive control law frees us from having to
specify the local feedback gains. We can set these gains to
arbitrary initial values and let the adaptation tune the
control through time. Further, as shown by the simula-
tion results, the adaptive control gives a very acceptable
transient response for the power system, while yielding a
reasonable control.

The simplicity of the machine model used in the proof
of robustness is a consequence of using Lyapunov’s
direct. Even with simple machine models, the Lyapunov
function of the overall power system is still algebraicalty
complicated. If more detailed machine models are used,
the construction of the Lyapunov function proceeds
along exactly the same path as described in the paper,
but the algebraic complexity becomes increasingly more
difficult. Towards the end of the paper, we will discuss
the feasibility of extending this approach to more detailed
machine models. Our goal in this paper is to take the
next logical steps beyond [16], namely to solve the
tuning problem, improve the transient response and
make the control feasible.

Despite the simplicity of the machine models used to
establish the robustness of the control, we believe the
results are worthwhile and give new insight into the
problem of global control of a power system. As shown
by the simulations, the control typically stabilises the
system in less than 10 seconds. Thus, the control does its
work primarily in the ‘transient period’. The proposed
control is global in the sense that it can respond to any
disturbance, but, in the simulations, we will concentrate
on the phenomenon currently of most interest in the
utility industry, namely sustained oscillations. These
oscillations are important because they limit the transfer
levels on major bulk transmission lines.

2 Problem formulation

In formulating the power system model for constructing
and analysing a robust control strategy, one would obvi-
ously want as detailed a machine model as possible. In
particular, for 20 s response times, we would like to con-
sider the effects of excitation systems and turbine/
governor control. The machine models used in the proof
of robustness of the proposed adaptive control do not
explicitly model either the turbine/governor or exciter
dynamics. However, the following points should be
noted. The form of the proposed control does allow exci-
tation dynamics to be included in the machine models
used in the simulations presented later. Further, the
analysis and proof of robustness of the adaptive control
does implicitly account for the effects of excitation.

A final observation is the following. As mentioned
earlier, both the previous paper [16] and the present
paper represent essentially the only extant efforts made at
determining a robust, global control scheme for a nonlin-
ear model of a power system. Hence, at this juncture, it is
desirable to keep the development of control schemes as
clear and constructive as possible. This is impossible with
the machine model chosen for this paper. Including the
dynamics of the turbine/governor and excitation system
leads to extremely complex algebraic expressions that
obscure the design of the control. Thus, the machine
models chosen are consistent with the present state of
this research area. However, an adaptive control based
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on a more detailed machine model is currently under
consideration.

In this paper, we consider a power system of n gener-
ators, where the model of machine i, i = 1, ..., n is given
by

M6+ D3, + P, =P, 1)

where 9, is the angle of machine i relative to the
synchronous angle of the system, and M,, D;, P, , and
P,;, are the inertia constant, damping coefficient, electri-
cal output power, and mechanical input power, respec-
tively, of machine i.

The coupling of the machine dynamics arises through
power conservation in the related network equations.
More specifically, the electrical power outputs P,,, i = 1,

... n, of the generators, satisfy the power flow equations:

Pyi = Pm' + PI.

P,=E}Gy;+E; y E{G;cosd;+ Bysind,) 2
Jemiiy

by=0,—10;

with the variables in the powerflow equations defined as
follows. E; is the magnitude of the voltage behind tran-
sient reactance of the ith machine, P,, is the electrical bus
output power at machine i; P, is the local electrical load
power at machine i; G;; is the driving point conductance
at machine i; G;; is the mutual conductance between the
machines i and j; B;; is the mutual susceptance between
the machines i and j; m(i) is the set of busses which are
directly connected to bus i.

It is worth observing at this point that when exciter
dynamics are included in the machine model, E; is time-
varying, and E; < E; < E, . In the proof of robustness
we will not require E; to be fixed, only that E, be
bounded below and above. Thus, the stability proof does
account implicitly for the effect of excitation.

Letting &, = w;, eqn. | can be rewritten in state form
as

5=,
o Lp
a),——M‘

i

m Py.' — D;w)) 3
Let the equilibrium point of eqn. 3 be characterised by
&, o, P, and P That is, 87, wf, P}, , and P} are the
solutions of the following equations.

&= wl =0
W= 0= (P — P~ D)
M[ J gi
PL=P 4P,
8= 87— &
P, =E}Gy;+ E; Y, E{Gcos &} + B;sin &)

Jjem(d)
Because the system parameters G;, G;; and B are
assumed to be unknown, in the sense that they are not
known exactly, the equilibrium point cannot be found
explicitly. In the next Section, we design a controller
which controls the power system smoothly to a desired
steady state operating point. The desired steady-state
operating point is not necessarily equal to the actual
steady-state operating point. In general, the desired oper-
ating point is a ‘best guess’ of the actual operating point,
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based on imperfect knowledge of the system parameters
and topology. In most actual cases the operating points
will be ‘close’ together. We emphasise that the actual
steady-state operating point does not need to be known
to implement the proposed control. It is introduced as a
mathematical convenience to facilitate the proof of
robustness.

It is worth noting that not knowing the precise steady-
state operating point is not a practical limitation. In
practice, once the disturbance has been controlled, the
system operators can move the system to the exact oper-
ating point they desire, just as they routinely move this
operating point many times per day.

3 A robust adaptive controller

The control developed in this paper will stabilise the
power system to an arbitrary major disturbance any-
where in the power system. It is in this sense that we
mean the control is global. One of the system dis-
turbances that we correct in simulation is a sustained
oscillation that arises after the disturbance is removed.
However, we emphasise that this is not the only potential
postdisturbance system instability that the control can
operate against. To that end we also consider a case
where the system is unstable without control.

The overall control consists of n local controllers, one
at each machine, with each local controller using only
information available locally, that is at the machine.
Before we introduce the controller, we define the error
states:

x1i=5‘ii‘5i

The variables x,; and x,, represent the errors between the
states of the power system and the desired trajectory.
Since we wish to drive the system to steady state, we
must have o? = 0, so that eqn. 4 becomes

xli=6?_6i

The proposed robust, adaptive, local, controller for the
ith machine is given by

U = me — Py,
—ky 3¢ — 3) — k! — w) — ClDg; — AISm,-(t)
= —kyxy; — kyixy — CAOGAx, X2 — Apm;(t) (6)

X2 = w‘ii — Wi 4)

Xgp = —w; (5)

or
Pmi = Pz!. + klixll'
+ kg x5 + CAOGxy i, x2) + Apm,‘(t) N
where
. M;
gdX ;5 X3;) = sign (xu + D. XZi) (8)

Several comments need to be made at this point. We will
ultimately replace the sign function in eqn. 8 with a con-
tinuous approximation. Our motivation is to first present
the proof of robustness based on the sign function,
because the proof is simple and easy to follow. We will
then replace the sign function by its continuous approx-
imation. The proof in this case proceeds in the same way,
but the algebraic complexity is much greater. It is hoped
that the first proof will make the second easier to follow.
At this juncture the role of the term Cff) is not at all
clear. However, it will become clear as we proceed.
AP,,,,.(t) is the estimate of the so-called mechanical power
mismatch defined shortly.
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The closed-loop dynamics of the ith machine in terms
of x,; and x,; are

X1; = Xgy
Y= —ay
1
= *E(Pm.»_Pg.-_Diwi)
1
= _‘A‘Z(Pm.-"Pgi_Diwi)

1
+ 3 (P = Pou— D)

1
= 37, [Ph = Pn) = (P, = Py) = Do} — )]
—Loppe r _pd
= 3 [(Ph = Pr) + (Ph = P2)

— (P, — P,) — Do} — w))]

I
I

[—kyixy— kaixg — Ci(t)gt{xli, X2:)

— AP () + AP, — (P}, — P,) — D;x;]

= ML, [—kyixyy — (kg + Di)xy; + filx)
— C{Dgdx1, x2) + AP, — Apm,‘(t)]
where
AP, =P, — Pf,h
fix) = Py, — Py,
=P, +P,—-P,— P,
=P, P,

Thus, the error equation of the ith machine can be
described by the following dynamic equations:

X = A;x; + B, fix) — B;C{0gdx) — By, ®
where
0 1 0
X1
xi=[x ] Ai= _k_lz_ k2i+Di Bi: —L
* M, M, M;
and
Yin) = AP, (1) — AP, (10)

The mechanical power mismatch is defined as AP, = P,
— P?.. Since P, is an unknown constant, AP, is an
unknown constant as well. Fig. 1 is the block diagram of

ith
generator

pd

Xi
mi

Fig. 1 Block diagram of individual machine control
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ith generator under the proposed local control. The error
dynamics of the whole system can be written in the fol-
lowing form:

% = Ax + BF(x) — BG(x) — BY (11)
where
x =[x, .. xTYT
A=diag[A4, A4,,..., A,]
B =diag(B,, B,,....B,]
F(x) = [fi(x), f2(x), ..., fx)]"

G(X) = [él(t)gl(xl)a éz([)gz(xz)a Lo Cn([)g"(xn)]‘l‘
¥ = [0 90, 0]

The functions f; contain the parameters and steady-state
information about the power system and therefore
cannot be determined. Consequently, they are treated as
uncertainties in the following analysis. To bound the f;
we write

fix)=P,—P

=(E)*G, + E} ¥ EYG,;cos &; + B;;sin &})

Jem(i)

— E}Gy— E; Y, E{Gy;cos &;; + B sin §,)

J € m(i)

= ((E:)z - Eiz)Gii

+ Z GAEIE] cos 0}; — E,E; cos 8;))

Jem(i)

+ Y BAEIE’sin g} — E,E;siné,)

Jjemq)
Although the f; are unknown, it is easy to see that
/0] <C (12)

where C;=(Ej, — E )Gy + max; wp[2E;,, E;,(1Gy]
+ | B;;|)]s; are unknown constants, i = 1, 2, ..., n, and s;
is the number of buses directly connected to bus i.

We now come to the main result of this paper.

Theorem 1: The error system (eqn. 11) is guaranteed to
be asymptotically stable, if, for everyi,i=1,2,...,n,
) ki >0,ky; >0

M, A
X+ -D—‘ Xyl C{y < C;

; e (13)
0 Ci) =G,

with Cfto) < C,,,.. where C

than the upper bound of C;

i) E4t) =

is any constant greater

lmax

Y M;

(i) AP, (t) = xy; + —D‘I X; (14)
More specially, the states x,; and x5, i=1,2, ..., n,
approach zero asymptotically, and consequently any pos-
sible oscillation in the power system decays to zero
asymptotically.

Proof: The proof uses Lyapunov’s direct method. Under
the assumptions of the theorem, choose the Lyapunov
function candidate to be

vV =1ixTPx + 1070 + L¥TW (15)
with
D= [, $al”
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¥ = [l//b tees ‘//n]T

where
¢:=C{ —Ci ¥, = AP, (0 — AP,

If we choose

P=diag{P, P, -~ P.}
M,

D+ ky+——ky, M,
P, = Dy

D;

it is easy to see that P is positive definite, and
V=Y Vi= TIxTPox+ 307 + 501 (16)
i=1 i=1

We must establish that V_is at least negative semidefinite,
or sufficiently, that the V;, i=1,...,n, are all negative
semidefinite. The derivative of V; with respect to time can
be written as

Vi=3xTPix; + 3xTP X + ¢, + ¥, (7
Substituting the right-hand side of eqn. 3 for X%;, and
noting that

M.
TP B. = x,, + — x,;
Xi Iy By Xy D»le

yields
Vi = 1x[(ATP; + P A)x; + f{)x] P; B;
— Ci0gdx)xTP. B, — Y, xTP. B, + ¢, 9 + ¥,

M. M.
= —kyx} — kZiFf x3; +fz(x)(xn‘ + 7)"' xli)

X M,
- Ci(t)gi(xi)<xli + D. X2i>

D.

i

- l//i(x,,. + %x,,) + @i + U,

Given the definition of g;, we note that

. M, . M,
Ci(t)gi(xi)(xli + F‘ xzi) = C{O)|x; + E X2i
This allows us to write
. M, M,
Vi< —kyxii - kZEFix%i + Cifxqy +“5i‘x2i
R M, M,
= C{ X, + E;xzi - Wi(-‘u + T)T x2i>
+ @i+
M, . M,
= —kyx{; - kZiFi x5+ 451'[4).' =Xt E X2i ]

o)

M; N
—kyixti—ky FI x3 G < C..
= M, M;
—kyx}i— kz.'Ex%i “(Cie — C| X1 + E X2

Cn=c,,.
where the last two steps are based on the definition of
C{t) given in the statement of the theorem.
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Since (C;,, — C)lxy; + (MyD)xy] 20,i=1,2,...,n,
we finally have
Vi < —xTQ;x, (18)
for alt C{t), where
ki 0
Q= 0 kz.-A—l;Ifi i=12...,n (19)

The Q, are positive definite, thus we have 4,,.(0)> 0.
Now we separate V into two parts, V}; and V;;, that is
Vi=Vy+ Vi, where Vi, =14x{Px and Vy =3¢}
+ 147 respectively. It is easy to see that V;; and V5, are
both positive definite, and

Vii € Amaxd P i)“xi”z
Using eqn. 18 and this last expression, we can write
Vin < —x[Q;x;
< —ftm.-..(QA ;12

Amnl@d |,
,m(P) M
def

= -1V (20)
Integrating eqn. 20 on both sides and rearranging yields

Vi) + 44 f Vidr) dr < Vi) n
Taking the limit as t approaches infinity on both sides of
eqn. 21, we have

- o

lim I:V“(t) + A jIV‘ {7) dr—l < Hltg) < + 0 (22)

Thus, it follows from the continuity of the solution and
from the continuity and positive definiteness of V|; that
lim,_ , Vi{lx])=10. Since V,; is positive definite, we
have lim,, , Jjx;] = 0.

Several remarks are worth making at this point.

() The control consists of linear feedback terms and
two adaptive terms. The first adaptive term Cyt)g{x,;,
X,;), is the adaptive tuning of the linear feedback gains,
which, associated with the linear feedback gains, guar-
antees robustness of the system stability. The second
adaptive term AP, (t), changes continuously according to
the local error states, it smoothes the transient trajector-
ise of the system.

(ii) The control guarantees that the system approaches
the postdisturbance steady state, chosen arbitrarily by
the system operator, asymptotically.

(ii1) The only constraint placed on the robust gains, k,;
and k,;, is that they must be positive. Thus no tuning is
required.

(iv) Since the proposed control uses adaptation, it is
not necessary to know the system parameters. This is
extremely important in a large power system model
where, under the best of circumstances, we have only
good estimates of these parameters.

(v) The proof of robustness, using Lyapunov’s direct
method only guarantees system stability; it does not
provide any information about the transient behaviour of
the system or the shape of the control. That is the next
issue to be addressed.

As we will subsequently see from the simulations, the
definition of g, used in the proof results in a very unsatis-
fying control. To correct that problem we now repeat the
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proof using a continuous approximation to the sign func-
tion. We provide an outline of the proof, since it follows
almost identically the proof we have just completed.

To smooth the mechanical power, we choose g; to be:

b,
@3

+ge

Xy +

i

X5, Xa) = — -
- Xy

X -+—ﬂ
1 Di

where the exponential term should be reset at the time
the fault is cleared.

We use the same Lyapunov function and the same
adaptive laws. The proof is as follows.

l};=%5‘iTPixi+%xiTPi5‘i+¢id’+|//i']’i

< —kyxi; - kz. D, x4 G x + D;xli
)
Xyi +—lx2i>
. D.
— Gy .
X <+%x i+ e e
1i D' 20 i
M, .
- ll’i(xli + sz.) +¢idi+ i
= —kyxi — kz. x2, + Ci|xy; + D: X2i

M, 2
(x,,« + F’ xzi) — gfe 2 4 glem 2
i

— xp;| + ge B

- ll/i(xli + % -’Czi> + i+ Y,

M,
Exzi

2, 26u
e A ele
e Fr— Cyr) -

i,
Xy +E/\2i

M,
< —kyxi; - kz. x21 ¢

X+

+¢C;

imax

+ g e Pt

- d’i(xli + FI Xzi) + i + ¥,

2
—kyxy;—k Xyt

M, M,
2D, — x5+ b ,:¢z Fl Xy

+¢’|:'f’,—<xl, %}-’ >]+£C,mxe Bt

M;
—kxti — kll

J

xz, +&C,, e

Cin < ¢,

imax

M, Y
—kyxfi—ky = x5+ 8,C e

D,

M,
-G, —C) D. Xai

Ciy =
< —xTQ;x; + £,C;__e”P"

imax €

Xy +

lmax
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Using the same ‘separation’ approach we used earlier, we
can write

V< =4,V + 5 C,

Imax

o bu 24)

@
S

S
S

o
(=]

rotor angle, degree

~3 -3
o 2

rotor angle, degree
o
o

mechanical power

Fig. 2

a rotor angles of machines 6 and 7 with no control
b rotor angles of machines 6 and 7 with primitive control
¢ mechanical power of machines 6 and 7 with primitive control

System response to disturbance 1

Integrating inequality eqn. 24 on both sides and
rearranging, we have
! g C; g
Vidt) + 2 | Vido) de < Vo) + # e o (25)
to

Taking the limit as t approaches infinity on both sides of
inequality eqn. 25, yields

lim |:V1,{t) + iy J V(1) dt]

< Vito) + S—Cﬁ‘k eB < too (26)

Thus, it follows from the continuity of the solution and
from the continuity and positive definiteness of V}; that
lim,. . V;{llx;|l) = 0. Since V,; is positive definite, we
have lim,_, , ||x,]| = 0.

In the above discussion, we assumed that the ratio of
machine inertia and damping constant is known. It is
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well known that this ratio is approximately the same for
all machines, and a common simplifyng assumption in
power system analysis is to assign the same ratio to all

rotor angle, degree

¢
4
o
o
o
o
o
[=
o
.
28
o
2
.
§
°
o
[
g
Fa)
O
[
€
A 1 1 J
5 10 15 20
1ume, s
c
Fig. 3  System response to disturbance !

a rotor angles of machines 6 and 7 without control
b rotor angles of machines 6 and 7 using adaptive control
¢ mechanical power of machines 6 and 7 under adaptive control

machines. However, this assumption is not necessary in
the present analysis, that is the proposed control can still
be proved to be valid with a minor change of the condi-
tion of the theorem.

We write the damping coefficient D; as a nominal,
known part D;, plus an unknown part d;. That is

D;=D; +d, 27

Replacing D; in eqn. 27 by D; and using the same control
eqn. 6, the ith subsystem becomes

X; = A;x; + B, f{x) — B,Cit)gdx)
— By, + Bid;ixy; (28)

where all the definitions are the same as in eqn. 9. Choos-
ing the same Lyapunov function, we have

I;; < '_szQ;'xi + & Ci,,,,,,(eiﬂ'r
where
kli dl
= M i=1,2,.... 29
< 0 (ky+dy F‘ l " @)
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If we change the condition (i) of the theorem to ky; > 0
and k,; > |d;|, we know that the matrix Q; is positive
definite. Using the same argument in the above proof, we
can get the same result.

5000

rotor angle, degree

X
M
&
@
o
v
o
<
5}
o
4
10 "
5 _1:-"-—\.
& oy
a ;i
3 gli
o 64
c
g
S
" A
£
2 1 | e —
0 5 10 15 20
time, s
c
Fig. 4  System response to disturbance 2

a rotor angles of machines 8 and 9 without control
b rotor angles of machines 8 and 9 using adaptive control
¢ mechanical power of machines 8 and 9 under adaptive control

4 Validation of the control algorithms

The proposed control algorithms were tested using the
loading of the 39 Bus New England System given [17].
The topology of the system and the load data are readily
available. A two-axis machine model is used for all gener-
ators, and every generator has excitation control with the
exception of machine 10 which is used as the reference.
This machine has an inertia constant ten times greater
than that of any other machine in the system and thus is
a good candidate for the reference. The mechanical
power of all machines is per unit on a 100 MVA base.

To test the control, we choose two scenarios. Dis-
turbance 1 is a fault at bus 2 at time r = 0.5 s, which is
cleared at t = 0.6 s by dropping the line from bus 2 to
bus 1. This is a six-cycle fault, quite long by most stand-
ards, but our goal was to produce a sustained oscillation
using the loading given [17]. Disturbance 2 is a three
phase fault at bus 26 initiated at ¢t = 0.5s and cleared
after six cycles by dropping the line from bus 26 to 25.

Fig. 2a shows the angle trajectories of machine 6 and
7, the others are similar, with the simulation carried out
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with no control. The sustained oscillation in this case is
clearly evident. The trajectories of the other machines are
similar. Fig. 2b is the angle trajectories of machine 6 and
7 with the ‘primitive’ controller, that is the controlier
where g; is a sign function. The oscillations are damped,
but take about 20 seconds to die out. The mechanical
input power is shown in Fig. 2c, and as can be seen, the
changes in mechanical power are frequency and abrupt,
making the control unacceptable.

Fig. 3b again shows disturbance 1 but with g; as given
by eqn. 23. As can be seen in Fig. 3b, there is no oscil-
lation and the system is near steady state after about
three seconds. Again the rotor angles are for machine 6
and 7. Further, the mechanical power changes are accept-
able. More specifically, the power dips once and then
returns to the original steady state values. This kind of
control resembles fast valving. However, the size and
speed of the power drop is probably beyond the capabil-
ity of existing fast valving. The results shown in Fig. 3
indicate that the robust adaptive controller is very effect-
ive.
To further test the adaptive controller, we used dis-
turbance 2. Fig. 4a shows that the system without control
is unstable. Fig. 4b shows the same case with control (g;
given by eqn. 23). The system is stable and reaches steady
state after about 10 seconds with only a few swings. The
rotor angles shown are for machines 8 and 9, the two
machines closest to the fault. The rotor angle deviations
of the other machines are smaller and are omitted. Fig. 4c
shows the changes in mechanical power. Again, the
changes, aside from the first dip, are relatively small. The
flat area following the first dip is a result of limiting the
maximum mechanical power to 105 of the initial
mechanical power.

5 Summary and conclusions

In this paper we have introduced a robust adaptive con-
troller based on a nonlinear model of the power system.
We have shown that the control is robust against arbit-
rary disturbances anywhere in the power system. The
simulation results presented show that the control is very
effective and feasible, given that one is willing to put
control on every machine in the system. Further, the
transient response is quite acceptable.

The great asset of the adaptive controller presented
here is that it completely obviates the need to tune the
robust controflers on each of the machines. This is a
crucial advantage, since this tuning process could be
quite laborious. Further, the tuning would have to be
done offline using a particular power system topology.
Since the configuration of any power system changes on
a minute-by-minute basis the best that could be done
without adaptation would be to try to tune using a
‘worst’ case topology and loading. This approach would
be inferior to using adaptation which is impervious to
changes in system topology. Another advantage of the
adaptive controller is that it will bring the system to any
desired steady state if there is sufficient mechanical power
available. Robust control without adaptation will always
stabilise the system, but not to an arbitrary steady state.

We have noted earlier that the modelling process
accounts for the presence of excitation control in the
sense that we do not require that the internal voltages of
the machines remain constant, only that the voltages are
bounded. We have not accounted, either implicitly or
explicitly for turbine governor control. That is the next
refinement which we will address in a future paper.
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We make a final observation on the feasibility of the
control scheme. It is unlikely that any utility will be
willing to put the proposed control on every machine in a
power system to guarantee that the system response is
stable for every contingency, at least not at present. The
interconnected grid is still relatively stable, and utilities
can obtain satisfactory security by designing control only
for a few specific disturbances that are viewed as ‘worst
case’ scenarios. However, if current trends continue, the
stability of the interconnected grid may degrade to the
point where the system is vulnerable to many different
disturbances. In this case, a successful control strategy
will have to be global in scope, and this paper provides
some guidelines for developing such a strategy.
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