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Abstract

An adaptive switching control strategy is proposed
for the stabilisation of a power system. The switching
control strategy consists of two components: an adap-
tive sliding control which enables a local sliding mode
with fast transient response, and a switching control
which enables reachability of the local sliding mode.
Simulations are presented.

1. Introduction

Generators for an AC power system must rotate at
exactly the same speed, there is no average power flow
if the generators are not in synchronism. Any dis-
turbance will cause the angles between generators to
oscillate and, for sufficiently small disturbances, the
oscillations eventually decay. Large disturbances can
cause loss of synchronism and require the breaking
of the connection between the generators with conse-
quent loss of supply to customers. Analysis tools have
been developed to predict the oscillations between gen-
erators following disturbances such as lightning strikes
to transmission lines [1). The original form of suppres-
sion of oscillations was based on control of the field
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current of the generators which then influenced ter-
minal voltage and hence power flow [2]. In contrast
to the slow speed of response and the localisation of
excitation control to generator sites, the fast response
and flexible location of Static Var Shunt Compensators
(SVCs) makes them a desirable asset in the suppres-
sion of oscillations of groups of generators {3]. These
SVCs can be based on phase control of inductors in
parallel with capacitors [4]. The system effectively
becomes a variable capacitor from the line to ground
and influences power flow by changing effective series
line impedance and by changing the voltage at load
busses which tends to influence the load drawn. A
more recent development has been the controlled se-
ries compensation of transmission lines. This has been
shown to be very effective in the control of power flow
and hence in stability enhancement of power systems
[5). The control for excitation, shunt and series com-
pensators has traditionally been by linear control laws
with a limited control action, restricted by the rating
of the device. ’

An adaptive switching control design is examined in
this paper with the expectation of improved perfor-
mance for a wide range of operating conditions. The
model is of a single machine [14] with constant voltage
behind machine reactance, and we focus on the design
of a switching controller for supression of oscillations
in the post fault system. The controller structure is
same as in [14], which consists of a sliding controller
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and a switching controller which enables reachability
of the local sliding mode. However in this article, in-
stead of using a constant switching line, the sliding
controller employes an adaptively adjusted switching
line that enables fast transient tesponse. The control
is represented by the pulsed addition of inductance in
parallel with the compensating capacitor.

This article is organised as follows. Section 2
presents the main results of the article about the adap-
tive switching control strategy referred to the pulsed
feedback stabilization of the power system. Section 3
contains the simulation results of the proposed control
scheme. Conclusion is drawn in Section 4.

2. An Switching Control Solution to the
Power System Stabilization Problem

2.1. Problem formulation and existing results

The model of the single machine system is based
,on the difference between the electrical output power
P.i.. and the shaft power P, from thé turbine result-
ing in acceleration of the combined rotating inertia
(see Figure 1). The electrical power flow between two
ac voltages E; and E, at the same frequency sepa-
rated by angle é over an effective reactance X.. The
effective reactance at mains frequency of the line plus
compensator X,, varies then between two correspond-
ing possble values X and X + € where X is addressed
as the fully compensated reactance and X -+ ¢ is re-
ferred to as the uncompensated reactance. The power
flow can thus be modelled by the introduction of a
discrete-valued control input variable u, representing
the thyristor switching action, as

_ E1E2 € 5
Pelec— X (1 UX+£> sin § (1)

The control unput u, thus, takes values in the set
{0,1}.

The angle 6 is the angle of the rotor of the ma-
chine so the acceleration of the machine from the nor-
. mal synchronous frequency is §. For a rotational in-
ertia J expressed in per unit form and normalised
for synchronous speed J, and provided we ignore
the small damping component provided by machine
damper bars, the dynamics of the angle § is given by

c _ E1E2 € .
J‘S—Ps_Pelcc—Ps— X (I—UX+€> sm6(2)

Equation (2) is referred as the swing equation. This
equation can also be written as

b = &

: P, E\E, € .

by = —— —y—_

2 7 IxX (' "x+c> sindi - (3)

For the sake of simplicity, we denote § = (8;,8,)7 as
the state of the swing equation (3).

Notice that the equilibrium points corresponding to
the uncontrolled system ( i.e. with « =0 ), are given
by (67,0)7, where

P, X
E,\E,

6;’=n7r+(—1)"s'm’1( ), n=0,+£1,42, ..

(4)
The equilibrium point for n = 0, (62,0)7, with

0 _ o —1f PX
6, =sin™ (E1E2> (5)
is deemed as desirable for the steady state operation of
the system. without loss of generality, we assume that
0 < 6% < 7/2. Notice also that, necessarily, such an
equilibrium actually exists whenever P, X < E,F,.
Similarly for the uncompensated reactance case when-
ever Py(X +¢) < EjE,, an equilibrium exists. We
also assume that 0 < sin~}(P,(X+¢)/E1E2) < 7/2.
Note that the equilibrium points with §;! (671 =
—7x —§2) and 8! (8! = 7 — 8!) are unstable, which are
actually saddle points. There is a separatriz through §!
which separates the closed orbits representing periodic
solutions, from unbounded orbits [12]. Since the sad-
dle point §! is connected with itself by the separatrix,
the orbit is also called homoclinic orbit. Therefore the
stability region we are concerned, denoted as Q,,, is
bounded within the range (6, §1), where §,p and 8!
are the two intersection points of the homoclinic orbit
with the axis z; = 0. Within this region, the orbits
are bounded. .
For the design of sliding mode control, we introduce
some desired dynamics

S=62+/\(6‘—5?),/\>0 (6)

and we have the following result {14]:

Propostion 2.1 If the sliding mode control is

_J 0 for sind;s>0
u,,_{ 1 for sinés<0 )

then the sliding mode s = 0 defined by (6) ezists only
in the eristence region

Qs = {(61;62) | 11(6) < 0, 12(6) > 0} (8)

where the two delimiting lines are

P, E\E, . y

h() = -~ 1X25m61+/\62=0 (9)
P,  E\Ey B

12(6) 7——J(X—+6)sm61+/\62—0 (10)

Figure 2 shows the construction of Q,, and Q,,.
Because of the localisation of the sliding mode, the

following switching controller was designed to ensure

the asymptotical stability of the system in Q,, [14]:
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Propostion 2.2 [f the swilching control strategy is
= Usy
u35

0 forsiné; 82 >0
Uss = { 1 for siné; 62 < 0 (12)

'fé € er\st
if 6 € Qg (1)

‘U)’l(~ re

then the system (3) is asymptotically stable and ez-
hibits the sliding mode s = 0 in Q,,.

2.2. The adaptive switching controller

The problem with the local sliding controller in Sec-
tion 2.1 is that the switching line exhibits an exponen-
tial decay with time because of its constant line slope.
It has been proved [13] that for second-order linear sys-
tems an adaptive relay control scheme enables a near
time optimal response. .It is desirable that the sim-
ilar adaptation mechanism can be introduced to the
power system stabilisation problem to achieve a fast
transient response without oscillations.

Similar to the adaption scheme [13], we employ the
following: Initially set A = Ao > 0. If the sliding
motion occurs, the current switching line

8 = /\,‘(61 o 6,0) +6,=0 (13)
is then rotated to be just ahead of the state point, i.e.
Si41 = A,‘+1(61 . 69) + 62 =0 (14)

where
At = Xi(144) (15)

with a very small positive value u. If the system is not
sliding, the switching line is kept fixed. Note that when
A is changing, the existence region of sliding mode,
denoted as ), is changing as well because the two
delimiting lines are changing.

To determine the so called sliding boundary locus
[13] we use the switching line

s=A(6; =8 +6,=0 (16)
and the delimiting line

Ps El E2 .
_}6—2 m sin 61 (17)
which passes the point (sin™'(P,(X 4 ¢)/(E; E-)), 0).
The other delimiting line is of little use because the
state near the line in 2, always tends to leave Q,.

Assume that the system state satisfies (16) and (17),
and consider that A varies, eliminiting A in (16) and
(17) yields the sliding boundary locus

P, E\E,

824 (6 - 63)(——; + T(x +—()-sin61) =0 (18)

Differentiating A with respect to time yields

=0+ 2 (19)

_63“62(61_“6?) )
2]

A=
(61 - 89)°
Differentiating (18) and solving &, yields

by = —0.50 — 0.5(8; — 59)%«;.«, & (20)
Since 0 < 82 < 7/2, A > 0, and for Q), 6, < 0, and
also 0 < §; < sin~! Py(X + €)/E1 By < /2, therefore
A > 0. This means that the adaptive adjustment of
A is always towards increasing the switching slope X.
Denote £ = {Ag, A1, - - -} the set of the sequence of the
switching slopes, then the existence region of sliding

mode is
Q.= () o) (21)
A€,

which is depicted in Figure 3. Ideally when ¢ — 0 and
the sliding motion can be detected instantaneously so
that the adaptive adjustment can be carried out con-
tinuously in time, the path in ,, before reaching the
sliding boundary locus is actually the path of the sys-
tem with u = 0 (see Figure 3). The fast transient
response is realised because with the constantly in-
creasing A, the time taking a state to the equilibrium
point becomes shorter and shorter.

The above analysis is for those states which are acci-
dentally above an initial switching line. The problem
is that the system state may enter the existence region
Q,, at a point on the sliding boundary locus (for ex-
ample C” in Figure 3) that may be below an initial
prescribed switching line. This may slow down the
convergence speed towards the equilibrium point. To
overcome this problem, the switching line should be
initialised as follows: suppose the system trajectory
at some instant reaches the sliding boundary locus at
(6¢,65)T, then the initial switching line should be set
up as

s

!

8 + A(61 — &) (22)
85 '
A = ——2
-8 (23)
The above analysis is summarised in the following
proposition. -

Propostion 2.3 If the variable structure control is
given by

0 for sind; s>0 .
Uss = { o )
where the switching line is adaplively adjusted based on
the adaptation mechanism described above, then when
the system state enters S ,, it will eventually converge
to the equilibrium pont (62,0)7 along the sliding bound-
ary locus (18).
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The reachability of the existence region of sliding
mode can also be proved using the similar reasoning
for Proposition 2.2 [14]. It is omitted here.

3. Simulation Results

For the simulation studies of the adaptive switch-
ing control strategy, the following values of parameters
were chosen in p.u.

Pi=1,J=006 X=05 Ei=1E;=1 =02

The sampling rate was set to 10ms to model the fact
that the thyristor firing can only occur once every
10ms for a 50 H z power system. The values of X = 0.5
and ¢ = 0.2 correspond to effective line reactances
varying in the range of 0.5 to 0.7 p.u.. The steady
state operating point u = 0 is chosen to give the min-
imum effective line reactance and hence the minimum
prefault angle thus minimizing the first swing angle for
a given disturbance. .

Figure 4 gives the simulation results showing the ef-
fectiveness of the adaptive switching control strategy.
The initial state was chosen as §;(0) = 0.3, 6;(0) = 0.
Comparing with the simulation with a fixed A =
1 where the system state §; reaches zero at about
t = 3 seconds, here §; reaches zero at about t =
1.35 seconds, a much fast transient response.

Figure 5 illustrates the simulation results with a dif-
ferent initial state 6,(0) = 0.8, 82(0) = —0.3. The sys-
tem state approaches the sliding boundary locus from
below. Again, a fast response is shown.

4. Conclusion

In this article an adaptive switching control strag-
egy has been proposed for the stabilization of a simple
power system consisting of an a.c. generator and a sin-
gle transmission line. The feedback strategy is consti-
tuted by the pulsed addition of inductive impedance to
the transmission line through a suitable arrangement
of thyristors. 1t has been shown that an adaptive local
sliding controller enables fast transient response.

Discontinuous feedback control techniques enjoy
great robustness advantages and simplicity of imple-
mentation when compared with more traditional feed-
back controller design schemes. In forthcoming publi-
cations we shall extend the methodology developed to
multimachine system stabilization problem.
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