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Abstract 

This paper describes a nonlinear con- 
trol strategy for the design of a controller 
(stabiliser) for a synchronous generator. 
It is first shown that a nonlinear model, 
which is derived from the equations of the 
generator and power system, describes the 
nonlinear relationship between the electric 
power output and the excitation control 
input and, hence, inherently tracks the 
system dynamics due to changes in the sys- 
tem operating point. Based on the nonlin- 
ear model, a nonlinear controller which in- 
corporates the nonlinearities of the power 
system into the design of the control law 
is proposed. Simulation studies on the 
power system reveal that its damping per- 
formance due to the nonlinear controller 
is better than that due to a correspond- 
ing adaptive linear device discussed in the 
literature. 

1. Introduction 

A controller, known as a Power System 
Stabiliser (PSS), is often used on a syn- 
chronous generator to improve the damp- 
ing of oscillations of the rotor/turbine 
shaft. Conventional Power System Sta- 
bilisers (C-PSSs), which are linear and 
fixed-parametercontrollers, are designed to 

give the required damping performance at 
a chosen operating point. The operat- 
ing point is defined by the terminal volt- 
age and real and reactive power outputs 
of the generator. The terminal voltage is 
maintained constant by means of a sepa- 
rate controller, an automatic voltage regu- 
lator. If the system operating point and/or 
the system configuration vary widely, the 
parameters of the C-PSSs need to be 
changed. With fixed parameters, the C- 
PSSs are unable to respond satisfactorily 
over a wide range of system operating con- 
ditions. Consequently, the system damp- 
ing performance may deteriorate signifi- 
cantly. 

Adaptive linear control schemes which 
have been discussed in the literature are 
designed to overcome the shortcomings of 
the C-PSSs [1,2]. However, because an 
adaptive linear PSS is based on an as- 
sumed linearised regression model of the 
nonlinear power system, its performance 
depends on the order of the linearised re- 
gression model, the convergence rate of the 
on-line estimated parameters, etc.. For 
each variation in the operating condition 
of the nonlinear power system, the pa- 
rameters of the linearised regression model 
have to change in order to track the system 
changes. Before the estimated parameters 
converge to their new values, the control 
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action of the adaptive linear PSS may not 
be as good as expected. 

The equations that describe the nonlin- 
earities associated with a power system are 
known. It is reasonable to expect that the 
system damping performance will be better 
if the nonlinear characteristics of the sys- 
tem are taken into account in the construc- 
tion of the control law. The resulting con- 
trol law would be nonlinear and would in- 
herently possess the ability to stabilise the 
nonlinear power system over the range of 
the operating conditions of concern. This 
paper investigates the structure and per- 
formance of such a nonlinear controller for 
the stabilisation of the power system. 

2. Description of a Nonlinear Power 
Model 

The design of a nonlinear control law re- 
quires a nonlinear model that contains the 
nonlinearities of the system. Choosing the 
electric power output of the generator as 
the stabilising signal, a nonlinear model for 
electric power is derived directly from the 
mathematical description of the power sys- 
tem given in [3]. The model is described by 
a nonlinear regression equation [3,4] that 
defines the nonlinear relationship between 
the excitation control input u(k) and the 
actual electric power output y(k): 

where q-' is the backward-shift operator; 
al, . . . , el are functions of the power sys- 
tem parameters (Xd, Xe,  etc.); w(k)  is 
a bounded noise signal due to discretisa- 
tion, simplifications, measurement errors, 
etc.; z i ( k )  (i = 1 , 2 , 3 , 4 )  are functions of 
the feedback signals (6(k), ub(L), Ei(k), 
E F D ( ~ ) )  derived from the generator and 
power system, and are defined as 

A compact form of model (1) can be writ- 
ten as 

A(q-')y(k + 1) = f(k.)+ w(k + 11, (2) 

where A(q-l)  is a linear scalar polynomial 
in q - l :  

A(q-') = 1 + aiq-' + azq-', (3) 
and f(k) is a bounded nonlinear function: 

f(k) = [ b l  b2 c1 cz dl el  ] 
x [ a()) a ( k -  1) ZZ(k) 

Z Z ( ~  - 1) z3(k)  z4(k) ( V r e j ( k )  

-Vt(k) + W) 3'. (4) 

The model (2)-(4) is referred to as the 
Nonlinear Power Model (NPM) of the 
power system, from which the nonlinear 
control law is derived. The BIB0 stability 
of the NPM is given in [3,4]. 

The main features of the NPM are: (i) it 
contains the inherent nonlinearities (prod- 
uct and trigonometric nonlinearities) asso- 
ciated with the electric power output of 
the generator; hence, it tracks the dynamic 
changes of the actual power output with- 
out modifying its parameters; (ii) it is lin- 
ear in its parameters; hence, it facilitates 
the design and implementation of the re- 
sulting nonlinear control law. 

3. Nonlinear Weighted Minimum 
Variance Control 

The Weighted Minimum Variance 
(WMV) control scheme is chosen for the 
design of both the optimal nonlinear and 
adaptive linear PSSs in this paper. This 
will facilitate the development of the non- 
linear control law and simplify the com- 
parison of the performance of the optimal 
nonlinear and the corresponding adaptive 
linear control strategies (demonstrated in 
Section 5) .  

Assuming that the noise term { w ( k ) }  is 
white, the optimal one-step-ahead predic- 
tion of the output of the NPM is given by 

yO(k + 1 I k ) k y ( k  + 1) - w(k + 1) 
= G(n-l)y(k-) + f(k), ( 5 )  

(6) 

where 

G(q-') = [ I -  A(a-')] q. 
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The optimal control input u(k) to the 
NPM is chosen so as to minimise a cost 
function: 

J ( k  + 1) = E { [y(k + 1) - y*(k + 1)12 

+w)2} , (7) 

where y*(k + 1) is the desired output tra- 
jectory and X > 0 is a weighting coeffi- 
cient. The resulting nonlinear WMV con- 
trol law and its closed-loop characteristics 
are given by 

Theorem 1 For the model (2)-(4) having 
the optimal predictor (5)-(6): 
( a )  the WMV control ~ ( k )  minimising the 
cost function (7) is given b y  

g(k)%(k)  - Po(k).(k); 

(b )  when the control law (8) as used for all 
k, the closed-loop system i s  described by 

where 

(c) there exists a choice of X such that the 
closed-loop system (10)-(12) is bounded- 
input bounded-output stable. 

In Theorem 1 (a), because Po(k)' + X > 0 
is satisfied for all k, the solvability of u(k) 
from (8) is guaranteed. Theorem 1 (c) en- 
sures the global stability of the closed-loop 
system (10)-(12) associated with the con- 
trol law (8). The proof of Theorem 1 is 
given in [3,4]. 

v v v 

4. Design of an Optimal Nonlinear 
PSS 

In practice, when the power system is 
operating at a no-load, steady-state oper- 
ating condition, 6(k) M 0, hence Po(k) M 0. 
For small disturbances around this operat- 
ing point, the control signal from (8) may 
be close to zero, resulting in an ineffec- 
tive control action on damping of shaft os- 
cillations. In order to prevent this from 
happening, modifications to the control 
law (8) are adopted. The consequent con- 
trol algorithm which also takes limiting ac- 
tion on the control signal into account is 
then given by 

Algorithm 1 

uo(k) = Po(k) [y*(k + 1) 
PO(k)' + 
-G(q- ' )y(k)  - d k ) ]  9 

with limiting 

u m a x  if u o ( k )  2 U m a x  
~ ( k )  = u 0 ( k )  if umin < u0(k)  < U,,, ; { Umin if ~'(k) 5 Umin 

where 

Po (k) if IPoWl 
> POmin ; { sign[&, (k)]Pomin otherwise 

P o @ )  = 

Pomin is a preselected constant, satisfying 

fined by 
0 < POmin < P o m a x ,  where Pomax is de- 

A 
SUP IPo(k)l I el = Pomax, (e l  > 0); 

O < k < w  

umax and Umin are known constants. 
v v v  

The suggested procedure for the selection 
of /&,in in Algorithm 1 is (i) to choose a 
minimum value, A6 > 0, for the rotor an- 
gle b ( k ) ;  (ii) to calculate @omin according 
to (9). 

Algorithm 1 forms the desired Optimal 
Nonlinear Power System Stabiliser (ON- 
PSS). The control structure of the power 
system equipped with the ON-PSS is il- 
lustrated in Fig. l. The stabilising sig- 
nal y(k) is the measured generator electric 
power output P,(k) and the output trajec- 
tory y*(k) is set to be the reference power 
level PTej(k). 
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Figure 1: Structure of the ON-PSS. 

5. Simulation Results 

Simulation studies have been conducted 
to examine for a wide range of operating 
conditions: (i) on open-loop, the perfor- 
mance of the NPM in tracking the actual 
electric power output of the generator, (ii) 
the closed-loop behaviour of the ON-PSS 
when the system is subjected to a variety 
of disturbances, and (iii) the robustness of 
the ON-PSS to unmodelled dynamics and 
modelling errors. Brief examples are given 
in which the performance of the ON-PSS is 
compared to that of a corresponding Adap- 
tive Linear Power System Stabiliser (AL- 
PSS) discussed in the literature [3,5]. The 
latter is a linear WMV device based on a 
linearised regression model of the electric 
power output of the generator and, there- 
fore, does not include the inherent non- 
linearities of the power system. The pa- 
rameters of the power system and the con- 
trollers are given in [3]; an identical value 
of X is used. 

The output tracking ability of the NPM 
is shown in Fig. 2, where the output pre- 
diction errors e ( k )  associated with both 
the NPM and the linearised regression 
model (on which the AL-PSS is based) 
are plotted for the case in which a 0.05 
per unit (pu) step increase in reference 
power occurs at time t = 20 s. It is seen 
that while the linearised regression model 
presents a sudden increase in its predic- 
tion error at about t = 20 s when the step 
change occurs, the NPM shows a consis- 

tent small prediction error over the time 
horizon. The NPM tracks the dynamic 
changes of the system inherently. Better 
output prediction of the NPM results in 
better control effect of the ON-PSS. This 
is demonstrated in Fig. 3, where the sys- 
tem operating point periodically changes 
between lagging and leading power fac- 
tor operation. Since the NPM inherently 
tracks the changes in the system operating 
point, the control action of the ON-PSS is 
optimal immediately at each new operat- 
ing point. The linearised regression model, 
however, needs time for its estimated pa- 
rameters to converge at each new operat- 
ing point. As a result, the damping per- 
formance of the AL-PSS is inferior to that 
of the ON-PSS. In addition, the responses 
to a three-phase fault at time t = 10 s are 
shown in Fig. 4. The ON-PSS provides 
heavier damping of shaft oscillations than 
the AL-PSS. The significance of inclusion 
of the inherent nonlinearities of the sys- 
tem into the design of the control law on 
the improvement of system damping per- 
formance is then evident. 

Figure 2: Output prediction errors (Pt = 
0.6 pu, Qt = 0.3 pu; 0.05 pu in- 
crease in reference power). e(k) 
of the linearised regression model 
- dotted line; e(k) of the NPM - 
solid line. 

6. Conclusion 

From the simulation studies, it is con- 
cluded that the advantages of the ON-PSS 
are: (i) because it includes the inherent 
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Figure 3: Electric power responses (Pt = 
0.6 pu, Qt = 0.3 pu; periodic 
variations in the system operat- 
ing point). No PSS - dotted line; 
with the AL-PSS - dashed line; 
with the ON-PSS - solid line. 
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Figure 4: Electric power response (Pt = 
0.65 pu, Qt = 0.3 pu; a 
three-phase fault (0.1 s) at the 
receiving-end busbar with no line 
opening). No PSS - dotted line; 
with the AL-PSS - dashed line; 
with the ON-PSS - solid line. 

nonlinearities of the system in its control 
law, its transient performance from one op- 
erating point to another is optimal; (ii) 
because it is a fixed-parameter device, its 
control effect is optimal at each new oper- 
ating point without time delay. The damp- 
ing performance of the ON-PSS is seen to 
be superior to that of the AL-PSS and, 
hence, demonstrates the value of the non- 
linear control scheme presented in this pa- 
per. 
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