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ABSTRACT: Power system stability can be strengthened by
controlling excitation of synchronous generators. In this paper,
the singular perturbation method is applied to decouple the
synchronous generator into two subsystems with different time
scales. Based on the composite control theory of the singular
perturbation system and the robustness of the diding mode
variable control, the suboptimal second order diding mode
control algorithm is applied to redize the control of each
subsystem. Thus the control algorithm of each subsystem is
obtained. The composite control of the synchronous generator
is realized according to algorithms for each subsystem. The
second order sliding mode control algorithm is presented in this
paper, such that the chattering is eliminated and the robustness
of the system is ensured. The singular perturbation agorithm is
proposed to reduce the system dimension. The simulation
results prove the effectiveness of the proposed agorithm.
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1 INTRODUCTION

The traditiond function of an excitation system[ 1-3]
is to provide a proper exciting current to the excitation
winding of a synchronous generator when there is a
change in the output voltage. However, these
lineari-zation methods are designed based on the
existent of relatively accurate nonlinear system
arithmetic models. In electrical systems accurate
arithmetic model is hardly obtained. Thus the
performances of these controllers are inevitably not
assured. Model reference adaptive controls with
different identification techniques are proposed to
improve the scheme but these agorithms only
applicable when system parameters change slowly. For
various advantages such as the strong robustness under
system parameter perturbation, externa disturbance
and the loose requirement of accurate system models,
variable structure control (VSC) [4] is one possible
solution for electrical systems. However, the existence
of chattering in the system output is undesirable and
the elimination of chattering in the system output is
the key issue in applying VSC to electrica systems
[4-7]. This paper proposed the application of second
order diding model control[8-10] to the synchronous
genera-tors. The synchronous generator model is first
decomposed to lower order models according to the
singular perturbation theory [11-12] followed by the
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application of second order suboptimal sliding mode
control to the decomposed slow and fast subsystems.
This method retains the advantages of VSC, greatly
strengthens the robustness of the control system, and
effectively eliminates chattering in the system output.

2 DOUBLE TIME SCALES COMPOSITE
CONTROL IN SINGULAR SYSTEM

2.1 Time scale transformation
Consider a nonlinear singular perturbation system
characterized by equations

{i: A+ FR®@z+g,(x)u  x(t)=x, "
&=f,(0+F(x)z+g,(x)u  z(t,) =2z,

where xe B, cR" and ze B, c R™ represent the
slow and fast moving states respectively, B,and B,
are both enclosed bounded subsets, ue R" is the
control input, and £€[0,1) is a scalar minor
perturbation parameter such that &= "xﬂ/"z“ and

|2|>>||#]- Suppose fi, f;, &1, &2 and all elements in
matrices F, and F, are all smooth bounded functions,
F,(x) is a nonsingular matrix for xe B,. When
£=0, an n-th order slow moving subsystem can be
obtained from (1) as
o= f(x)+ g, (x)u, , x,(t)=x, )
where x., z; and u  are the slow moving portions
of the original variables x, z and u respectively.
The f (x,), g,(x,)are described in the reference [12].
Influenced by the slow moving subsystem, the steady-
state value of the fast moving states can be obtained
from (1) as
2, ==F" ()(fo(x) + g2(x)u,) ®)
Fast moving subsystem can be obtained in
replacing the slow time scale ¢ with the fast time scale
Twhich is given by 7 = (t —¢,)/ £ Introduce
Zp=2-2; , Uy =U—U C))
and assume x, and z; remain constant in short time

interval, differentiate (4) with respect to 7gives
‘dz
d_zf' =F,(02; + 8, (s, 2;(t) =2 —2,(t)  (5)
For slow moving subsystem (2), the feedback control
law can be selected as [11-12]
u;, = h(x) ©®

to make the closed-loop system stable and for fast

moving subsystem (5), the feedback control law is
chosen as

up=H(xz,;) )
The composite control law as

U=uU;+ug
2.2 Design of second order sliding mode controller

Applying local coordinate transformation > ¥ to

the slow moving subsystem (2) gives

X, =%, i=l..,n-1 ®
xSn =fs(xs)+gs(xs)us

where x (1) =[xg,x,,,.... %, 1" represent all observ-

able slow moving states, f,(x) and g, (x) are
uncertain smooth functions whose solutions maintain
the characteristic of existence and uniqueness.
Furthermore, f,(x) and g (x) meets the conditions
given by [9]. Consider system (8) with uncertain
conditions described in [9]

n-1
o (x)=x, + ) c,x, =0 ©)
i=1

where ¢, i=1,...,n—1 are positive real constants
i

and all characteristic roots of (9) have negative real
parts. Define y, =o,(x,) and y, =0,(x,), then

X, =AX + By,

X, =—C X+ Vs, (10)

Vs, = s,
ysz = Fs(xs’us)+gs(xs)vs

N T
where X, =[x, x5, 17, ¢, =leg c5,5e065 1,

S

B, =[00,...,.011", v,=4,, F,(,) represents all
uncertain terms and

[ o 1 0 e 0]
0 0 1 0 0
As=
0 0 1
|~ C, —Cs —Csn—l_

respectively. If v, is set to drive y,; and y,, to zero,
second order sliding mode control is realized and the
whole system is equivalent to a linear autonomous
stable system lying on the sliding manifold. Make the
following suppositions

0<G, <g,(x,)<G, (11)

|F (x,,u,)| < F, (12)
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The last two equations of (10) could be transformed to
an auxiliary second order system. The aim is to seek a
control law w to drive y,, and y,, to zero in finite time
interval with the existence of uncertain terms of (11)
and (12). According to [9], because y,; isA observable
and y,; is unobservable, an algorithm whose switching
logic only based on y,, is required. The optimal traces
for y,, and y, are a series of dual parabolic arcs and the
second arc lies on the switching line y + (ys2|ys2‘)/
(2U s ) = 0. The initial point 7y, in the second arc is
equal to the half maximum model as y,, in the first arc.
According to [9], the optimal control law could be
translated into sub-optimal control. Suppose the
extreme of y, is observable and is set t0 yg,.. the
suboptimal control algorithm can be summarized as
follows

(a) Set a*e (011" (033G, /D,,) .

(b) Set  Yimax =Y5(0).

) a=a* if(ys1 —%ylnm)(ylmax -y4)>0,

otherwise set a =1.
(d) Set y, = Yima if ¥, isan extreme.

(e) Apply the control law as

w:_aUmax Sgn(ysl _%ylmax) (13)

3 ARITHMETIC MODEL OF SYNCHR-
ONOUS GENERATOR

3.1 System model

Suppose the generator is connected to an infinite
bus through a transmission line with resistance and
inductance as shown in Fig.1, the arithmetic model of
the generator is given by

s

—=w-wo,

ar

M _r _p (14)
t

o 9B _ Xy (X4-X

Dogr o x, e X

4 JV sin(8) + E
L
P, = -—1—,—E;V sin(d) + L
X, 2\ X
oM,

v
f
‘\/Erf

’
q d

1 ]V 2 §in(26)
(15)

Ey=

X, \P4

Infinite Bus

Synchronous
Generator

B1 BHRE
Fig.1 Single generator system

where the symbols are depicted in [3], v, is the
magnetization exciting voltage, X, is the g-axis
synchronous reactance, M; is the mutual induction
between stator coils and r; is the impedance of the
exciting coil. For the regularized exciting voltage
E,= E}d , the generator maintains a stable equilibrium
point as well as an unstable one. The stable equili-
brium will be analyzed here while the method could
also be applied to the unstable equilibrium one. Suppose
(5*,(0*,E,';) is the stable equilibrium point of the
system described by (14) and the bias are
A6=6-8", Aw=w-w', AE,=E,-E, and

u=E, - E;d , (14) can be rewritten as

q

(AE, +E))- X—"'—& V-
Tdoxd

dAE’ X,

dr T Xy

sin(AS+6") + L,(u +Ey)
T,

3.2 Nonlinear analysis of small generator
For small machines

4 ’

T, X
MX/, <%< JMX), a7
d
A singular perturbation system for a small generator

be formed by selecti e—(‘;"—X‘;) L
can be formed by selecting €= X, \/M_X",'
The fast moving states are referring to the electrical
subsystem and the slow moving states are referring to
the mechanical part of the generator. The state
variables of slow moving and fast moving states are



10 145
x=[Ad,Aw]" and z =AE, =E, —E;* respectively. where
Equation (16) could be transformed to the normal D =ny +[n, cos(x, +68")+m, +ns]sin(x +8")
singular perturbation form of (1) as and
r Tm
n, =2
%5_ = Aa) M
L ol
L (A, +E])sin(AS +8") + UM X, -X,
dd M MX, J (22)
V. . V1 1 R
2 * N % —_ T4 . .
AS + ny,=— E’+— —— |sin(d
V*cos(AS + 6 )sin(AS+6) _1_’_L (18) =" ax B M[X:i XdJ (0)
M X, X,
aaE , I 2 ol (U
Pl RS SN /S .0 R S xS T M\ XX,
dr JMX), X, ) JMx}, ) .
(X, —X") For fast moving subsystem select the time scale
a — X4

V sin(AS + 5*)+L,(u +Ep)

VMX; X, Ta,

such that
( Aw
IV E; sin(A6+8")+
fi=| M MX;
(V2 cos(AS + 8" )sin(AS + )1/
MIQA/ X )= (/X )]
0
Fx=]_ —sin(Ad + ) ,
) MX, 19)
&(x)=0
fr(x)= L,Xd)v sin[(AS +8") —sin(67)]
JMX, X,
F(x)= ____1__7
JMX,
X, 1
g (x)=(=%)
: X, |MX
When £=0
2, =AE, = X=Xy sin[(AS +
d
87)—sin(é)]+ [X d ]us (20)
Xd

and from (2), (3) and (5) the slow moving reduced
subsystem becomes

o - x-‘z
x:_-fs(‘xs)+gs(x:)u:’fs(‘xs) (¢ ]
(21)

0
8:(x,) = [na sin(x, +6 *)]

T=t/€ to give
dAE,
dr

where ng=-

1 X,
_  andn =——ed
Jix, T X X,
4 DESIGN OF SECOND ORDER
SLIDING MODE CONTROLLER FOR
SYNCHRONOUS GENERATOR

The slow moving subsystem of the generator
could be described as
{)'csl =X,
: . . (24)
X, =@+nysin(x; +6 Jug
If there is a disturbance, the balance between
prime mover torque and electromagnetic torque is
violated and the revolution rate of generator rotor is
increased causing a change in the power angle. After
the magnetic poles of the rotor vibrate to a new
equilibrium point, the generator would continue to run
steadily. Therefore the position of rotor should follow
a reference signal. Since the frequency of an infinite
power source remains unchanged, the revolution rate
remains unchanged and there is no need to track the
revolution rate and the sliding manifold of the slow
moving subsystem can be set as
o, =516 +e, (25)
where e =x, —x; , e, =x; and x,, is the desired
change of load angle. Define an auxiliary variable as
Vs, =0, =516 +e€ (26)

From (10), the synchronous system could be changed to



146

23

e =—sety,

€ ==s5¢+Yy, @7

Vs = Vs,

y‘Sz = FJ (e,us) + gs(e)vs
satisfying the condition |F,(e,u,)|< F, and0<D, <
8;(e)<D, where e =le,e,1", v, =u,, F,(e,u,)

and g (e) are uncertain terms. (27) could be regarded

as two connected systems coupled between signal
y;, and nonlinear terms F (e,u;)+ g (e)v,. With

second order sub-optimal sliding mode control law
y;, and y, could be driven to zero. After reaching the

sliding manifold the synchronous system would
change to an autonomous first order linear exponential
stable system with e, and e, converging to zero.

Similar design technique can be applied to the
fast moving subsystem. Set the sliding manifold for
fast moving subsystem as
and define the auxiliary variables y, and y, such that

Vi =0y
The fast moving subsystem could be written as
=5
Y5 =Ys, (29)
Vp, =Fp(zgup)+8,(2p)vy
satisfying the condition IF (2p,up )l <F; and
0<Dj <gs(z;)<Dy
where vy =u,, F(z;,u;)and g,(z;)are both

uncertain terms. A second order suboptimal sliding
mode controller can be obtained to drive y 5, and

¥y, to zero.

5 SIMULATION RESULTS

The generator parameters per machine unit for
(18) were chosen as T,=1, M=1, w=1, T, =4,
X=X~09, X,=03 and V=1.0. In addition, the
equalized stator excitation voltage was set to
E}d =1.1773 . From (18), the equilibrium points of the

system were & =0.22889,w" =1land E, =3.1084 .

For slow moving subsystem, the parameters of the
second order sub-optimal sliding mode control

algorithm were chosen as

&' e (01],D, =0.1,D, =1,F,=3,U,,, =75 =2
The reference signal was set to x;, =0.1 and the
initial conditions were given as x, (0)=0.3and
X, (0)=0.5. Figure 2 shows the simulation results.

Clearly Adand Aw quickly converged to zero.

X, /rad X,,/rad
0.4 0.8

061

0.4
0.2
0.0}

02t
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05}
00|
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(c) Phase plane plot (d) Switching control of
moving subsystem slow of Y,, against Y,
E2 1®izshTFREE
Fig. 2 Control of the slow moving subsystem

For fast moving subsystem, the parameters of
second order sub-optimal sliding mode control
algorithm were selected as

o, =0, @ e (01], D; =D, =061, F; =1,

Upax =6, 5,=2, £=04
and the initial condition was z,(0)=0.2. Figure 3 shows
the simulation results. Again the bias voltage quickly
converged to zero. Figure 4 shows the control of the
slow moving subsystem and the composite control to
the generator system. Various disturbances such as
load connection, short circuits etc. can be arisen
during the operation of an electrical system. If the
variations of the system parameters are bounded, the
second order sliding mode control could still drive the
system back to the equilibrium point. Figure 5 shows
the simulation results when there was a 10% change in

the power mechanical constant from 1 to 0.9.
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Fig.5 Control of slow moving subsystem with disturbances

6

CONCLUSION

According to singular perturbation theory, the

complicate generator system could be decomposed to
fast and sdow moving subsystems. Second order
sub-optimal diding mode control could be applied to
each of these subsystems. Results show that when the
system parameters satisfy the constraints, the
gene-rator quickly converges to its equilibrium
points and chattering in the system output has
been eliminated.
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