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Abstract

In this paper, the power system stabilizer(PSS) using the sliding mode observer-model following(SMO-MF) with closed-loop feedback
(CLF) for single machine system is extended to multimachine system. This multimachine SMO-MF PSS for unmeasurable plant state
variables is obtained by combining the sliding mode-model following(SM-MF) including closed-loop feedback(CLF) with the full-order
observer(FOO). And the estimated control input for unmeasurable plant state variables is derived by Lyapunov’s second method to

determine a control input that keeps the system stable. Time domain simulation results for the torque angle and for the angular velocity
show that the proposed multimachine SMO-MF PSS including CLF for unmeasurable plant state variables is able to damp out the low
frequency oscillation and to achieve asymptotic tracking error between the reference model state and the estimated plant state at different

initial conditions and at step input.

1. Introduction

The sliding mode control(or variable structure control) theory
[1] has been developed as a controller which offers an effective
way of the design of transient stability controllers for power
system[2-9]. And the SM-MF[10] including closed-loop feed-
back(CLF) has been applied to the PSS[12, 13].

These controllers[11-13] are all based on assumption that the
complete state is available.

To solve these problems mentioned above the full state feed-
back, the sliding observer-model following(SMO-MF) for unmea-
surable plant state variables has been developed[14].

In this paper, the power system stabilizer(PSS) using the
sliding mode observer-model following(SMO-MF) with closed-
loop feedback(CLF) for single machine system is extended to
multimachine system.

This multimachine SMO-MF is obtained by combining the
sliding mode-model following(SM-MF) with closed-loop feed-
back (CLF) with the full-order observer(FOO).

The estimated control input is derived by Lyapunov’s second
method to determine a control input that keeps the system stable
for unmeasurable plant state variables.
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. Multimachine Generator Model

In this section, we briefly review the three-machine / infinite

busbar system.

The block diagram for three-machine/infinite busbar system is

represented in Fig. 1[2].
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Fig. 1. Three-machine / infinite busbar system.
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Fig. 1 is represented by a single equivalent machine with
machines 1, 2 and 3, rated 360 MVA(Thermal), 503 MVA(Hydro)
and 1673 MVA(Hydro), respectively. And Plant 4 effectively
_ represents an infinite busbar system.

An IEEE type-1 excitation system model for - three-machine /
infinite busbar system is considered which neglects saturation of
the exciter and voltage limits of amplifier output.

The 12th-order state equation for a rteference model can be
expressed as

= [48m, dwm, Ae;mlv de ppmi,
Dbz, AW Aoz, A€ Fim2, a
A8, AW 3, Dy, Derpms] T

where 46,(1) is the torque angle for model, Jw,(# the angular
velocity for model, Je,,(#) the g-axis component of voltage
behind transient for model and Aej,(H the equivalent exci-

tation voltage for model.
The 12th-order state equation for the controlled plant can be

expressed as

Xy =148y, dw,, de . despy,
Dy dwg, deyp, dernp, V)
A8y, Awyg, Dey, deppg] T

where 45,(f) is the torque angle for plant, Jw,(# the aﬁgular
velocity for plant, de,(#) the gq-axis -component of voltage
behind transient reactance for plant and de;,,(#) the equivalent

exciation voltage for plant.

M. Multimachine SMO-MF Controller Including
CLF for Unmeasurable Plant State Variables

In this section, we present the multimachine SMO-MF
including CLF for unmeasurable plant state variables.

The state equation for a reference model can be expressed as
(D= Ap £ + By + un(2) 0

where x,eR” is a state vector for model and «,eR’ a control
input for model. And A, is a »xn system matrix for model
and B, a nxm control vector for model.

The control input of a reference model with », can expressed

as

Ul ) ==Ky () + 70D _ @

where K, is a mxn feedback gain for model and can be
obtained by pole placement. And r,eR’ is a Teference input

vector for model.
The closed-loop feedback system for a reference model is

(D= (Am=B- Kp) - (D +Bp- 7D ®)
Let Ap=An—Bn: Kn ©)

The state equation for the reference model including CLF can
be reformed as

(D= Apn - 2n(D+ B 7)) )

where A,, is a nxn system matrix including CLF for model.

The state equation for the controlled plant with the parameter
variations and the output equation can be formed as

2,(D=(A,+4A;) - x,(D+(B,+4B,) - u,( 1)
= A, - x(H+ B, uld) (€3]

yp(t)ch' xp(t) . (9)

where x,eR”" is a state vector for plant, »,eR” a control input
for plant and y,eR’ an available measured output for plant.
A,=A,+4A, is.a nxn system matrix with the parameter
variations for plant. ]
B,=B,+4B, is a nxm control matrix with the parameter

variations for plant.
C, is the mx» output matrix for plant.

The following full-order observer equation of the controlled
plant for unmeasurable state variables can be expressed as

%y (D= A, - 5D+ By u(D+L, (y(—Cp- %,(8)
=( A—L,  Cp)» 5,(D+ B, - u(D+Ly- y,(D) (10)

where 1,eR" is the estimated state for plant.
L,=P,-C; - R, an

is the nxm output injection matrix for plant.
P, is the symmetric positive definite solution of

AD'PD+P4' A’,,T—P,,-CZ-R,’,’l-C,,-P,,+Q,,=O (12)

Q, and R, are positive definite matrices chosen by the designer.

From eq. (10), the following assumptions are made:

(A, B, is control]abie and ( ‘A,,C,) is observable.

.The input control vector with a feedback gain for unmeasur-
éble plant state variables is expressed

'up( D= wcrp(8) +asuo )
==K, %,()+usud) : a3

where wuq(#) is the closed-loop feedback control input and
usuo( ) the sliding méde observer control input. And K, is a

mxn feedback gain for plant and can be obtained by pole
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placement.

‘Substituting eq. (13) into eq. (10), for unmeasurable state, the
following full-order observer equation of the controlled plant
including CLF can be expressed as

() =( Zy=L,  C)» 20+ B, u(D+Ly- y(d)
=( A,=L,"C)+ 5,0+ B,- (=K, £,()+usue(t)
+L, - v (14)
=( A,— B, Ky—L,-Cp+ 5,0+ By usu )+ L, y, (D)

=( Ap—L,  Cp- x,(D+ B, usus(D+L,- v,(»

where A,=( A,— B,-K,) is a nx» system matrix with the
parameter variations including CLF for plant.

The error vector and the differential error vector to minimize
the error in the difference between the state x,(H of the

reference model and the estimated state x, of the controlled plant

for unmeasurable state variables can be expressed as

1s)

(16)

e(=xu()= (1)
D= xm(D= Z5()
By substituting eq. (7) and eq. (14) into eq. (16), we have

A= %u()— %58
=[Aun* XD +Bo+ (D] —[( Ap~L,- Cp) - %,(D
+ Bp N ”SMo(t)'f'Lp N 'y,:(t)] (17)

xm(D=e(D+ %,() (18)

By substituting eq. (18) into eq. (17), we have

(D=Am xm(D+Bp rm)—( Ap—L,- Cp+ £,(P
= Byt usue() =Ly (D
= A (4 2,(D)+ By (D= Ap=L,-Cp - %,(D
= By usu(D Ly y, (D
=Apm- D~ Bp—Ly Co—Am) - %(D+By+ 7l

- Bﬂ - uSM(/(t)'Lp N yp( )] (19)

Suppose the sliding mode exists on all hyperplanes.
The sliding surface vector and the differential sliding surface
vector can be expressed as

se(M=GC" - e(d (20)

s(e(M=GC"- e(p 21

where G7 is the slidung surface gain. And the calculation algo-
rithm of G7 for eq. (20) has been found in reference[2, 10, 12].

We introduce the Lyapunov’s function to determine a control
law that keeps the system on s(e(£))=>0

Vie(D)=s*(e()/2 (22)

The time derivative of V(e(s) is given by

Ve()=s(e(®) - se(D) = - 23
=G ed) -G+ &) 24)

By substituting eq. (19) into eq. (24), we have

We(D)=G" el « GT - [Apm- ) —( Ap—Ly+ Cp=Apm)
© %y (DB ru(D— By usul =L, v, (D]
=GT elt)  [CT+ Apn- eld)
~GT ( By—Ly  Co—Apm) %,(D+GCT By (D
=G By usuH =G+ L,y v (D]
<0

@5)

From eq. (25), the control input vector with switching for the
controlled plant can be represented by

uuo y2(GT+ B [GT A el
~GT ( Ap—L,  Co—Aum) 5,()
+GT B ru(H=GT- L, y,(H]

Jor GT-e(t) > 0 (26)
usuo B <(GT+ B ' [GT+ A e(®)
—GT( Ap—L,  Co—Aw)+ 5,(D
+GT By ral)—=GT+ L, y,(D]
for GTe() <0 @7

From eq. (26) and eq. (27), the control input vector with sign
function for the controlled plant can be reformed

U =[SE guin + €D+ SPpyin+ %5(D+SUpuin * 7l D)

@8)

+SOpuin * ¥ D] + 12 - sign(s(e(£))

where . is the bias gain.

SEpun :=(GT+ B ™' -GT Apm 29
is a sliding equal error feedback gain.

SPein :=—(GT+ B) - GT-( Ap—Awm—L,- Cp) 30
is a sliding equal estimated plant feedback gain.

SUpuin :=(GT+ B)'-G"- B, (31
is a sliding equal input gain.

SOguin i==(G"- By'-GT L, (32

is a sliding equal measured output gain.

The detailed block diagram of the proposed SMO-MF includ-
ing CLF for unmeasurable plant state variables in Fig. 2 is
shown as
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SV B 3iga0)

- * sign()

000 i

Fig. 2. Block diagram of the proposed SMO-MF.including

CLF for unmeasurable state variables.

V. Data Analysis for Multimachine
- SMO-MF PSS

In this section, we present the data analysis of the multima-
chine SMO-MF including CLF for unmeasurable plant state
variables.

The data of model and these ratings in reference[2] are found
in Appendix A.l.

The 12X12 system matrix A, are decomposed into the

4-block form

Am A
A = mlt mi2
[ Am2] Am22]

The values of the 12X 12 system matrix A,, and the 12X3
control matix B,, are found. in Appendix A. 2.

The eigenvalues of A, are unstable with four poles (right-
half) at

—18.9080, —17.0096, —14.8564,0.0335+7.79247,

—0.1453+7.20987,0.3842+4.26814, —-6.9211, —3.4111, —1.3855

The eigenvalues of (A, —B,- K,) including CLF are stable
with poles at

—38.8911+.5201¢, —50.6741 = .83697, —10.8657+ .9136¢,

—46.5473+ 5810, —1.8338 %+ .30414. —5.1356 = . 46917

The 12X3 sliding surface matrix including CLF is

T 01 —2590 144 1 —41 —5770 343 0 —-52 —5689 .608 017
G'=19.19 110 .3430 —3.54 —529 141 1 —-3.95 —44 .1 0
1.08 3430 .603 0 3.67 —993 .0973 1 -21.5 —12100 72.2 1

V. Time Domain Simu]laftﬁon

In this section, we present the simulation of the multimachine
SMO-MF including CLF for unmeasurable plant state variables.

The time domain simulations for the torque angle and for the
angular velocity of machine #1, #2, and # 3 are carried out for
6 sec. Fig. 3 shows the state waveforms without CLF at model
initial condition X.(0)=[-.05000 —.05000 ~.0500 0] & plant
initial condition X;(0)={~.05000 —.05000 —.05 0 00}. Fig. 4
shows that the oscillation of the state is reducedat model initial
condition X,(0)=[-.05000 —.05000 —.05 0 0 0] & plant initial
condition X,(0)=[-.06 000 —.06 000 —.06 0 0 0l. Fig. 5 shows
the step-input state. waveforms with CLF at model initial condi-
tion X,(0)=[0 —.05000 —.05000 —.0500] & plant initial con-
dition X;0)=[0 —.07000 —.07000 —.07 0 0] and also shows
that the oscillation of the state is reduced. ‘

Fig. 4 and Fig. 5 for the torque angle and for the angular
velocity are designed not only to damp out the low frequency
oscillations of the power system by including CLF, but also to
achieve asympotic tracking error between the reference model
state and the controlled plant state at different initial conditions
and at step input.

VI. Conclusion

The sliding mode-model following(SM-MF) power system
stabilizer(PSS) including closed-loop feedback(CLF) for single
machine power systém has been extended to multimachine systems.

The multimachine SMO-MF PSS with CLF for unmeasurable
plant state variables has been designed not only to damp out the
low frequency oscillations of the power system by including CLF,
but also to achieve asympotic tracking error between the refer-
ence model state and the controlled plant state at different initial
conditions and at step input.
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Appendix

Machine data and terminal condition data

Table 1. Machine data,.

Plant X, X¢ X, X Tu Ti Ta H
1 032 168 166 019 40 19 . 19 231
2 033 088 053 022 80 002 004 34
3 020 102 057 014 776 004 009 4.63
4 0001 - - - - - - 60

Table 2. Terminal condition data.

¢

Plant P,(MVA) Q.(MVA) Violp-u.) °[degree]
1 26.5 37.0 1.03 10.0
2 518.0 -31.5 1.025 32.52
3 1582.0 -49.9 1.03 45.95
4 410.0 49.1 1.06 20.69

A. 2 : System matrix( A,,) and control matrix( B,,)

0 377 0 0 0 0
—0.147 —0.033 —0.013 0 0.022 0.004
A —|—0.266 —0.393 —0.922 1 —0.087 0.754
71T 3010 —309.14 —60.943 ~20 24.599 —91.99
0 0 0 0 0 377
0.004 —0.034 —0.087 0 —0.149 0.032
0 0 0 0 0 0
0 0 0.046 0.02 0.003 0
A= | 0:024 00035 1131 0.072 0
=27 | 3501 0 62.051 —1675 —10.194 O
0 0 0 0 0 0
—0.008 0 0.097 ~0.028 0 0
0.121 1131 0.021 0 —1.6 —1.885
- —18.48 —64.47 —12.55 0 106.09 —516.11
A=]| O 0 0 0 0 0
0.001 —0.017 —0.003 0 0.017 —0.01
0.0838 0 —0.0020 0.2 0
—10.1 —33.93 —6.78 0 1.7 —46.37
—0.21 1 046 0.7 0.06 0
—21.67 —20 16.99 —171.91 —11.41 0
Ag=| 0 0 0 377 0 0
0 0 —0.0 —0.017 —0.009 0
0011 ¢ -1.2 —1.131 —0.19 1
—2.1 0 70.1 —893.49 —54.4 20
00080000 0 000 O
B,= {000 0 00090000 0
000 0 000 0 0O 0 1000
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