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Chapter 9

Applications of Decentralised Sliding Mode
Control to Multimachine Power Systems

In this chapter, a robust stabilization problem for multimachine power systems is
considered using only output information. The power system is formed from an
interconnected set of lower order systems through a network transmission which
is nonlinear and has an associated nonlinear bound. Under some mild conditions,
a decentralized sliding mode control scheme is developed. Simulation results for a
3-machine power system are presented to show the effectiveness of the proposed
method.

9.1 Introduction

With the development of scientific technology, the demand for electrical energy
has increased greatly. Various complex power systems have been built to satisfy
this demand. These systems are often modelled as dynamic equations composed
of the interconnection of a set of lower-dimensional subsystems through a network
transmission.

The complexity of the multimachine power system comes from its high dimen-
sionality (if there are more generators), strong nonlinearity (each motor behaves
nonlinearly) and strong interconnection between the subsystems (all the generators
usually interact with each other), which makes traditional linear centralized control
schemes difficult and sometimes impossible to implement. In fact, multimachine
power systems are often widely distributed in space, and thus the information trans-
fer among subsystems may be very difficult due to high cost, or even impossible
due to practical limitations. These factors motivate the development of decentral-
ized control which can avoid such shortcomings.

Power systems have played an important role in the practical world and many
stabilizing control schemes have been proposed for such systems. In [115], using
modern geometric methods, Lu and Sun proposed a nonlinear control scheme for
a multimachine power system. However, the approach is based on a mathematical
model with fixed structure and without uncertainty. Wang et al [193] studied a class

289



290 9 Applications of Decentralised Sliding Mode Control to Multimachine Power Systems

of single machine systems, which was later extended to multimachine power sys-
tems in [192].

Decentralized control is an effective approach for the control of large-scale inter-
connected systems (see, for example [221, 213]), and many authors have success-
fully applied these techniques to multimachine power systems. Based on estimated
states, a decentralized control strategy is presented for multimachine power systems
in [20]. Recently, robust decentralized controllers have been designed for multi-
machine systems in [71] exploiting the systems lower-triangular structure. In [71],
however, parametric uncertainty is not considered and only matched interconnec-
tions are dealt with. Xie e al [202] have developed a control scheme to deal with
parametric uncertainty using LMIs. However, it should be pointed out that in all
these results it is required that the interconnections are bounded by linear functions
of the norm of the system state. Furthermore the uncertainty structure is not used
in the control design, which may result in unnecessary conservatism. All the results
mentioned above [20, 71, 202] are state variable based.

However, usually, all the system state variables are not fully available. Some-
times it may be possible to use an observer to estimate unknown states, but unfor-
tunately, this approach not only requires more hardware resources, but also makes
the dimension of the corresponding closed-loop system increase greatly. This may
cause further difficulties, especially for large-scale power systems and thus it should
be avoided if possible. Therefore, it is pertinent to study decentralized control for
multimachine power systems using static output feedback.

In this chapter, as in previous work [202, 114], only the excitation control prob-
lem for multimachine power systems is considered. Not only are nonlinear intercon-
nections considered, parametric disturbances are dealt with as well. Furthermore,
the interconnections are allowed to be nonlinear and have nonlinear bounds. Mis-
matched uncertain interconnections are dealt with and parametric uncertainties in
the direct axis transient short circuit time constants, which affect the subsystem in-
put distribution matrix, are considered. By using the approach outlined in Section
2.5, an output sliding surface is synthesized which has stable sliding dynamics when
the system is restricted to the surface. The approach used in this chapter is practi-
cal when compared with previous theoretical output feedback sliding mode control
strategies which require some strong geometric conditions on the nominal subsys-
tems. A robust decentralized sliding mode controller is proposed, using only sys-
tem output information, such that the system can reach the sliding surface in a finite
time. Robustness is enhanced by using the sliding mode technique and conservatism
is reduced by fully using system output information and the available structure of
the uncertainties.

The proposed approach can deal with interconnection terms and parametric dis-
turbances with large magnitude. It also allows significant nonlinearity to be present
in the interconnection terms. Furthermore, the obtained results hold in a large region
of the origin if the control gain is high enough. This allows the operating point of
the multimachine power system to vary to satisfy different load demands. Finally,
simulation results of a three-machine power system are presented to illustrate the
control scheme.
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9.2 Dynamical Model for Multimachine Power Systems

The exciter is one of the main control systems which directly affect the performance
of multimachine power systems. It can be approximately depicted by Figure 9.1.

 Exiter . Synchronons
: Amplifier I+ generator
signals i ~ LS
Vref vR% VF. * Tothe rest
= - of system
k9

Stabilization

network ~ ,L_ § _,\_FP otetitial
] T

f T transformers

{

dc ac

Fig. 9.1 Excitation System

The classical model of power systems was given by Bergen [9] (see e.g. Section
1.5.5). Based on the model in Bergen [9], multimachine power systems consisting
of N synchronous generators interconnected through a transmission network can be
modelled, as in [192, 71, 202, 114], by:

X,’ = (A, + AA,').X,' + (B, + AB,’)Vf,’ —|—M,(x) —|— AM,()C) (91)
yi = Cixi, i=1,2,...,N 9.2)
where x = col(x},x2, -+ ,xy) with

xi = col(x;1,Xp2, Xi3) := col (& — 8o, @i, Pei — Pnio)

fori=1,2,...,N;vs € Randy; € R? are the input and the output of the i-th subsys-
tems respectively; C; € RP>*3 with p; < 3 is the system output matrix ; M;(x) is the
interconnection term; and AM;(x) includes the network transmission disturbance,
the torque disturbance acting on the rotating shaft, the electromagnetic disturbances
entering the excitation winding and other unstructural uncertainties.

The nominal system and input distribution matrices are

0 1 0 0
D;
A= |0 —a —a | Bi=|0 ©9.3)
0 0 —5 77

doi doi
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The uncertainty is described by

000 0
AA;i=100 0], ABi=| 0 94
00 6 -0
where ] ’
6; = —_— 9.5)
Téoz dot +AT, dot
The interconnection term is given as
0
Mi(x)=| 0 9.6)
P;i(x)
where
Z ,jsm (6 —9;) Z Bjjcos(6; — 6;)wj, 9.7)
The input control variables are
vii = LgiKeittgi — (Xai — Xgi ) gilgi — Prio — i Qei @; 9.8)

where uy; is the actual input of the amplifier of the i-th generator fori=1,2,...,N.
The physical meanings of all the symbols used above are shown in Appendix E.1.

In this work, P,; = Pyjy = constant since only excitation control is considered.
It should be noted that direct feedback linearisation compensation for the power
system representation has been used to obtain the system model (9.1)—(9.2) as de-
scribed in [192]. The feedback transformation (9.8) is nonsingular since /;K.; # 0
for a generator working in the normal region.

From the work in [71]:

N
<Y (7lsind|+ ¥} wj) (9.9)
=
where the constants ¥/; and 7/ are defined by

| d,,jlmm

7{11' = |Qei|max 9.11)

Therefore, fori=1,2,--- ,N

N
[M;(x)|| = [Di(x Z (¥;lsinxj| +¥i1xl) - (9.12)
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Remark 9.1. From (9.7) and (9.12) it is observed that the interconnections M;(x) are
nonlinear and their bounds also take nonlinear forms instead of constants as in the
work described in [71]. By using the nonlinear bounds, a control scheme with less
conservatism will be presented.

9.3 Sliding Motion Analysis and Control Design

In this section, a sliding surface will be synthesized using the approach proposed by
Edwards and Spurgeon [39, 40]. Then, under some mild conditions, the stability of
the sliding mode dynamics is analysed and a decentralized output feedback sliding
mode control strategy is proposed to guarantee that the system (9.1)—(9.2) can reach
the sliding surface in finite time and remain on it thereafter.

9.3.1 Basic assumptions

In this section, some basic assumptions are imposed on the system (9.1)—(9.2).
Assumption 9.1. The matrices C; and B; satisfy C;B; # 0 fori=1,2,...,N.

From Section 2.6, it follows that Assumption 9.1 implies that there exists a non-
singular linear coordinate transformation such that the triple (A;, B;,C;) with respect
to the new coordinates has the structure

-~ Al Ap ~ 0 ~ ~
A= | 2 Bi=|~ G = » 9.13
i |:A[3 A[4:| ) i |:b1:| ) i [O CzZ} ( )

where A;; € R2*2, b; € R and C; € RP*Pi for i = 1,2,...,N. Furthermore b; # 0

and det(Cpp) # 0.

Assumption 9.2. The triple (A;1,An, Z;) is output feedback stabilisable where the
matrix pair (A;1,A;) is given by (9.13) and the matrix =; =: [O(mfl)X(nrm) Ip[._l]
fori=1,2,...,N.

Under Assumptions 9.1 and 9.2, Edwards and Spurgeon [39, 40] show that there
exists a coordinate transformation x; — z; = T;x; where

T — I_ 0
—Kid,‘ 1

such that in the new coordinates system (A;, B;,C;) has the following structure

Al An 0 .
{An Ai4]’ M, [0 Ca] 9.14)
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where A;) = A;) —ApK;E; is stable, b; # 0 and Cj € RP*Pi is nonsingular.

Remark 9.2. Assumptions 9.1 and 9.2 are limitations on the isolated nominal sub-
systems. They ensure the existence of the output sliding surface. Notably, Assump-
tion 9.2 requires (A;1,An,Z;) instead of (A;, B;,C;) to be output feedback stabilis-
able. This is in contrast with other output feedback control results for interconnected
systems (see, for example [205, 221]). It should be emphasized that all the matrices
in (9.13) and (9.14) can be obtained directly from (A;, B;,C;) using the algorithm
given in [39, 40].

Assumption 9.3. There exist positive constants o; < 1 and known continuous func-
tions B;;(x;) such that

|T70i6i] < 04 (9.15)

N
[AM; ()| <Y B (x7) 1% (9.16)
j=1

fori,j=1,2,...,N.

Remark 9.3. Assumption 9.3 is a limitation on the uncertainties that can be tolerated
by the system. From the work in [202, 114], these assumptions are fundamental and
reasonable. The structural requirement on the interconnection bounds in (9.16) is not
essential because it can be easily extended to a more general case (see for example
[222]).

9.3.2 Stability of sliding motion

Based on the assumptions above, the stability of the sliding mode is analysed in
this section. Suppose Assumptions 9.1 and 9.2 are satisfied. From Section 2.6, there
exist matrices _

F=[K 1]C,' 9.17)

such that fori = 1,2,...,N the system
X =Aix;+Bjvy

when restricted to
I’iCixi =0

is stable, where F;Cjx; = 0 is called the switching surface. Consider the composite
sliding surface for the interconnected system (9.1)—(9.2) as

S(x)=0 9.18)

with S(x) =: col(S; (x1),S2(x2),...Sn(xn)) and
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Si(xi) = FiCix; = Fy; 9.19)

where the F; can be obtained from the algorithm given in [39, 40]. Next the sta-
bility of the system (9.1)—(9.2) when restricted to the sliding surface (9.18) will be
considered.

From the structure of AA; in (9.4), it follows that

0
TAAT 'z =T, | 0 | = (T:Bi)T);0:(Pei — Puio)- (9.20)
0ixi3

In the new coordinates z = col(z;,22,...,2xn), system (9.1)—(9.2) has the following
form

. A Ai 0
5= { il 12} ZH—[ } ((1 = T30i0:)V fi + 6T i (Pei — Pio)

Az A b;
+T 0P (x)) + TiAM;(x) (9.21)
yi=1[0 Calz, i=1,2,...,N, (9.22)

where A; is stable, b; # 0 and C;p € RPi*Pi is nonsingular with
E[0ptumpy ol = 000 f] ©0.23

where f; # 0 is a real constant.
Since A;j is stable for i = 1,...N, for any A; > 0, the following Lyapunov equa-
tion has a unique solution IT; > 0 such that

ASIL+ITA;, = —4A;,  i=1.2,...N. (9.24)

For convenience, partition

T; _
Tl-—:M, T = W Wa 9.25)

where T;; € R>*3 and W;; € R3*2. Then, system (9.21)—(9.22) can be rewritten as
Zin = Apzin +Apzin + THAM(T ™ '2) (9.26)

2 = Anzit +Aiuzin + (1 = T3,0)vsi+ 0, APy

+ T30 Pi(x) + ToAM;(T ') 9.27)
yi= [0 Calaz, i=1,2,...,N (9.28)
where 71 =: diag{Tfl,Tz’l,...,TN*1 }, zZi1 € R? and zin € R. Now, consider the

sliding surface (9.19) in the new coordinate system. From (9.23),
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F [0 Colzi= fiz
and since f; # 0 it follows that the sliding surface (9.18) becomes
zp =0, i=1,2,...,N. (9.29)

When system (9.26)-(9.28) is restricted to the sliding surface (9.29), it has the fol-
lowing form

zin = Anzit + TnAM;(Wz1), i=12,...,N (9.30)
where 71 =. 001(211,0,221,0, “e ,ZNI,O), and W =: diag{W11,07W21,07 e ,WN170}.

Theorem 9.1. For system (9.1)—(9.2), suppose Assumptions 9.1-9.3 are satisfied.
Then, the sliding mode is asymptotically stable if there exists a domain £ C
RN x(n=m) including the origin, such that

L"+L>0
in Q\ {0} where L € RN*N s given element-wise by
{kmmm,») =20 || [Wa llBi(Wazn . 0),  i=j
ij= .
2L T [ [1W)1 [1Bi; (Wi zj1,0), i#]

where II; and A; are defined in (9.24), and Aypin(+) denotes the minimum eigenvalue
of the matrix fori, j=1,2... N.

Proof: From the analysis above, all that needs to be proved is that system (9.30) is

asymptotically stable. For system (9.30), consider the Lyapunov function candidate

V=Y (zi1) Mz

=

Il
—

The time derivative of V along the trajectories of system (9.30) is given by
' N
Va0 = Z { —(zi1)" Aizin +2 (Zil)TIL'ThAMi(WZ1)} (9.31)
i=1

where (9.24) is used to obtain the first term in the bracket. From Assumption 9.3

=z

N
V< {*)Lmin(Ai)”Zil 12 +2l|za | I1TLTi || Y, IIAMi(Wm)H}
i=1 j=1

S_

M=

N N
Aain(AD |zt [*+2 Y {Hzil LT Y. Bij(Winzjn, 0) Wil llzjn II}
1 i=1 =1

1
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=

Il
=

{Aoin(A0) = 2B(Wizin O) LT T | W}z |

1

8
==
g

Bij(Wirzj1, O)[TL T || (Wit [ l|zin [[ 1z |

i
21l
=Ll el ol @+ | ©32)
[z

Then, the conclusion follows since LF + L > 0 for col(z11,z21,---,zv1) € Q\ {0}. #

It should be emphasised that in Theorem 9.1, L¥ + L > 0 only depends on the
partial state variables z;; instead of the entire state variables z; (actually x;). This is
in contrast with the work [221, 205, 222]. As such, this result is less conservative.

Theorem 9.1 presents a condition under which the sliding mode dynamics is
asymptotically stable. The next objective is to design a decentralized output feed-
back sliding mode control law such that the system state is driven to and maintained
on the sliding surface.

9.3.3 Sliding mode control synthesis

Traditionally, the reachability condition (see for example [40, 182]) is described by
S*(#)S(t) <0

for small scale systems with switching function S(¢). However, for the intercon-
nected system (9.1)—(9.2), the corresponding condition is described by

& ST (x)Si(x)
)3 118 (i) I

i=1

<0 (9.33)

where S;(x;) is defined by (9.19). For details see [74]. This condition is called com-
posite reachability condition for interconnected systems.
From (9.12) and (9.16), fori=1,2,...,N

N

N
1M (x) + AM;(x)|| < Zl(lfl(jlsiHXJ1|+76"flx12\)+Zlﬁij(xj')llx]‘ﬂ
i= j=
N
=t ) Mijlx)) (9.34)

~
I
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In order to fully use system output information, consider the output matrix C;. Com-
paring system (9.1)—(9.2) with (9.21)-(9.22), it follows that

Ci=[0 Co|Ti=Cp[0 I,]T, i=1,2,...,N. (9.35)

where Cj, is nonsingular and satisfies (9.23). Splitting 7jx; into two components
(Tixi)1 € RG~Pi) and (Tix;),, it follows that

e [T ] e

Further, let
FCGAT ' = [Th Ya] (9.37)
FC, [Tzl] — [ 1) 938)

where Tigl denotes the 3rd row of the matrix Tfl, Y € R'™*G-r) and I}, €

’

R*G=r) for i = 1,2,...,N. Since

ReiBi= R, T8 =R [0 Ca) || = [0.5) ] =
l 1

it follows that F;C;B; is nonsingular due to f; # 0 and b; # 0 fori = 1,2,...,N.

The objective is to satisfy the composite reachability condition (9.33). Consider
system (9.1)-(9.2) in the domain 2 =: 2| x Z5 x --- x Dy where Z; € R and
explicitly

D= {xi |5 € R, ||(Tix) || < i} i=1,2,....,N (9.39)

for some positive constant ;.
Then, the following control law is proposed fori =1,2,--- N

1 1 _
vji = == (FCB)sign(Fy) |7 il +

(0%

1
Tdoi

T il + ki(vi) | (9.40)

where sign(-) represents the signum function, F; is defined by (9.19) and can be
designed by the approach in [39, 40], ¢; is determined by Assumption 9.3, and
ki(yi) > 0 is a control gain to be designed later. Obviously, the control law (9.40)
depends only on system outputs and is decentralized.

Theorem 9.2. Consider the nonlinear interconnected system (9.1)—(9.2). Under As-
sumptions 9.1-9.3, the decentralized sliding mode control (9.40) drives the system
(9.1)—(9.2) to the composite sliding surface (9.18) and maintains a sliding motion
in the domain 9 if the control gain function k;(y;) satisfies
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600> (1Tl + 2o ) it 1A 041
doi j=1

where F; and mj; are determined by (9.19) and (9.34) respectively for i,j =
1,2,...,N and P is defined by (9.39).

Proof: It is necessary to prove that the composite reachability condition (9.33) is
satisfied.

From (9.19), (9.37), (9.38) and the structures of B; and AB;, the sliding mode
dynamics of the system (9.1)—(9.2) can be described by

S,'(x,‘) = E'C,'(A,' + AA,'))C,' + F}C,'(B,' + AB,’)Vﬂ + F;C; [M,'(x) + AM,'()C)]
= (Y1 +6:T1) (Txi)1 + (Yo + 6,172) Cy ' yi + FiCiB; (1—6Ty,;) vyi
+FC; [M;(x) + AM;(x)] 9.42)

fori=1,2...,N. Substituting (9.40) into (9.42), it follows that

1—-6T),

1—oy

N F T
- Z( lyl) {(r2+er2) 2yi— sign(Fyi) (IT2C5 i

L ITRCE ill) + (G + 60 ) (To)1 + FiCi My (3) + AM(x)]

Té
0i
1-6T,
— g sign(Fyi)ki(y »} (9.43)
- W

From Assumption 9.3,
1= 6T, >1—|6T;;| >1—0>0. (9.44)

Then, fori=1,2,...,N
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1-6,T, _
g sian (i) (I il

(Fiyi)*
||Eyl|| (T2+9F2)C12 Yi—

i ) |
T{;()l

Fiyi - . 1-6,T), )
= (H}l? I)H (Ezcﬂlyi + 6iE2Ci21yi) — ﬁ (”Y;ZCizlyj”
l 1 i

LG i)
TC;()I

< MG yill + 6 1T Ci il = 112G il — T, =G, il

doi
61 - ) Il
< Tdot l

<0, (9.45)
and from (9.34)
F, AT
1—06T
- 1_7[(;:"1 sign(Fyyi)ki(y:) }
(Fiyi)® 6T,
= Y+ 6,1;) (Tix;)1 + FC; [M;(x) + AM;(x 701]{
[y 0 6T0) (T 1+ FG M) + A (9] | =~ 2ok
a.
< (m||+,’||m|) Ty |+ IEC M)+ AM )| ()
o1
< (n1||+T, ||n|> [T+ 1R Y. 1 (xy) ki) (9.46)
doi j=1

where (9.44) is used to establish the first inequality.
Now, substituting (9.45) and (9.46) into (9.43), in the domain 2
SF (xi)Si(xi)
1Si(xi)
{ (it + )+ 1 Z ala) k) |

doi

M=

Il
—

™=

=,

I
-

Il
™=

{(m+ 5= |n||)ul+2Fcnnu<x,>}—ki<yi>}. ©047)

doi

i=1

Then, if k;(y;) is chosen to satisfy (9.41), it follows that in the domain &

&, ST (xi)Si(xi)
X <

i=1
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Hence, the result follows. #

Remark 9.4. 1t should be noted that inequality (9.41) can be satisfied globally only
in some specific cases. However, it can always be satisfied in the arbitrarily large
domain 2 with y; < oo for i = 1,2,...,N if the control gain k;(y;) is sufficiently
high. In fact, one conservative choice of k;(y;) is

N
Q; _
ki(yi) > (||Til I+ 77— 1T ||>Lli+ ) 1, 1F5C;ll max {nji (Toxi)1,C' i) }
j= i i

doi

fori=1,2,...,N.

Remark 9.5. From the analysis above, it is observed that there is no special require-
ment on the interconnections M;(x;) for i = 1,2,... N. Only their bounds are as-
sumed to be known. This shows that the approach is applicable to the multimachine
power system which has high nonlinearity and coupling.

Remark 9.6. From (9.8) and (9.40), the designed excitation control for the original
multimachine power system is as follows

1 1 1 _
[(ECiBi) 'sign(Fiyi) (112G il

U = —
s LiKei [1—0;
o B
+Tfl ITaCy il + ki()’i)) + (Xai — X Mgilai + Prio
doi
+T¢£0iQ€iwi:|v i=1,2,...,N. (9.48)

Remark 9.7. According to sliding mode control theory, Theorems 9.1 and 9.2 show
that the closed loop system resulting from the designed control law (9.48) and sys-
tem (9.1)—(9.2) is asymptotically stable. Moreover, under Assumptions 9.1-9.3, the
multimachine power system is globally stabilized by (9.48) if for i, j =1,2,...,N,

i) LT + L > 0 s satisfied globally;
i) ;; =0and I}; =0;
iii)n;;(x;) is bounded by a function of y;.

9.4 Simulation on Three Machine Power Systems

Consider the three-machine power system shown in Figure 9.2 where the generator
3 is an infinite busbar being used as a reference.

This system is also called the two-machine infinite bus power system (see [71]).
The simulation parameters listed in Appendix E.2 are chosen as in [71, 202]. Then
it follows that

|Pel|m‘dx = |Qel‘max =14, |P62‘max = |Q€2|max =15
|Tjo1|min = 6.21s, T}, min = 7.614s
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Generator 1 Generator 2

¢ ®
XTl@ @ X2
T 2Xp0 | |

Infinite
Busbhar

Fig. 9.2 A three-machine power system

As in [202], take
AT}, =0.1T;,;

for i = 1,2. With the chosen value of AT; »i» it follows that equation (9.15) is satisfied
for
a =0 =0.1

In addition, assume
|AM, || = |AM,]| < (x13 —0.0025x11)?||x1 [|* 4 0.006]|x2 |

Then, from (9.1)

0 1 0 0 00 1
A= [0-0.625 —39.27 |, B;= 0 , Ci= [1 0 O]
0 0 —0.1449 0.1449
and
0 1 0 0 00 1
Ay = [0-0.2941 -30.8 |, Bp= 0 , GO= 100
0 0 —0.1256 0.1256

where C| and C; are assumed to be the system output matrices.
Obviously, Assumption 9.1 is satisfied. Let
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K; =—-0.0025, K> = —0.0008

Then according to the algorithm given by Edwards and Spurgeon [39, 40], it can be
verified that Assumption 9.2 is satisfied, and the appropriate transformation matrices
(9.25) are given by

. 0 1 0] . 0 10
Tl{i} 1 00|, Tz[l] 1 0 0
T12 T — T22 s —
—0.0025 0 1 | —0.0008 0 1
and consequently
0  1.0000] 0  1.0000
Wi = [1.0000 0 , Wh1 = [ 1.0000 0
0 0.0025 0  0.0008

In the new z; coordinate system the special representation of the triple in (9.14) takes
the form

A AL —0.6250 —0.0982 | —39.27
[Al | 1_ 1.0000 0 0
3oA —0.0025 —0.0004 | —0.1449
o A —0.2941 —0.0246 | —30.8000
— | 1.0000 0 0
Axz Axn

—0.0008 —0.0001| —0.1256

and

0.0025 1 0.0008 1
Cn = Cyn =
el B

The associated switching functions matrices from (9.17) are
F = [1 —0.0025] , B = [1 —0.0008}

Choosing A; = I, A; = 0.1 and solving the Lyapunov equations (9.24) yields

7. _ [8:9466 5.0916
"7 150916 4.0608
and _ -
7.0810 2.0325
L =
2.0325 0.7720

Since in the sliding surface



304 9 Applications of Decentralised Sliding Mode Control to Multimachine Power Systems
x13 —0.0025x1; =0
it is easy to observe that
Bi1(Wiiz11,0) =0,  and  Bo1(Wi1211,0) =0
and further
Bi2(Wa1221,0) = 0.006, and B22(Wa1221,0) = 0.006

By direct computation,

T 2.0000 —0.1458
L+L" = 0
—0.1458 0.0157

Then, from Theorem 9.1 the designed sliding mode is globally asymptotic stable.
By Theorem 9.2, the 3-machine power system is stabilized by the control law

1
S — —0.002 ( 144
vri(y1) 0.9X0.144951gn(y11 0.0025y12) ( 0.1449|y11]
1
5 1 —0.0025y12 +a (1) ) (9.49)

1
S —. —o. 12
v202) = ~ 55 o T35gSen(v21 —0.0008y22) (0 56|y21 |

10
—5¢ 21— 0.0008y2| +k2(32) ) 9.50)

* 796

where
ki(v1) = 2.9025u; +1.8036|siny12| + (y11 —0.0025y12) (yi; + 1, + uf) +0.5,

ko (y2) = 2.9008u, + 1.471|sinys| +0.0124 /y%1 —|—y%2 —|—u22 +0.5.

The original control signals uy and u s, can be obtained from (9.48).
For simulation purposes, let

U =m=>5
The operating point is chosen as
010 = 60.98°, &0 = 58.62°
1o = o =017/, Puo=11pu., P =1.0p.u.

Simulation results with initial conditions xy = (0.05,—0.5,0.3,0.1,2,0.4) are pre-
sented in Figure 9.3 to verify that the results are effective as it is expected.
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Fig. 9.3 The time responses of the three-machine power system under control (9.49)—(9.50)

9.5 Summary

This chapter has presented a sliding mode control strategy to stabilize multimachine
power systems using only static output feedback. A composite sliding surface is
formed at first and then, a decentralized control scheme is synthesized which guar-
antees the reachability condition for the whole interconnected system. The devel-
oped results are convenient for practical design due to their static output feedback
nature. It allows large matched uncertainty and nonlinearities in the interconnection
terms. Simulation shows that the results are effective and valuable.



