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Decentralized Sliding Mode LFC for Nonlinear Interconnected Power
System with Time Delay*

Adrian E. Onyeka', Xing-Gang Yan',

Abstract— This paper considers a decentralised sliding mode
load frequency control (LFC) for multi-area power system with
uncertain time-varying parameters and delay. Since delays can
exert a destabilizing effect on the overall system, it is necessary
to maximize the delay bound in order to regularize the deviation
in frequency and tie-line power. Robustness is improved by
taking advantage of the system structure and uncertainty
bounds. A sliding surface is designed, which guarantees the
stability of the sliding motion and the stability of the sliding
motion is analyzed based on Lyapunov-Razumikhin function
which has a fast changing rate. A delay dependent decentralized
sliding mode control is synthesized to drive the system to the
sliding surface in finite time, and maintain a sliding motion
afterward. The effectiveness of the proposed method is tested
via a two-area interconnected power system.

I. INTRODUCTION

With the advancement of scientific technology, power
systems are becoming larger and more complex. The problem
of decentralised control and stabilization of interconnected
systems have become a major design goal [1], [2]. Since
communication technology constitutes the main backbone
for power system data transmission, it is characterized by
open communication infrastructure which are unreliable due
to time delay, packet loss, and communication failure. As
a direct consequence, constant and time varying delay must
be considered in order to enhance the performance of LFC
systems [3], [4], [5].

It is widely known that time delay is usually a source
of instability and performance degradation in control sys-
tems. Huge number of results have been dedicated to the
development and stability of time delay system (see, e.g.
[6], [7], [8]). Two main techniques based on Lyapunov-
Krasovskii functional and Lyapunov-Razumikhin function
have been largely used to deal with time delay. In most of
the existing works, delay independent and delay dependent
stability problems have been analyzed specifically. While
there have been various arguments as to which method
is more suitable for a specific problem, for lack of am-
biguity, each of these strategies has its advantages. The
Lyapunov-Krasovskii method has proved very effective in
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dealing with time-varying delays [9], [6], [4]. The Lyapunov-
Razumikhin method, when compared with the Lyapunov-
Krasovskii method, can be used to deal with large constant
delay and time varying delay with fast change rate [10], [11].
Sliding mode control (SMC) technique due to its strong
robustness properties, fast and good transient response has
proved very effective in dealing with system uncertainties
even if delays are involved ([12], [13], [14]). Recent work
carried out in LFC with time delay has recorded remarkable
improvement amidst differences in techniques. Within the
context of sliding mode, some did not consider time delay
in the design procedure see [15], [5], [16]. Whereas in some
others, the interconnection (tie-line) was dealt with as part
of the model uncertainty see [4], [17], [18].
This work proposes a decentralised sliding mode LFC
scheme for power system with time-varying delays and non-
linear delayed disturbances. The assumptions for nonlinear
terms are imposed on the transformed systems to avoid
unnecessary conservatism. Lyapunov- Razumikhin theorem
is used as a main analysis tool to deal with the delay,
thereby deriving a set of conditions which guarantee that
the derived sliding motion is stable. Then under assumption
that each subsystem states are accessible, a delay dependent
decentralized sliding mode control is synthesized such that
the power system remains uniformly asymptotically stable in
the presence of uncertainties and time delays. Compared with
[4], the tie-line is dealt with as a separate entity and sensor
to controller delay is considered. In addition, the system not
only allows the bounds on the uncertainty have more general
non-linear form but robustness is enhanced by fully using the
bounds on the uncertainties in this paper. A two area LFC
model is simulated to show the feasibility of the developed
results and the effectiveness of the proposed method.

II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION

The dynamics of the multiarea LFC power system are
described by the following equation [4].

Xi = Aixi+Eixig +Bi(ui + Gi(t,xi,%iq,))
N
+F(t,X,Xiq,) JFZTij(taxjyxjdj) (D
j=1
J#i
where x; = [Af; AP,; AP,; AE; AP,;,]T € Q; C R, is the state
vector, #; € R is the control input at the governor terminal
of the i-th subsystem. The system matrices A; € R, E; €



R, B; € R>*! are given by
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where all the parameters above have the same physical
meanings as in [4]. The uncertainties G;(-) and F;(-) are used
to model matched and mismatched nonlinear perturbation
respectively, with appropriate dimensions; where the terms
1}’_1 Y;;(-) describe the unknown interconnection of the i-th

#i
subsystem; x;q, := X;(f —d;) represent the delayed state where
d; :=d;(t) is the time varying delay which is assumed to be
known, non-negative and bounded in R* := {r |+ > 0}, that
is
d; = sup {d;(t)} < oo

teRt

The initial condition related to the delay is given by

xi(1) = ¢i(0), € [~d;,0] ®)

where ¢;(-) is continuous in [—d;,0]. It is assumed that all the
nonlinear functions are smooth enough such that the unforced
interconnected system has a unique continuous solution.
The objective of this paper is to design a decentralized sliding
mode controller

Ui = Q;i(Xi, Xig;)

such that the closed loop system under the assumption that
all the states are available is asymptotically stable in the
presence of disturbances and time varying delay.

III. BASIC ASSUMPTIONS
Assumption 1. The matrix pair (A;,B;) is controllable for
i=1,2,..,N. It should be noted that for a LFC controlled
system, T,; # 0. Matrices B; are full rank for i =1,2,..,N.
It follows from [19] that there exists a coordinate transforma-
tion £;= Tjx; such that the matrix triple (A;, E;, B;) in system
(1) in the new coordinate, has the structure

: An An ], Eq Ep } 5 [ 0 }
Ai = A A ;Ei = ~ n 7Bi = D
[ A Ai } [ Esz Ey B
(6)

where A; € R4, E;p € RV, and specifically B, € R is
a positive scalar for i = 1,2,....,N. Further, the fact that
(A;,B;) is controllable 1mphes that (Ai1,App) is controllable

(see, [20]), and thus there exists a matrix K; € R!** such
that A;; — ApK; is Hurwitz stable. Further, consider the
transformation matrix z; = 7;%;, with T; defined by

. [ Iy 0
=[5 0]
Let
T, =TiT; ®)

It follows from the analysis above that in the new coordinate
z; = Tjx;, system (1) has the following form

. _ | An An | | En Ep | 0
“0= {AB Ais Gt E3 Ey id; Bp

x (ui+Gi(t, T, 2, T, i) + B0, T 2, T 2iay)
N
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j=1
J#i

where
A Ap [ |
[AB Ay = TAT; (10)

0
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Assumption 2. There exist known continuous non-negative
functions §;(+), &;(-), and o (+) such that

1G:O)I < Gilt,zi(0), l|zia; |I) (12)
IFPOI < o (t,z:() )

+of (1, ||z, 1) |z | (13)
IO < w5zl

5t 1z, 1) 12, (14)

IV. SLIDING MODE CONTROL ANALYSIS AND DESIGN

Section III shows that there exists new coordinates z; =
Tix; such that in the new coordinate z = col(zy,z2...2v),
the system (1) can be described in (9). System (9) can be
rewritten by

. b b
@ = Anzl +Anz +Enziy, +Enzy,

N
+F;'a(taziazid,‘) +ZY?j(tazjazjdj)

(15)
j=I
J#i
b a b a b
;= Apz; T Auz +EiZg +Eiszg,
+Bi2(ui + Gi(taziazidl‘)) +F}b(tﬁzivzidi)
N
+ Y Y7(1,2),2ja5) (16)

j=1
J#i
where z; := col(z¢,z?) with z¢ € ®* and ¥ € R, A; is
Hurwitz stable, and Bj, is a positive scalar. Thus

Gi(t,Zi,Zidi) = Gi(t’E_lziv’I;_lZidi) a7
F (t Zl7Zld) L o ~1 ) _1
[ (l i, Zid; = T,Fl(t,Tl zi, T; Z;di) (18)

[ ot z,,z,d,§ }

Y2i(t,2),2jdj = TG0 T 2T zjag) (19)



where Y¢(-) € R¥ FA() e RUL X2() e R, FP() e R
for i,j= 1 2,....,N. It should be noted that all the matrices
Aij, Eij and B,z can be obtained from (10) and (11). Thus
the transformed system (15)-(16) is well defined.

A. Stability of sliding motion
From the structure of system (15) and (16), define a

switching function of the form
i=1,2,...,N (20)

Therefore the local sliding surface for the interconnected
system (9) is described as

0i(zi) = Spzl =0, (21)

Since A;; in (15) is stable, for any Q; > 0, the following
Lyapunov equation has a unique solution P; > 0 such that

ALP.+PAy =0, i=1,2,....N. (22)

0i(zi) = Snz?,

i=1,2,...N

From the structure of system (15)-(16), the sliding motion
of system (1) associated with the sliding surface (21) is
dominated by system (15). When dynamic system (15) is
limited to the sliding surface (21), from the fact that S;; is
nonsingular, the reduced order dynarnics can be described as

4 =Anz} +E,1Z,d +Wi(t,2 2 :d +ZYU (r ZJ’ /d/) (23)
/#l

) zb —col( l,zbz, ,zb) and
Witz 2g) = (24)
Yij(1,25,254,) (25)
where Ff(-) and Y{;(-) are defined in (18)-(19) respectively.
System (23) is obtained by applying (21) to the system (15).
From Assumption 2, it is clear to see that F{*(-) and Y7,(-)
are bounded by a known continuous function. Therefore,

on the sliding surface, the bounds on (13) and (14) can be
described as

1P 26,2, 20| < B, 2 [P 22|

+BY (11128, 1) 117 28,11 26)
1P (28, ) < 2, 2P

b (e 12, D 1P 2 | @)

a a
where z{ = col (zil,zfz, vy 2
F;' (t7Zi7Zidi)|Z[_b:0
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where the functions B¢(-), BY(-), xi;(+), and xl-j(-) are
nondecreasing.
Theorem 1. Under Assumptions 1-2, the sliding motion of
system (15)-(16) associated with the sliding surface (21),
governed by (23) is uniformly asymptotically stable if W7 4
W > 0, where the matrix
a b
we|

} (28)
ANX2N

Here wa ( ij)NXN’ Wb = (W?j)NXNs w¢ = (ij)Nst
= (! ) Nxy and

:{ Aonin (PO ) 2B — g, i i =

e PP ), ifi%)

W-.

1B PEAP )+ ), ifi=j
_lmaX(Pil/z 1/2)7(1]( ), if i ]
ifi=j

g |1
Wij = { 0 ifis;
where wf?j = wfj fori,j=1,2,...N
Proof. For system (23), consider a Lyapunov function can-
didate

b _

(z)" Pizf

=

V(z{,25,.2) = (29)

1
It follows from (22) that the time derivative of V along the
trajectories of system (23) is given as

N N
- Y "0t +2Y (&) PEn,

i=1 ifl

T PP,(- +222 ) PYY(-
i=1j=1
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V(zf)l(23) =

+2 (30)
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It is straight forward to see that
@'oz = 'R Por PRy
i (P ;‘/ZQi PR G

A

and

N
2) (z) PEnzy, =2
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)R 2P E P PR,
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<2 Y|P 2P P Ear )P P2 )
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From (26), it follows that
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2Y (T Pw() =2 Y ()PP ()
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It is clear that all the subsystems in (15) has the same
dimension 4. From (27)

12,1 12,1 12a
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_ 222( @) P1/2 1/2P I/ZPI/ZT“()
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Substituting (31), (32), (33) and (34) into (30) yields

V(Z?(I))‘(Zi’t) <- A’mzn( 71/2Q P71/2)||P1/2 aHZ

M=

i=1

1/2 1/2 —1/2 1/2
+22||P/ SO)IPPEaPT P

2 (B PP+ B, ) ¢
i=1

P12 )) 421 3 Al 39)
i=1 j=1

J#
(x%(-)ﬂp” {0P; 250+ 2 OB <1y, ||>

For any constant ¢; > 1, assume that

V(24,4 Zna,) < @iV (21525, -, 25) (36)
which from (29) implies that
- 1/2 a2 ul 1/2 2
ai Y 1B 1P =Y NP " llP >0 (37
i=1 i=1

Further from (35) and (37), it follows that

V(@i (1)le3) <
N
_{ Z (Amm( Ql

N
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) 280() i) IR
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where

z= (IA"1)

Hence from Theorem 1.4 in [7], the conclusion follows based
on the condition that WI +W > 0. m

pl/2 1/2 1/2 r
B 1P 2 1P 2 )

B. Decentralized Control design

Next, it is necessary to design a decentralized sliding mode
control law for the interconnected systems such that the
systems state is driven to the sliding surface (21). A well
known reachability condition for the interconnected systems
(15)-(16) is described by [12]

N o7 (2)6i(z)
= o)l

Consider the following decentralized control.

uj = —(SpB;) ™! {SiZHi + <3i + Tli) Sgn(Gi(Zi))}(40)

<0 (39)

where
H; = ApZ +Auz} + Enzy, + Euzy, (41)
is the linear component.
Ei = [ISeBillGi(r,zi; ||z, ||)+||S,2||( K (1,2))l1)]]
50z, D2, ) + 182l (e, 20l
+a (¢ g )z ) “2)

where 1); is a positive constant. The functions {;(-), x7(-),
kP(-), a(-), and o (-) are given in Assumption 2.

Theorem 2. Consider the system (15)-(16). Under Assump-
tion 2, a delay dependent, decentralized control law in (40)
with E; defined by (42) drives the system (15)-(16) to the
sliding surface (21) and maintain a sliding motion on it
thereafter.

Proof. From (20) and (16), it is easy to see that

N

Zc T(2))6:(zi)

i=1 Ho-l Zi ||

Z ” ”{ SipH; + SpBiu;
l

+8nBiGi(-) + SF () + Sin ZYZ(')}
i

J#

(43)

It follows that substituting «; in (40) into (43),

N

o/ (z)6i(zi)
Lol Zucn

( —(SnB;)~! {Si2Hi + (Ei + ni) sgn(o;(z;)) })

SinH; + SinB;
Z; ||

N
+S0BiGi(-) + S FP (1) + Si ZT?,()} (44)
j=1
j#i
Then substituting (42) into (44)
N
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N
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2
From Assumption 2, it follows that B [04“} . —0.(())§(Z:11d1) _— [ Odn1
. = [T | L 2T T 36in (2
iciT(z,-)ci(zi)< —iw\wﬁllé(d —2.48()? sin(z3)
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N T
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HisaBilllGi)] | - [ ¥ Z-Eken(o) 6, 0 1 0 0o
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) [Aﬂ Aﬂ} _ 0 0 0 1|0 |@s)
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O'
i=1 Hl )” 03><] 03><l 03><l 03><1 03><l

[?1 ?2} = 0 0 0.009 0069 0
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Mz

where the fact that ||oi(z)| < of (zi)sgn(oi(z:)) [14] was

used above. This shows that the reachability condition holds.  gaced on Assumption 2. The unknown matched uncertainty

Hence the c.zo.nclusion follows. H Gi(-) and Fib(‘) is assumed to satisfy
From Sliding mode control theory, Theorems 1 and 2
together guarantee that the closed-loop systems formed by IGi()| < 3|zlfd1 |sin?(z1)
applying controllers (40)—-(42) to the system (15)-(16) are —
asymptotically stable. 2C1(>
1G2()] < 2sin"z |z
—_————
V. SIMULATION EXAMPLE &)

In order to illustrate the obtained results, consider a two-

area LFC power system with time varying network delays. IFP() < sin®(z1)|z1 ||+ 0.8]z14, |
The parameters and data used in obtaining the simulation
results are from [4], [5]. The areas are interconnected via a ()
tie-line. Thus, as the system load varies, turbine speed also |F: 2b Ol < ZCOSZ(ZZ)HZZH +O-5||12d2||
varies which in turn changes the frequency Af(¢) and the ()
tie-line power AP, (¢) of the generating unit. b 2
By using the algorithm in [20], the coordinate transfor- MOl < w
mation z; = T;x; for i = 1.2 can be obtained with 7; defined Kk12(+)
by Therefore, on the sliding surface (21), when the sliding
motion takes place. Since Aj; and A in (47)-(48) are
1 0 O 0 0 stable, it follows that choosing Q; = O, = I, and solving
01 0 0 0 the lyapunov equation (22) has a unique solution
=T=|0 0 1 0 0
00 0 1 0 2.0559 —-0.5 -0.8979 0.5
30 62 42.5 11.50 1 P =P, -05 08979 —-05 —1.7320
—-0.8979 —-0.5 1.7320 -0.5
Hence it follows from (9) that 0.5 —1.7320 —0.5 9.9248
Area 1:
and thus
0 1 0 0 |0
A A 0 0 1 0o |o 1.3419 —0.3066 —0.3959 0.0667
[Aii Aﬂ o o 0 I lof@n i ph| 03066 06650 03726 04678
3 —30 —62 —42.5 —11.50/1 —0.3959 —0.3726 1.1890 —0.1507
89 —156 —43 -8 ‘3 0.0667 —0.4678 —0.1507 3.1111

Further, from (26)-(27),

AN I B TR BEC) = 3sin’(c)),  BP() = 2sin()

E3 Ea| S Bs()=2l51"  By(-) =1z,

: : . . a _ - 2(.a b _
0.38 50.36 0.06 0.45] () = 353 ()s () 20
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Fig. 2: Evolution of system responses for area 2

By direct calculation, W defined in (28) is given by

103761 —-3.5 29826 O

W= =35 123761 0 1.7195
2.9826 0 1 0
0 1.7195 0 1

It is easy to verify that the conditions in Theorem 1 are
satisfied. Thus from Theorem 1, the sliding motion associated
with the sliding surface is uniformly asymptotically stable.
From theorem 2, the decentralised control law is given by
(40)-(42).

For simulation purposes, the time delay d;(r) = dh(t) =
6+ 2sin?(r) is chosen for the two area LEC system. Based
on Theorem 1 and 2, the LFC system is uniformly asymp-
totically stable for + > 0. Figs 1 & 2 shows the systems
response in areas 1 & 2 from their initial values, under
load perturbation and time varying delay. However, based on
Theorem 2, the delay and disturbances in the system can be
compensated by proper designed controller, which converges
rapidly. Thereby driving all error deviations to zero, which
verifies the effectiveness of the designed controller.

VI. CONCLUSION

A decentralized state feedback sliding mode control based on
the Lyapunov-Razumikhin theorem has been proposed for
nonlinear interconnected power systems with time-varying
delays and uncertainties. By employing the delay and exploit-
ing the bounds on the uncertainties in both the sliding motion
analysis and the control design, conservatism is reduced

and the robustness is enhanced. The simulation results on
a 2-area interconnected power systems has demonstrated the
effectiveness of the obtained results and further illustrates
the feasibility of the proposed methodology. In the future, it
will be interesting to explore the delay independent control
for LFC power systems.
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