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ABSTRACT The robust stability and stabilization of adaptive event-triggered load frequency control
(LFC) with sliding mode control (SMC) for multi-area power systems under a networked environment are
investigated in this paper. The adaptive event-triggered scheme is proposed to maximize network bandwidth
utilization, and it can be adaptively modified according to circumstances. Furthermore, to provide stronger
robustness performance which is against the frequency deviation induced by power unbalance or transmis-
sion time delays, the SMC is developed. Then, the LFC scheme for multi-area power systems under the
networked environment is modeled as a Markov jump linear system model, to describe the uncertainty
parameters and external disturbances better in this system. Additionally, by employing Wirtinger-based
inequality and Lyapunov theory, the robust stability and stabilization criteria with less conservatism are
derived. Finally, simulations are performed to demonstrate the efficacy and superiority of the developed
approach.

INDEX TERMS Adaptive event-triggered scheme, load frequency control, networked communication,
sliding mode control, Wirtinger-based inequality.

I. INTRODUCTION

To operate a power system with sufficient supply and reli-
ability, it is significant to make the power generation corre-
sponds to the power demand during variations in load and
source [1]-[3]. The load frequency control (LFC) plays thus
a critical role in mitigating unwanted tie-line power flows and
frequency variations between neighboring interconnected
areas [4], [5]. The LFC scheme explicitly aims to ensure zero
steady-state errors for frequency and tie-line input flows of
power systems [6], [7]. Therefore, holding the power system
steady and secure is a very important process. At the same
time, the investigation of LFC in power systems can be treated
as the research of objective optimization and robust control.
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In modern power systems, dedicated communication chan-
nels and open communication infrastructure are the popular
methods to connect neighboring contact areas [8], [9]. Mod-
ern power systems with open communication networks are
competitive compared to conventional power systems with
dedicated communication channels. At the same time, it has
lower costs and greater flexibility [ 10]. However, along with it
come the finite communication time delays, packet dropouts,
and disordering [11]. Hence, some new challenges have been
present for the power systems. More importantly, since multi-
area power systems are growing rapidly, so the limited com-
munication and computational resources are congested by
higher load data transfers. Therefore, the problem of limited
network utilization is becoming more and more severe.

The event-triggered scheme has recently become a focus
area for the modern power system with open communi-
cation networks to save network bandwidth and minimize
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transmission frequency. For the event-triggered scheme,
the data packets of the sampled signals can be transmit-
ted only when the designed triggering criterion is satis-
fied [12]. In this way, the unnecessary use of computational
and networking resources can be reduced and the use of net-
work bandwidth maximized. Therefore, the event-triggered
scheme has been applied in various fields, for instance, net-
worked systems [13], [14], multi-agent systems [15], [16] as
well as the LFC scheme for power systems [17], and some
representative results have been demonstrated. The com-
munication delays and event-triggered scheme were incor-
porated for the LFC scheme in [18]; the event-triggered
LFC scheme including supplementary adaptive dynamic
programming was presented in [19]; as well as based on
the event-triggered communication, the distributed reactive
power sharing control was studied [20]. However, the above
researches about the event-triggered scheme are all pre-
designed. To improve this and save more network utilization,
the adaptive event-triggered scheme [21], [22] in which the
event-triggered threshold can be adaptively modified accord-
ing to the previous and present transmitted signal packets is
investigated in this paper.

Sliding mode control (SMC), with fast response and robust
performance, is a control strategy to guarantees power sys-
tem high robust performance [18], [23], [24]. Under load
disturbance, the control process of frequency and tie-line
power deviations may become very challenging. It is well
known that the SMC procedure demands that specified
switching surfaces be built and a controller synthesized [25].
Depending on this the trajectories of the state can be forced
to move in a finite time towards the sliding mode sur-
face, which can improve the system transient performance
greatly [26], [27]. Thus, it has been widely utilized in engi-
neering practice, especially in the LFC scheme. For example,
the robust stabilization of the LFC scheme with the SMC
approach was proposed in [28]; the sliding mode LFC for
hybrid power system was studied in [29]; and the robust SMC
of wind energy conversion systems were investigated in [30].
Therefore, to solve frequency problems, the SMC strategy is
proposed in this paper.

In particular, Markov jump systems can be utilized to
model abrupt variations caused by device failures, sudden
environmental changes, changing interconnections with sub-
systems [32], [33]. Multiple practical systems, such as solar
boiler stations, economics, dc motor units, RLC circuits, can
be modeled as Markov jump system [34]. Also, it iS com-
posed of several interacting operating modes and a dynamic
mechanism involving stochastic hopping, which is ultimately
controlled by a Markov chain [35]. Hence, taking the uncer-
tain model parameters and external disturbances caused by
the complexity of the power system model and various envi-
ronments, the Markov model is applied in this paper.

Motivated by the debates above, this paper investigates the
LFC scheme combining adaptive event-triggered strategy and
SMC for power systems operated over a bandwidth-limited
communication channel. In open communication networks,
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the transmission time delay is the inevitable factor destroy-
ing the system performance. Hence, the transmission time
delay is considered in this paper. To save more network
bandwidth utilization, the adaptive event-triggered scheme
is applied in this paper. At the same time, considering the
increase in renewable energy sources, the wind power has
been integrated into the proposed system model [26], [31].
Additionally, the SMC strategy is employed to guarantee the
power system’s robust performance which will be caused by
external disturbances and parameter variation. Specifically,
taking the uncertain parameters and external disturbances,
the Markov model is proposed in this paper. By utilizing
Lyapunov theory, the criteria of stability and stabilization for
the power system can be deduced in terms of linear matrix
inequality (LMI). Specifically, through the Wirtinger-based
inequality, the less conservative conditions of them can be
obtained. The main contribution of this study is three-fold:

1) In multi-area power systems, higher load data trans-
fer congested restricted communication and computing
resources. To improve the limited network bandwidth
utilization and save more network resources, the adap-
tive event-triggered scheme is applied. In this scheme,
the adaptive threshold is considered which can be adap-
tively modified according to the previous and present
transmitted signal packets.

2) The stability of the power grid is vitally necessary.
It should be noted that SMC has the advantage of fast
response and robust performance. Thus, to improve
the robust performance of the power system, the SMC
strategy is employed in this paper.

3) By exploiting a suitable Lyapunov function and
Wirtinger-based inequality, the controller design strate-
gies and stability conditions with an Hs, attenuation
level y > 0 are studied under less conservative
condition.

The remainder of this paper is structured as follows. Section
I introduces the model of the LFC scheme which involves
adaptive event-triggered scheme and SMC strategy with
transmission time delays. Then, by using the Wirtinger-based
inequality and Lyapunov theory, the asymptotically stable
condition with H, performance and robust controller design
results are investigated in Section III. Section IV demon-
strates numerical results to express the effectiveness of the
method presented in this paper. Eventually, this work is con-
cluded in Section V.

Il. PROBLEM STATEMENT

The multi-area power system is presented in Fig.1, which
contains the adaptive event-triggered scheme and sliding
mode control strategy. The notations of the i-th control area
are given in Table 1. The multi-area power system model can
generally be represented by a linear time-invariant system as
follows:

VOLUME 8, 2020



X. Lv et al.: Adaptive Event-Triggered LFC of Multi-Area Power Systems

IEEE Access

ali

!
Markov A e <:> 1
Network 1+sT . 1+S T A

& chi

ﬁ% ‘Zﬂ TU
] AP,
!__ windi Y

2T

joLji

?ﬁ

D+sM

Adaptive
Event-trigger

FIGURE 1. Transfer function model of multi-area time-delay hybrid power
system.

TABLE 1. Notations.

Symbol Quantity
APy; Load deviation
APp; Generator mechanical output deviation
AP,; Valve position deviation
APy inda;  Out of wind turbine generator deviation
Af; Frequency deviation
APrie_; tie-line active power deviation
M; Moment of inertia
D; Generator damping coefficient
Ty; Time constant of the governor
Teni Time constant of the turbine
R; Speed drop
Bi Frequency bias factor
T;; Tie-line synchronizing coefficient

X(1) = Ax(r) + Bu(r) + Fo(1) 0
(1) = Cx(1)
where
x(t) = [Afi APn APy [ACE; APjei]
x(@) =[x w0’ IO
Yilt) = ACE;, (1) = [ APgi APyinai]”

T
yt) = [yi®"  »n@o" ']
o) = [0 wxt)” on! ]’

B —D; 1 -1
_t _ 0 0o —
M; M; M;

—1 1
0 0 0
Teni Teni
! 0 1y 0
Aii: RTgi Tgi
Bi 0 0 0 1
N
2t Y T; 0 0 0 0
L J=lLj# _

Ay =[5, 1) = —2xT}]
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Al Aln ... AN
Ay Axp ... Ay
A= . . .
AN] AN2 e ANN
| T
B = [o 0 £ 0 o]
B = diag{B1 B, ... By}
Ci=[B 0 0 0 1]
C = [C] CZ .. CN]
-1 T
A 0O 0 0 O
F; = _i
— 0 0 0 O
M;
F =diag{F\ F» ... Fy}

The ACE signal for each control area is the sum of Af;
multiplied by B; and the tie-line power exchange APy,
which is expressed by:

ACE; = BiAfi + APrie—; )

Next, the sliding-mode surface function can be constructed
as:

t
s(t) = Gx(t) — / G(A — BKC)x(t)dt 3)
0
where G and K are constant matrices and G is selected to
ensure matrix GB to be nonsingular.

For the ideal sliding-mode surface, the following function
can be satisfied

5(1)=0 4)

Then, substituting (1) and (4), the following equivalent
sliding mode control law can be obtained

s(t) =0,

lteg(t) = —KCx(t) — (GB) ' GF w(t) (5)
Therefore, the dynamic model (1) can be rewritten as:
x(t) = Ax(t) — BKCx(1) + Fo(1) 6)

where F = F — B(GB)"'GF.

The variations in system configuration and partly system
failure will destroy the system stability. However, the Markov
jump linear systems (MJLIs) can be applied to investigate the
system stability caused by them [10]. The open communi-
cation network is structured as a Markov finite-state process
with the following properties

Plrs(t + Ar) = jlrs(t) = i] = pjj
L
0<ij<L 0<my<l Y m=1
j=0
where 77;; expresses the probability from mode i to mode j, as
well as replace the probability of r,(t) = i to rg(t + At) = .
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The system (1) can be further converted into the following
Markov jump system as:

x(t) = Ax(t) — BK,Cx(t) + Fo(r) (7

For convenience of analysis, the K(7(¢)) can be denoted
as K.

Under network environment conditions, the sample data
ACE;(t) cannot be used directly, as there are transmission
time delays and data losses across communication networks.
Therefore, taking the impact of networked environments into
account. It is possible to write the input of the controller as:

terth + Ty ) ®)

where f;h is the transmitted instant of x(#;h); h means the
constant sampling period. Only the network-induced trans-
mission delays are considered as t;,, Ty = max(ty, ), d=T,.

Since multi-area power systems sub-area are located in
various locations. Hence, the multi-packet transmissions are
needed. For the event-triggered scheme, when the defined
triggering criteria are satisfied, the sampled signal packets
can be transmitted. Throughout this scenario, the inefficient
use of computational and communication resources can be
reduced. And, the network bandwidth utilization can be max-
imized. In this subsection, the event-triggered transmission
scheme can be rewritten as:

[x(txh + jh) — x(teh)])T ®[x(teh + jh) — x(txh)]
> ax(th)T Px(teh)  (9)

y(1) = Cx(txh), t € [ tkh+ T,

where @ is an unknown positive matrix which need to be
designed and A € [0, 1).

The benefit of the event-triggered scheme is that the occur-
rence of a transmission is contingent on the threshold of
the state-dependent. To improve this scheme performance,
the following adaptive event-triggered scheme will be intro-
duced into this paper:

[x(teh + jh) — x(teh)]” @[x(teh + jh) — x(tch)]
> Much)x(th)! dx(eh)  (10)

Comparing with the predetermined time invariant A in (9),
the L(#¢h) in (10) can be adaptively modified according to the
previous and present transmitted signal packets:

Atch) = max(Am, nA(tk—1h)) Y

where A,;, > 0 and

0, if llx(@h
n= > [lx(-1m)|l
2a Ix(@ )|l — llx(ze—1h)|l :
1 — —atan( ), otherwise
T Ix(zh)|
Denote:

Qo = [txh+ 1, tkh+h + ),
Q= [txh + jh + T, tkh + jh+ h 4+ Ty),
Qq = [tkh+dih+y, trrh+1,), (G=1,2,...,di)
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So, there are

—d,
[+ To, i1 h+ To,,) = LJ;:() Q (12)
At the same time, defining

0, k € Q
x(tyh) — x(tyh + mh), k € @, (13)
x(tyh) — x(txh + jh), k€ Q;

e(t) =

where j = sup{m € N|txh+mh < g 1h,m=1,2,...}.
The real transmitted data under the adaptive event-
triggered scheme (10) is

u(t) = Ky(tyh) = KCx(tih) (14)

On the whole, by utilizing the Markov jump theory,
the multi-area power system model based on adaptive event-
triggered SMC scheme can be described as the following
linear time-invariant system

%(t) = Ax(t) — BK,Ce(t) — BK,Cx(t — 1) + Fo(t)  (15)

Remark 1: Tt should be noted that the initial state out-
put x(0) is assumed to be successfully transmitted. Then,
the release time instant of the rest state output will be deter-
mined by the next judgment scheme (10). Thus, the controller
will be updated at its event time, so only a part of sampling
information can be transmitted, which can effectively save the
limited network resources.

Remark 2: The benefit of the event-triggered scheme is
that the transmission of the signal packets depends on a state-
dependent threshold relative to the period communication
scheme. Additional, the adaptive parament A(#; /) is consid-
ered in this paper,which can be adaptively modified according
to the circumstances [21]. In this adaptive event-triggered
scheme, the smaller A(fx41h) is applied to set more trans-
mission signal packets, which can increase the transmission
frequency. Meanwhile, the higher A(#;41 /) will be utilized to
set lower transmission frequency. In this way, it can save more
communication bandwidth and improve network utilization.

The following lemmas are introduced in advance before
presenting the main results.

Lemma 1 [36]: Let Zy = Z],0 < Z, = Z] and Z;3 be real
matrices of appropriate dimensions, then Z; —|—Z3T Z, 17: <0,
if and only if

zy 7l -7, 73
|:Z3 7 <0 or Z3T 7 < 0.

Lemma 2 [36]: For a given matrix M > 0, the following
inequality holds for all continuously differentiable function x
in [a, b]

1
b—a

3

T
Ms,
b—a§2 &

M+

b
/ T (s)Mx(s)ds >

where {1 = x(b) —x(a) and & = x(b)+x(a)— b_za fab x(s)ds.
Lemma 3 [37]: For given positive integers n, m, a, scalar

a € (0,1), an n x n-matrix R > 0, two n x m-matrices Wy,
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W>. Define, for all vector & € R™, the function ®(«, R) given
by

1 1
O, R) = ;éTWlTRWls + msTWZTszg.

If there is a matrix such that |:§ ;i| > 0, then the following
inequality holds

T
. W& R % W&
O(a, R) >
attiyy 0@ R = [Wzs] [X R} [W2€
Lemma 4 [37]: Given matrices Q = QT, H,E and R =
RT > 0 of appropriate dimensions, Q0+ HFE+ETFTHT <0

for all F satisfying FT F < R, if and only if there exists some
A > Osuch that 0+ AHHT + A~'ETRE < 0.

IIl. MAIN RESULTS OF THE SLIDING MODE CONTROL
AND ADAPTIVE EVENT-TRIGGERED SCHEME ON THE
MARKOV MODEL OF POWER SYSTEM

In this section, the robust stability and stabilization results
of the system (15) with the adaptive event-triggered sliding-
mode control scheme and Markov model will be developed.
Firstly, the robust stability results for the system (15) with
w(k) = 0 will be presented. Then, taking disturbance into
account, the robust H stability results for power system (15)
will be developed. Finally, the sliding mode controller will be
designed for system (15).

Theorem 1: For given positive constant & € (0, 1), the sys-
tem (15) with w(k) = 0 is asymptotically stable, if there exist
positive definite matrices Py, Q1,, Q2r, Sr, Ty, P, appropriate
dimensions X1, Xor, X3,, X4r, Y and identity matrix with
appropriate dimensions /, such the following matrix inequal-
ities hold forall r =1, ..., L

[ T4y, * * *
_ | Mo, oo * *
f, = M3, 0 Ta3 « | =0 U9
pne 0 0 44,
[ S, * * *
. 0 35, % *
=y x5 2|0 (17)
_X2r Xy 0 3Sr
[ <T, (18)
where
L

My, = el Zﬂrll’lel +el Q1rer — (1 — d)ed Q1res
=1

+€1TQ2r€1 - €£Q2r€4 — egcbez + )\megcbeg
—(e1 — e3)" Sr(e1 — €3)

—(e3 — €)' Sp(e3 — es)

—3(e1 + €3 — 2e5)T S, (e] + 3 — 2es)
—3(e3 +e4 — 296)TSr(€3 + eq — 2e6)
—~2(e3 — e) X1,(e1 — e3)

—2(e3 — €)' X3, (e1 + €3 — 2e5)

VOLUME 8, 2020

—2(e3 + es — 2e6)" Xor(e1 — €3)
—2(e3 +eq4 — 266)TX4r(€1 + e3 — 2es)
M, =31, =11, ) =... =(L, 1) = A,
(1,2) = —BK;C, ..., (L,2) = —BK,C,
(1,3) = —BK,C, ...,(L,3) = —BK;C]

H22r = diag{—nrl‘cM(Sl — 2Y1), ooy, T LTM
X(Sp — 2Y1)}

M3, = diag{—e 'm1(T1 — 2Y1), ..., —& 'y
x(Ty, —2Y1)}

Mo =[P ... P

44, = diag{—em,1, ..., —€mL}

Proof: Define the Lyapunov function as:
t
V() = xT ()P, x(t) + / xT()01,x(s)ds
t—1y,
t
- / xT ()02, x(s)ds

1—Ty
0 t
+ty / f x7(5)S,x(s)dsd6 (19)
—ty Jt+6

where P, Q1,, Oz, S, are positive-definite matrices with
appropriate dimensions.

Calculating the derivative of (19) along the trajectory (15)
with w(k) = 0, one has:

L
AV () = 28T (OPx(0) + x7(1) Y maPix(t)
=1
L

+x"()Q1x(1) + D wlAx(t) — BK, Ce(t)
=1
—BK, Cx(t — 1)1 Pix (1) + x" (1)Q2rx(1)

L
+ > wux (t)P; - [Ax(t) — BK,Ce(t)
=1

L
—BK,Cx(t — )l +x7 (1) Y 7y Pix()
=1

—(1 —d)x"(t — 1) 01rx(t — 17,)
—xT(t — i) Q1rx(t — i)

L
i’ (0 ) maSii)

i=1

t
—y / 1T (5)S,%(s)ds
=1y

By utilizing Wirtinger-based inequality, —ty ftl_ o
17 (5)S,x(t)ds can be rewritten as:

t
—Ty / 7 ()8, x(t)ds
t—t,k
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=1
—Ty / T (5)S,x(t)ds
t

-y

TM T ~ TM T ~
= -——Ww lrSrWIr -—W 2rSrW2r
T ™ — Ty

where

Wir = [x(t) — x(t — 10,);

t
X0+ x(t — ) — — / x(s)ds],
t T

Tk

W2r = [)C(l - Ttk) —X(I - ‘[M); )C(t - Ttk)
=Ty

+x(t —ty) — ——— /
™ — Ty Ji—1y

S, = diag{S,, 3S,}.

x(s)ds],

Defining the following augmenting state variable

E)=[x(t) e() x(t—1) x(t—1M)

t—1 T
L, xmdm e f T x(mydm |
and ¢j =10...0,1,0. .0l G =1,...,6).
J= 1 6—J

Under the adaptive event-triggered schem (10) condition,
by applying Lemma 3, it follows that

AV (1) — e(t)T De(t) + Amx(t — 7)) dx(t — 1)

< eT()QEK) <0 (20)

where

L
Q =T, + ) _[Aer — BKCes — BKCes] Py
=1
L
+ Z w1 Pi[Aer — BK;Cer — BK;Ces]
=1

L
+1y Z[Ael — BK;Cey — BK;Ces]"
=1

x1,Si[Ae; — BK;Cey — BK;Ces]

Because 2, < 0 and by utilizing Lemma 4, (17), (18) and
the next condition can be obtained

L L
My, +eY 7aP{ Pi+1n Y _[Arer — BiKCe,
=1 =1
—BiK;Ce31" m,R[Aje; — BiK;Ces — BiK|Ces]

L
+e7' ) mnlAier — BiKiCe — BiKiCes]”
=1
xTi[Aje; + BiK;Cey — BjK;Ce3] <0

where T} expresses positive definite matrices.

There is a fact that if the Z < 0, and Y7 = Y can
be satisfied, the YTZY < —2Y — Z~! can be obtained.
By utilizing this fact and Lemma 1, condition (16), (17), and
(18) can be obtained. Obviously, if 2, < 0 can be satisfied,
then AV(r) < ET()QE(M) < —k|E@]*> < 0 can be
obtained for a sufficiently small constant « > 0. Therefore,
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system (15) with w(t) = 0 is asymptotically stable, and this
completes the proof.

Remark 3: 1t should be noted that the inequalities scal-
ing method is applied in this theorem. Thus, the con-
servative problem needs to be considered. In this theo-
rem, the —tyy ff o )'cT(s)Sr)'c(t)ds is rewritten as — 7y ftt -

TS, x(0)dsr — Ty fz T ($)S,%(t)ds. Then, Wirtinger-
based inequality is employed in this derivation. In this way,
the less conservative results can be expected than the existing
research using Jensen inequality [6], [7].

Theorem 2: For given positive constant ¢ € (0, 1), the sys-
tem (15) is asymptotically stable with Hy, prescribed atten-
tion level y, if there exist positive definite matrices P, Q1,,
02, Sy, Ty, ® and appropriate dimensions Xi,, Xo,, X3,,
X4r, Y, such the following matrix inequalities hold for all
r=1,...,L

T4, * * *
Il I * *
/ _ r r
IT, = M, 0 Ms3, <0 (21
l_I4lr 0 0 l_144r
X, >0, <T,
where

L
/ T T T
H]lr = e E wPre7 + €5 Qirer + €7 Oore7
=1

—(1 -1 )egQ1r69 €1T0Q2r610

+e7 CTCe7 — y 6‘11611 —eg <I>eg

+Ames Peg — (1 — e3)" Sr(e7 — e9)
—3(e7 + €9 — 2¢12)" Sy(e7 + €9 — 2e12)
—2(e9 — e10)" X1,(e7 — e9)

—2(eg — e10)" X3,(e7 + €9 — 2e12)

—(e9 — €10)" Sr(e9 — e10)

—2(eg + €10 — 2e13)" Xar(e7 — €9)

—2(eg + €10 — 2e13)" Xar(e7 + €9 — 2e12)
—3(e9 + €10 — 2¢13)" Sr(e9 + €10 — 2¢13)

My, =05, =, )=...=(L, 1)=A
(1,2) = —BK\C, ..., (L,2) = —BK; C,
(1,3) = —BK,C, ..., (L,3) = —BK; C,
(1,5 =...=(L,5 =F]

Proof: For a specified attenuation level y > 0, the cost
function J can be interpreted as:

J= / ooﬂ(r)y(r) — Y20l (Hw(t)dt (22)
0

Under the adaptive event-triggered scheme, and for w(t) €
1[0, oc] and ¢ > O condition, one gets

T <y Oy0) = y*o’ e@) + AV(@)
—e(t) De(t) + Apx(t — 1) Ox(t — 17)

VOLUME 8, 2020
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Then one further has

Y 0y(t) — yrol (Do) + AV(t) — e(r)! De(r)
+ dx(t — 7 )T Ox(t — 17)
<0 (23)

Defining the augmenting variable as:

E@) = [x() e x(t—ty) ()

1t 1 =Ty T
j.t_ftk x(mydm —— [, % x(m)dm]

Trk ™ — ttk

x([ — .Ctk)

and¢j = [0...0, I, . (G=7,...,13).

0...0]

~——
j=7 13—j

The condition (23) can be calculated by

£T(QLE (k) <0 (24)

where

L
Q =1y, + Z[Ae7 — BK;Ces — BK;Cey
=1
L
+F16‘11]T7'[r1P1 + Z 1,qPi[Ae7—BK;Ceg — BK;Ceg
=1
L
+Fenl+ v Y _[Ae;—BK,Ces — BK;Cey + Fen”
=1
71Si[Ae7 — BK;Ceg — BK;Ceg + Fej]

By utilizing the same method proposed in Theorem 1, and
combining Lemma 1 and Lemma 3, then condition (21) can
be obtained. Finally, if ', < 0,s0J < —« ||§1/(t)||2 < 0 can
be satisfied, and the condition (21) will be obtained. There-
fore, the power system (15) is Hy, stable with performance
index y. Then, the proof of this theorem can be completed.

Remark 4: 1t should be noted that the feasible solution of
the controller gain and H, prescribed attention level y can be
obtained. However, those results are not strictly for this sys-
tem. To solve the optimal attenuation level y, the following
constrained optimization problem can be obtained as:

min §
n, <0, X,>0,1<T,
st. 1P, >0, Q1 >0,0 >0,
S, >0, D >0
where § = y2.

Remark 5: In Theorem 2, the robust Hy, stability results
for system (15) under conservative condition are developed.
And the adaptive event-triggered sliding mode controller gain
can be obtained. Then, an constrained optimization problem
is proposed to solve the optimal attenuation level y and time
delay tp7. In the beginning, the small time delay need be
started as the initialization, and by decreasing 13/ in every
iteration and 1)y = 1) + At until the constrained optimiza-
tion problem cannot find the feasibility results.

VOLUME 8, 2020

TABLE 2. Parameters of the three-area LFC scheme.

Area R M D Ty Ten
1 0.05 10.0 1.0 0.1 0.3
2 0.05 12.0 1.5 0.17 0.4
3 0.05 12.0 1.8 0.2 0.35

Tho =052 Ty3 =055 Thy =0.47

It is noted that the H, stability results and controller gain
for power system (15) are all discussed in the above. Next,
the SMC strategy will be exhibited in the Theorem 3 below.

Theorem 3: The sliding mode surface function can be
designed as (3). To ensure the s(¢)s(¢) < 0 reaching condition
is satisfied, the decentralized switching control law can be
built as:

u(t) = =KCx(t) = ky(GBY ™" | GF | (sgn(s(1) + 50))  25)

where
—1, ifst) <0
sgn(s(t)) = 40, if s(t)y =0
1, if s(t) >0

Proof: The Lyapunov function can be constructed as:
1
V() = EST(t)s(t) (26)

Then, combining (1) and (25), V(t) < 0 can be fur-
ther obtained. Besides, one can infer that the built con-
troller will guarantee the reaching state. Therefore, the built
controller (25) will move the system (15) to the sliding sur-
face (3). Then, a sliding motion can be maintained afterward.
Based on the SMC theory, the closed-loop system developed
by applying the control law (25) to the (15) is asymptotically
stable.

IV. CASE STUDY AND DISCUSSION

In this section, to demonstrate the effectiveness of the pre-
sented adaptive event-triggered SMC scheme for a multi-area
power system under a networked environment, the simulation
cases of the three-area power system is proposed. At first,
the availability of the designed controller and release inter-
vals results of the built adaptive event-triggered scheme are
presented. Then, the comparison results of minimum Hyo
prescribed attention level y obtained in this paper with the
results obtained in [18] are exhibited in the second case.

A. FREQUENCY DEVIATION AND RELEASE INTERVALS
RESULTS
To demonstrate the availability and effectiveness of the pro-
posed method, a three-area power system is carried out in this
case study, as shown in Fig. 2. Meanwahile, the parameters of
this model are listed in Table 2:

The transition probability matrix is set as follows

p_ 0.5088 0.4912
104286 0.5714

and it is plotted in Fig. 3 (a).
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FIGURE 3. Results of case study: (a) Random transmission delay,

(b) Frequency deviations with step load disturbances, (c) Frequency
deviations with +50% parameter uncertainty, (d) Frequency deviations
with —50% parameter uncertainty.

By solving remark 4 with G = [-11 -1 11], A, =
0.01,d = 0.5, ki = 1.0, the following control law can be
calculated

Ki1(t) = —0.0391,
K>1(t) = —0.0452,
K31(t) = —0.0926,

Kip(t) = —0.0392,
Ky (1) = —0.0456,
K3(t) = —0.0941

By utilizing the Matlab/Simulink Toolbox, the frequency
response curves of all areas are illustrated in Fig. 3 (b).
In this case, the total simulation time is 120s, and four random
successive load disturbances are exhibited, which at Os, 30s,
60s, and 90s, respectively. One can conclude that the multi-
area power can be well stabilized under the proposed adaptive
event-triggered SMC scheme. Meanwhile, the desired control
performance can be maintained. As shown in Fig. 3 (b),
the system frequency deviation Af; for all the three areas can
be brought back to zero after a finite time. It is demonstrated
that by utilizing the proposed adaptive event-triggered SMC
scheme, the stability of the multi-area power system can be
restored.

To exhibit the efficacy of the proposed adaptive event-
triggered SMC scheme further, the robustness of this
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TABLE 3. Number of trigger times under different schemes.

Am 0.0 01 03 06
[18] 1200 888 408 360
This paper | 1200 343 283 258

system with the case of +50% parameter uncertainty and
—50% parameter uncertainty will be applied. Fig. 3 (c) and
Fig. 3 (d) illustrate the Af; of three areas under +50% and
—50% parameter uncertainty condition, respectively. It can
be inferred that all the three areas’ Af; can also be brought
back to zero after a finite time under the parameter uncer-
tainty condition. Consequently, it can be claimed that the
proposed approach provides excellent robustness.

To certify the availability of the proposed adaptive event-
triggered scheme, the release intervals and the number of
transmitted packets with A, = 0.01 and X,, = 0.5 are exhib-
ited in Fig. 4 and Fig. 5, respectively. For different triggered
parameter A given in [18], the number of transmitted packets
are described in Table 3, respectively. It can be concluded that
the number of packets transmitted with the proposed adaptive
event-trigger is smaller than those results in [18]. Besides,
it can be inferred when the adaptive time invariant A(#;h)
becomes larger, the smaller amount of sampled data is needed
to transmit.

It should be pointed out that in the above comparisons,
the effectiveness of the time delay is not taken into account
in [18], however, it is considered in this paper. In this way,
the effectiveness of the exhibited adaptive event-triggered
SMC scheme can be shown.

B. MINIMUM H,, PRESCRIBED ATTENTION LEVEL y

To demonstrate the conservative of the results, caused by the
application of inequalities scaling, a two-area power system
is further considered in this case. The parameters are the same
as those in [38] as shown in Table 4.
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TABLE 4. Parameters of the two-area LFC scheme.

Area R M D T, T
1 0.05 10.0 1.0 0.1 0.3
2 0.05 12.0 1.5 04 0.17

T2 = 0.1986

TABLE 5. Comparison of minimum disturbance attenuation level y.

Method Disturbance Attenuation Level
[38] 0.4493
This paper 0.2541

Setting G = [-11—-111], A4, = 0.1 and d = 0.5.
By utilizing the proposed interrelated algorithm, the min-
imum disturbance attenuation level y for the proposed
Remark 4 and some other methods in [38] are presented
in Table 5. As Table 5 shown, the disturbance attenuation
level y obtained in this paper is smaller than the results
in [38]. It can be demonstrated that the result obtained in
this paper is less conservative than the result obtained in [38],
which shows the effectiveness of the proposed method.

V. CONCLUSION

In this paper, the adaptive event-triggered SMC of LFC
for a multi-area power system has been proposed under
open network environment conditions. The simulations have
demonstrated the exhibited adaptive event-triggered scheme
can save more network resources and maximize network
bandwidth utilization. It has been manifested that the pro-
posed adaptive event-triggered SMC scheme expresses better
robustness towards +50% and —50% parameter uncertainty
and external disturbances rejection capability. Based on the
uncertainty parameter and external disturbances condition,
the Markov jump linear model has been proposed to describe
the LFC scheme for the multi-area power system. Moreover,
by utilizing the Wirtinger-based inequality and Lyapunov the-
ory, the robust stability and stabilization criteria with less con-
servatism have been built. Therefore, the designed scheme
can ensure the desired system performance and reduce the
communication burden has been illustrated by examples and
simulations.
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