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This work presents a control approach based on sliding-mode-control (SMC) to design robust H state feedback
controllers for load frequency regulation of delayed interconnected power system (IPS) with parametric uncertainties.
Considering both state feedback control strategy and delayed feedback control strategy, two SMC laws are proposed.
The proposed control laws are designed to improve the stability and disturbance rejection performance of delayed
IPS, while stabilization criteria in the form of linear matrix inequality are derived by choosing a Lyapunov-Krasovskii
functional. An artificial time-delay is incorporated in the control law design of the delayed feedback control struc-
ture to enhance the controller performance. A numerical example is considered to study the control performance

of the proposed controllers and simulation results are provided to observe the dynamic response of the IPS.
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1 Introduction

Stable power system operation needs stability in fre-
quency because frequency reflects the status of the real
power balance between power supply and load demand
[1, 2]. Alternators and other power devices deviate from
stable operating condition due to fluctuation in fre-
quency, which can lead to unstable and unsafe opera-
tion of the entire power system [3, 4]. Disturbance in
load demand is the main cause of originating frequency
and voltage oscillations in power system [5, 6]. There-
fore, load frequency control (LFC) is an essential need
of power system for its smooth operation [7, 8]. Using
modern technologies, simple power system areas are
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interconnected through tie-lines to create an intercon-
nected power system (IPS) [9, 10]. The main objective
of a well designed IPS is to regulate frequency variation
within tolerable limits during abnormal condition of IPS
operation, i.e., load variation or sudden change in load
demand [6, 11, 12].

In the last few decades, many traditional control
techniques have been proposed to solve LFC prob-
lem in power system. Proportional-Integral (PI) control
method [13] is first proposed to solve LFC problem,
while decentralized robust PI controller based on Khari-
tonov’s theorem is designed for LFC of a multi-area IPS
in [14]. Various control schemes are designed for solv-
ing LFC problem of uncertain IPS, such as robust con-
trol scheme based on Riccati-equation [15] and adaptive
control scheme with system parameter variation [16].
An active disturbance rejection control approach is pro-
posed to develop a robust decentralized LFC algorithm
for a three-area IPS in [17], while in [18], pole-placement
method based variable structure controller is proposed
for LFC of IPS.
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A finite time is always needed to measure control sig-
nals, compute control action and actuate the plant. This
finite time requirement in every closed-loop system is
termed as time-delay. Stability of closed-loop systems is
affected by this delay because of its destabilizing nature
[8]. Time-delay appears in IPS due to two main reasons,
i.e.. (i) time needed for frequency and tie-line power
measurement; and (i) time taken in signal transmis-
sion from the remote terminal unit to the control centre
and from the control centre to the generating unit [19].
Presence of time-delay in IPS sometimes leads to system
instability and performance degradation [20, 21]. There-
fore, time-delay should be included properly in LFC
design of IPS to solve frequency deviation problem. Dif-
ferent control schemes have been used to design control-
lers for solving the LFC problem of time-delayed IPS. A
decentralized robust PI controller is designed for LFC
of power system with delay in [22], while state feedback
control strategy based on linear matrix inequality (LMI)
is adopted for LEC of IPS with delay in [23]. An iterative
LMI based robust LFC algorithm is developed in [24]
for time-delay IPS, while Lyapunov theory based delay-
dependent stability criterion is developed in [25] for LFC
by considering constant delay and time-varying delay in
IPS. In [26], a delay-dependent robust PID-type control-
ler is designed to regulate frequency of a three-area IPS
with communication delay. Considering the existence
of time-delay in the local PI-type LFC signals of an IPS,
delay-dependent stability criteria are developed for the
delayed LFC scheme in [27]. Although the above men-
tioned literatures based on delayed LFC design have well
considered the effect of time-delay in LFC scheme, no
specific method has been implemented to improve the
performance of LFC scheme which is degraded due to
the existence of time-delay.

Stabilizing nature of time-delay in system dynamics
is an interesting aspect studied in [28, 29]. A finite val-
ued known time-delay is introduced intentionally in the
control law design to improve the stability of a delayed
system in [8]. A few research results are available in
literatures where time-delay is introduced in control
design for improving the control performance of multi-
area delayed IPS. In [19], a known finite delay is used to
design Hs two-term frequency controller for enhanc-
ing the control performance of a two-area IPS consider-
ing communication delays, while tolerable delay margin
of IPS is enhanced using time-delay in a robust Hy fre-
quency controller design in [21]. The time-delay used
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purposefully in controller design is termed as artificial
delay. Besides the above discussed control approaches,
sliding mode control (SMC) approach is very effective
to solve the LFC problem by designing robust state
feedback controller for time-delayed multi-area IPS.
SMC approach is popular for its insensitivity to param-
eters variation, excellent control performance and
finite-time convergence [6, 30]. In [31], a non-linear
sliding mode controller is designed for load frequency
regulation of multi-area power system with time-
varying delay. SMC scheme for LFC is considered for
wind-integrated delayed IPS in [32], and SMC scheme
is proposed to design a robust state feedback controller
for LEC of multi-area power system with time-delay in
[6, 33]. In [34], a decentralised robust load frequency
controller is proposed for interconnected time-delay
power system using sliding mode technique, while in
[35], an event-triggered SMC design is proposed for
LEC of power systems with sensor faults and commu-
nication delay. In [36], an adaptive delay-dependent
sliding mode fault-tolerant LFC design is proposed for
nonlinear power system with unknown time-varying
state and input delays, whereas a dynamic integral SMC
based LFC scheme is proposed for an interconnected
delayed power system in [37].

Based on the above study, it is clearly observed that H
control and SMC approaches are mostly used for the LFC
design of IPS with time-delay and parametric uncertainty.
The reason behind for the application of SMC approach
on LFC design of delayed IPS is that SMC based con-
trollers are very insensitive to parametric variation [37].
Similarly, the popularity of Hy control is widespread for
its disturbance rejection performance and robustness
against uncertainties [2, 19]. As time-delay and paramet-
ric uncertainty are two inevitable phenomena in LFC of
IPS and they have negative impact on system stability, the
effects of these phenomena on LFC should be accounted
properly during LFC design for IPS. To neutralize the
destabilizing effect of the existence of time-delay in a
system, purposeful use of a known finite time-delay may
be considered while designing the control method [38].
In view of the above discussions, to obtain the benefit of
both SMC and Hy control methods, sliding mode con-
troller design based on delay-dependent H stabilization
criterion is proposed for load frequency regulation of IPS
considering the existence of time-delay and parametric
uncertainty in this paper. The main contributions of this
paper are described as follows:



Pradhan and Das Protection and Control of Modern Power Systems

+ Two new SMC laws are proposed considering two
different controller structures, including state feed-
back controller and delayed feedback controller
designing strategies, for load frequency regulation of
delayed IPS with parametric uncertainty. Chattering
is a major issue in SMC approach because it degrades
control performance [33]. This paper takes care of
the chattering issue of SMC approach to ensure that
the controller output signals are free from chattering.

+ A novel sliding surface with the incorporation of arti-
ficial delay is defined to obtain the proposed SMC
law based on delayed feedback controller designing
strategy. An important feature of the proposed SMC
law based on delayed feedback controller designing
strategy is that a finite known delay is introduced
judiciously in the proposed sliding mode LFC struc-
ture to improve closed-loop IPS performance which
is degraded due to the existence of time-delay in
uncontrolled IPS.

+ New delay-dependent Hy stabilization criteria in
LMI framework for the sliding mode dynamics of
IPS are derived by using a simple Lyapunov—Kras-
ovskii (LK) functional approach. These stabilization
criteria satisfy parametric uncertainty and time-delay
existence of the closed-loop IPS, while the gains of
the proposed sliding mode controllers are computed
by solving these stabilization criteria. The inclu-
sion of Hy criterion into the stabilization condition
improves disturbance rejection performance.

« A well-known numerical example of a two-area IPS
with time-delay and parametric uncertainty is con-
sidered to study the performance of the proposed
load frequency regulation method. The performance
of the proposed frequency regulation method is com-
pared with some existing methods [19, 21] to show
its superiority.

Notation: Throughout this paper, the superscript ‘T’
stands for matrix transposition, the superscript ‘—1’

stands for matrix inverse. For any arbitrary matrix B and
. . A B
two symmetric matrices A and C, % C denotes a sym-

metric matrix, where * represents BT,
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2 Modeling of delayed interconnected power
system (IPS)
A two-area IPS with time-delay in each control area is
considered in this paper to analyse the LFC problem. The
LFC model of the two-area IPS with time-delay in each
control area is presented in Fig. 1 [19].
From Fig. 1, the dynamic model of the two-area IPS
with time-delay can be described as [21]:

. 1
APpi(6) =7 (APi(t) = APwi(L), 1)
AEi(t) =k;(AP12(t) + BiAfi(2)), (2)
APy (t) =21 T1(AA () — Af(D)), (3)
. 1 Aﬁ(t)
APyi(t) = — ——(—p— + APy(0) + AE(E — ) — ui(1)),
g i

(4)
A0 =~ S (APat) + APy(1) — ARy(0) — L,

pt pi
(5)

with APy = —APy,i,j = 1,2, i # .
The above dynamic model can be represented in state-
space form as [2]:

x(t) =Ax(t) + Ag1x(t — 11) + Agox(t — 12) + Bu(t) + Dw(t),
(6)
y(t) =Cx(t), 7)

where the state vector

x(t) =[AAel(t) APy () Ade2(D)]”,
AAel(t) =[Afi(t) APmi(t) APyi(t) AEL(D)],
AAe2(t) =[Afa(t) APpya(t) APy (t) AEy(2)],

and load disturbance vector

w(t) = [APs1(8) APp(®)]".

Here, AP;;(t) and AP, (¢) are norm bounded, and sat-
isfy |AP41(®)|| < b1 and ||[AP(2)|| < ba. b1 and by are
positive constants, while 71 and 17 are time delays of area
1 and area 2, respectively. The system parameters are
given fore = 1,2 as:
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Fig. 1 LFC model of two-area IPS with time-delay
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Considering parametric uncertainties in system matrices
of (6), one may write:

x(t) = A()x(t) + Ag1 (H)x(t — 71)
+ Aga(D)x(t — T3) + Bu(t) + Dw(z),

where A(t), /Aldl (¢) and Adg(t) are uncertain state matri-
ces, ie, A(t) = A+ AA(®), Agi(t) = Ay + AAg (¢) and
Agr(t) = Ago + AAg(E). AA(L), AAg1(t) and AAg(E)
are uncertainties with the system matrices A, A;; and
Ay, respectively. The uncertainty in system matrices
can be considered to be bounded with norm, and can be
described as:

[AA(t) AA () AAdZ(L‘)} = [HF(t)El HF (t)E, HF(t)Eg],
)
where H, Ej, E3, and E3 are constant matrices with appro-

priate dimensions. F(t) is a time-varying matrix, which
satisfies FT (£)F (¢) < I.

3 Controller designing strategy

This paper aims to design load frequency controllers
based on sliding mode control for delayed IPS, whereas
they satisfy the Hy criterion, defined as [2]:

bl (ST @y (@)t
0
Na _ — <V (
1/fwT(z:)w(t)dt
0

wll

1Tyl 10)

where y is the Hy, performance indicator, which indi-
cates rejection of load disturbance. Minimization of y is
required to obtain the minimal effect of load variation in
the IPS performance.

The controller designing strategy proposed for load
frequency regulation of the two-area IPS with time-
delay is shown in Fig. 2. As shown, state vector (x(£)) of
the two-area delayed IPS acts as input to the proposed
sliding mode controller, and the controller outputs (u;
and uy) act as control inputs to the two-area delayed
IPS, provided that the controller gains are based on Hy
performance condition (10). Some steps are required
to compute Hy, performance-based gains of the sliding
mode controller, which are described as follows.

+ Step-1 Selection of switching surface, which is a func-
tion of the state vector of delayed IPS.

+ Step-2 Differentiate the selected switching surface
and obtain an equivalent controller by equating this
differentiation to zero.

+ Step-3 Obtain the closed-loop sliding mode dynamics
of delayed IPS by using the equivalent controller in the
state-space form of delayed IPS.

+ Step-4 Develop delay-dependent Hy stabilization cri-
terion in LMI framework for the closed-loop sliding
mode dynamics of delayed IPS.

+ Step-5 Obtain Hy, performance-based gains of sliding
mode controller from the solution of delay-dependent
H stabilization criterion.

After obtaining the Hy, performance-based controller
gains, sliding mode control law is designed by using these
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Fig. 2 Controller designing strategy for load frequency regulation of two-area IPS with time-delay

gains and system state vector for load frequency regulation
of IPS with time-delay.

Subsequently, it proceeds to design the proposed Ho
performance-based sliding mode controller by using both
state feedback controller designing strategy and delayed
feedback controller designing strategy.

3.1 Robust Hy state feedback sliding mode controller
designing strategy

3.1.1 Selection of switching surface

A switching surface can be selected considering delay in

IPS as [6]:

t t
o) =Jx@) — /]A(t)x(r)dr + /]BKx(r)dr
0 0
t—11 t—1o
- / JAn (Ox()dt — | JAgz(®x(v)d,
0 0

(11)

where J and K are two constant matrices, and J is selected
such that the matrix /B becomes nonsingular. Time deriv-
ative of (11) is given as:

5 (t) = Ji(t) — JA(t)x(t) + JBKx(t)
—JAn (®)x(t — 1) — JA (0)x(t — T2).
When delayed IPS trajectory reaches its sliding mode,
the conditions of o(¢£) = 0 and ¢ (¢) = 0 are satisfied by

the switching function. Substituting (8) in (12), one can
obtain:

& (¢) = JBKx(t) + JBu(t) + JDw(t). (13)

The following equivalent controller can be obtained from

(13) by considering 6 (¢) = 0:

U(t)equ = —Kx(t) — UB) "' JDw(2). (14)

The closed-loop system of delayed IPS is obtained by
substituting (14) in (8) as:
(1) = ADx(0) + An (D)x(t — 71)

. . (15)
+ Ao (0)x(t — 19) — BKx(t) + Dw(t),

where matrix D =D — B(UB)~YD. System (15) without
parametric uncertainty can be written as:

%) = Ax(t) + Ag1x(t — 71) + Agox(t — 2) — BKx(t) + Dw(t).
(16)
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Remark 1 The equivalent controller structure (14) A T I, s I, Ts
contains an inverse matrix of (JB) "L It is well known that x —el O 0 0 0
a singular matrix can not be inverted, and thus, matrix * % —&d 0 0 0 -0 (17)
JB must be a nonsingular matrix. Therefore, care must be * * —el 0 0 ’
taken while selecting matrix J for the construction of the k% * * -y 0
switching surface (11). * ok * * * =1
where

3.1.2 Robust Hy stabilization criterion Al Az A1z Awa

A= | * D22 A An
Theorem 1 Closed-loop IPS (15) satisfies the Hy crite- Tl % % Aszz Az’
rion || Twa <y andy >0, if there exist positive definite ¥ k% Ag
matrices P, Q1, Qa, Ry}, Ry, and matrix G, such that an
LMI holds as follows:

and n is the dimension of x(t).

3
Ay =AY" +YAT —BG-G"B" + Q1+ Q — Ry, —Re, + > _&iHHT,
i=1
3
A =Agn YT + YAT - GTBT + R, + Zg,'HHT,
i=1
3
Az =ApY" + YA —G"BT + R;, + ) " eHHT,
i=1

3
Aa=—YT +YAT —GTBT + P + > eHHT,
i=1
3
Ay =Aqn YT +YAL — Qi =R, + ) eHHT,
i=1
3
Aoy =ApY" +YAL +> eHHT,
i=1
3
Apg=—YT +YAL +> eHHT,
i=1
3
As3 =ApYT + YA, — Qo — Ry + Y eHHT,
i=1
3
Asa=—Y"+YAL +) eHHT,
i=1
3
Ag=—-YT —v+ IERH + rzzsz + Z eHHT,
i=1
P T T 1 T T
Ty =[E1YT 014x34) " T2 = [O1nxc1n E2YT Orpscan]
T = Ao oam oAm o Asn T
3 :[OlnXZn ESYT Olnxln} Tg = [DT DT DT DT} ’

s =[CYT Oppeza] s

=
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The corresponding robust Hoo controller gain matrix is
obtained as K = G(YT)

Proof For investigating the stability of (15), the LK
functional [39] is considered as:

2
V(e) =T (OPx(t) + Y Vi(®),

(18)
k=1
where
t t t
Vet) = / #T (5)Qua(s)ds + / / 5T ($)Rey(9) .
t—7y o s

Differentiating (18) yields:

2
V() =2xT () P(t) + &7 (2) lz szRfk] (1)
k=1

2
+ 3 [#T O Qo) — 1" (¢ = T Qurte — )
k=1
t
-7 / &7 )Ry &(s)ds | .
t—T1k
(19)
Referring to Lemma 1 of [40], the integral terms in (19)
may be replaced with inequalities as:

2
V() <2xT ()Px(t) + &7 (t) [Z r,?R,k] x(t)

k=1

2
+ 37 [T O = &7 — 5t - )

k=1
|
T 2 —7)| |

x() —R; Ry
Lc(t — ) } [ * - Ig
(20)

Stabilization condition requires information regard-
ing system dynamics. Therefore, the zero-valued quad-
ratic formulation of IPS dynamics (15) is considered to

(2023) 8:49
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incorporate IPS dynamics in the stabilization criterion
instead of replacing x(¢) in (20) directly by using (15), i.e.:

27 (6)S [—k(t) FAO*@) + Ag (Ox(t — )

. . 1)
HA g (H)x(t — T9) — BKx() + Dw(t)} =

where £(£) = [x7(t) x7(t — 1) 27 (¢t — 12) T(#)]", and

S = [SIT SZT SST S4T] T. S1, 82, S3 and Sy are proper dimen-
sional arbitrary matrices. The above zero term (21) is able
to fulfill the requirement of involving system states in sta-
bility condition. One can rewrite (21) by splitting certain
and uncertain terms as:

267 ()S{—x(t) + Ax(t)
+Anx(t — 1) + Agax(t — 12)
—BKx(t) + f)w(t)} (22)
+ 26T (6)S{AAx(t) +AA x(t — T1)

+AApx(t — 1)} = 0.

The certain terms in (22) can be written as:

26T (1)S{—&(t) + Ax(t) + Ag1x(t — T1) + Agox(t — )
—BKx(t) + Dw(t)} — T (@) + 26T (HAw(),
(23)
[®IM] Im=1,2,34
On =514 +ATST — 5,BK — KTBTs],

O12 =144 + ATST — KTBTST,
O13 =S1440 + ATST — KTBT ST,
O =—8 +ATsI —kTBTST,

O =S2A41 + AL ST, B3 = SeAgy + AL ST,
O =— Sy + AL SE, O3 = S3Aa0 + AL,ST,
O34 = — S3 +A£ZS4T, O = =S4 — S4T,

6 =[DrsT prst prst prst]’

The second term in the right hand side (RHS) of (23) can
be expressed as [41]:
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26T )0w(t) <y ET W00 EW) + yPw! Ow(®). - :
4 U1 =01+Q+Q Ry —Ry+) eSHH'S],
-
Substituting (24) into (23) yields: s /
7 = ToT
26T (1)S{—i(t) + Ax(t) + Agia(t — 11) Uiy =012 + Ry + Y SIHHTS],
A j=1
T Agx(t — 1) — BKx(t) + Dw(t)} 5
_ - T @ ) ToT
< eT 00 +y 2T OFTED) + v Wl ew(e). V13 =Oun R+ Y eSIHH'S],
(25) j=t
By following Lemma 2 of [40], the uncertain terms of (22) - - 3 ToT
may be represented as: Y1 =G + P+ Z &S1HH" S, ,
j=1
26T ()S{(HF (t)E1)x(t) _ _ 3
+HHF(DE)(t — 1) + (HE (£ E3)(t — 1)) W20 =02 — Q1 = Ry + ) _gSHHH'S],
3 3 (26) j=1
<) gETOED +ET (0D BE®), o 3
= = Wys =03+ Y &SHHTS],
j=1
where 3
s & ) ToT
(ﬁ :SHHTST B = 81_1E1TE1 0111x3n \Ij24 _®24 + Z SJSZHH 54 ’
’ 03n><1n 03n><3n ’ 1_1
Olnxln Olnxln 01n><2n 02n><2n 02n><1n 02n><1n — — 3 ToT
82 = | O1ux1n SQ_IEZTEZ O1nx2n |+ 83 = |O1px2n 53_1E3TEB O1nx1n | - W33 =033 — Q2 — RTZ + ZSIS?’HH SB ’
O2nx1n O2uxin O2nx2n O1nx2n Otnxin  Onxin j=1
e . . . 3
Substituting (25) and (26) into (22) yields: Bay =g + Z & S3H. HT S4T,
ET0O&@) +y 2T )00 E() + v wT (yw(e) j=1
3
3 3 _ _
2 2 ToT
+> e OPED +ET D)) @) 2 0. Vaa =Ou + iRy + Ty Rey + 3 S HHS].
j=1

j=1 j=1
(27)
Addition of (20) and (27) gives:

3

V() < sTu){@ +) 5+ yzééT}s(t) +ywl Ow),
j=1

(28)

where U = [‘i’lm} L,m=1,2,3,4’

A cost function is obtained from (10) for the investiga-
tion of Hy criterion, as:

Jyw = / {yT(t)y(t) — 2T Ow(t)| dt.
0

(29)

Closed-loop IPS (15) satisfies the criterion (10) only
when Jy,, < 0. For initial condition V(0) =0 and since
V(00) > 0, one can write:
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o0

Jyw < / [yT(t)y(t) —y*wh@Ow® + V©)|dt (30)
0

Substituting (28) into (30), one obtains:

o0
o = [ 000, (31)
0
_ _ 3 __ A n
where Q=0+ E +y 20T +CCT and
R j=1
¢=[coo00]".
The condition J,, < 0is satisfied, if there is:
Q<0 (32)

Now, using Schur complement [41] in inequality (32), we
can write:

U o Py Py Dy D5

x —el O 0 0 0

* * —&l 0 0 0

* %k * —el 0 o~ 0, (33)
% %k * -y 0

* * * * * -1

‘f’here ci>1 = [El Olann];; &)2 = [Olnxln E 01n><2n] T)
(?3 = [q1n><2n FB 01n>}<\ln] . T 7’
&4 = [DTST DTST DTST DTST]", @5 = [C Ornxan]

Considering S; = Sp = S3 = S4 = S, pre- and post-mul-

tiplying with diag{S™1 S71 S71 S71 I I 11 I} and its
transpose in (33), and finally adopting variables change

Table 1 Parameters of the two-area IPS

SI. No. Parameter Area 1 Area 2
1 Tehi 0.3s 0.17s
2 Tgi 0.1s 04s

3 Ri 0.05 0.05

4 ki 0.5 0.5

5 Tpi 10 8

6 kpi 1 0.67

7 Bi 41 81.5

(2023) 8:49
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as S =Y, K(5) =KYT =G, s'Qu(s)] = Qu
S1Q(s7Y)! = Qs SRy (S71) =R
S7IR, (ST =Ry

S_lP(S_l) r_ P, one obtains (17). Hence, proof of The-
orem 1 is completed. 0

Remark 2 For a specific value of y, H controller gain
matrix K may be obtained from the feasible solution of
LMI (17). As per (10), the minimum value of y should be
utilized for computing controller gains to have minimal
disturbance effect on system response. The minimum
y value can be obtained by minimizing y2 of LMI (17)
and K can then be easily obtained from the solution of
LMI (17) by using this y value. But, this process results
in high value of controller gains [19]. From Theorem 1, it
is known that variables G and Y of LMI (17) are involved
in the calculation of K. So, minimization of |G|l and
H Y1 H can result in the values of K within limits. Based
on the analysis, following LMI optimization problem is
designed, and solution of this optimization problem gives
minimum y as well as stabilizing gain K.
LMI Optimization Problem 1:

gl G

Min y2+g+7 Subject to (17), [* I

Y I
{* 5}1} > 0.

where y and g denote the matrix norms H Y1 H and || G|},
respectively.

}>0 and

Table 2 A comparative study on the two-area closed-loop IPS
without considering parametric uncertainty

Approach h y

Heo two-term control [19] 0.70s 40124
Hoo delayed feedback control [21] 0.78s 3.2240
Proposed control approach 0.865 26679
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Remark 3 The LK functional defined in (18) has double
integral terms whereas the LK functionals chosen in [6, 21]
have single integral terms. Use of multiple integral terms
in LK functional reduces conservatism of delay-dependent
stabilization criterion. On the other hand, it increases the
computational burden. To reduce computational burden
as well as conservatism of stabilization criterion, LK
functional defined in this paper is restricted to double
integral terms.

The following corollary presents Hy, performance based
criterion for stabilization of delayed IPS (16).

Corollary 1 Closed-loop IPS (16) satisfies Hwo criterion
|LTWyJ| < yandy > 0, for positive definite matrices P, Q,
Q2, Ryy; Ry, and arbitrary matrix G, such that an LMI
holds as follows:

A D C
x* —y2 0 | <0, (34)
k% -1
A 1:\12 1:\13 /:\14
whereh — | * Az Azz Aoy

* % Asz Asa
* * ¥ Aga
A =AYT 4+ YAT -BG—G"BT + Q1 + Qy — R;, — Ry,
Ay =AnYT +vAT —GTBT + R,
Az =ApYT +vAT — GTBT + R,
Aa=—-YT 4 yal —GTBT + P,
Ay =An YT +YAL — Q1 — Ry,
Aoz =Agp YT +YAL, Aoy = YT +YAL,
As3 =AgpYT + YAL, — Q) — Ry, Asa = YT + YAL,
1~\44 =—YT vy + tfi?n + rzzﬁfz,
D=[DT DT HT HT]",C = [CYT Oppezn)”
The correspondilatg Hy controller gain matrix is obtained
asK =G(YT)

Proof One can prove Corollary 1 by adopting similar
procedures as in proof of Theorem 1 without considering
uncertainties of IPS parameters. 0

3.1.3 Sliding mode control law based on state feedback
control strategy

Theorem 2 Switching control law satisfying reaching
condition o;(t)6;(t) < 0is given by:

(2023) 8:49
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i(t) = —Kix(t) — bi(JiB) " II1:D; ) >
ui(t) x(t) — bi(iB) I, ”<||ai(t)|| ny:
(35)

where ¢ is a constant having positive value close to zero.

Proof
Proof of Theorem 2 is given in Appendix. O

Remark 4 Signum function of switching surface is
generally used in sliding mode controller structure

to drive system trajectory into the predefined sliding
surface [6, 31, 32]. However, such controller has
chattering issue, and therefore, use of signum function
is avoided in design of sliding mode controller (35) to
reduce the chattering effect.

3.2 Robust Hy, delayed feedback sliding mode controller
designing strategy

3.2.1 Selection of switching surface

The switching surface is selected by including artificial

delay to improve the performance of closed-loop IPS, as:

¢ t t—h
o(t) =Jx(t) — /]A(t)x(t)dt +/}Bl(x(r)dr + /]BKhx(t)dr
0 0 0

t—t t—t

- / JAq (Ox(0)dr / JAg(Ox(v)dr,
0 0

(36)
where K}, is a constant matrix, and / is the artificial delay
chosen by the control designer. Derivative of (36) gives:

& (t) =Jx(t) — JA()x(t) 4+ JBKx(t) + JBKyx(t — h)
—JAnOx(t — 1) — JAz(Ox(t — 1)
(37)
Substituting (8) into (37) yields:
6 (t) = JBKx(t) + JBKyx(t — h) + JBu(t) + JDw(2).
(38)

Considering 6 (t) = 0, the equivalent controller is derived
from (38) as:

Ul) oqu = —Kx(t) — Kpx(t —h) — (JB) L IDw(t).
(39)
The sliding mode closed-loop delayed IPS is obtained by
substituting (39) into (8) as:
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Fig. 3 Hyo state feedback SMC model for LFC of the two-area IPS

() = A1) + Ag1 (Dx(t — 1) + Aga (DXt — T2)
— BKx(t) — BKyx(t — h) + Dw(®),

(40)
where matrix D = D — B(B)"YD. System (40) without
parametric uncertainty can be written as:

x(t) =Ax(t) + Ap1x(t — 11) + Agpx(t — 12)

R (41)
— BKx(t) — BKyx(t — h) + Dw(t).

3.2.2 Robust H, stabilization criterion

Theorem 3 Closed-loop IPS (40) satisfies Hoo criterion
|| Twy” <yandy > 0, for positive definite matrices P, Q1,

Q2, Qu, IAQTI, IAQQ, Ry, and arbitrary matrices G and V, such
that an LMI holds as follows:

Q 6 6, 63 0, 06
x —ed 0 0 0 0
* ok —&l 0 0 0
* % * —e&l O o~ 0. (42)
* % * x —y2 0
* * * * * -1
Qll S:212 §:213 5:214 {215
. Q222 223 24 $225
where Q = * Q33 Q34 Q35 |,

* * 944 945
* ok % Qss

* ¥ % X
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3
Quy =AnY" + YAT - GTBT + Ry + ) _gHHT,
j=1
3
Qs =ApY" +YAT —G"BT + R, + ) gHHT,
j=1
3
Qi =YAT — BV - G"B" + Ry + ) gHHT,
j=1

3
Qs=-YT+YAT —-G"BT + P+ gHH",
j=1
3
Qo =An YT + YAL, - Qi — Ry + > gHHT,
j=1
3
Qo3 =ApYT + YAL +> gHHT,
j=1
3
Qou=— BV + YA} +) gHHT,
j=1

3
Qos =— YT +YAL, +> gHHT,
j=1
3
Qas =ApY" +YAL — Qo — Ry + > gHHT,
j=1
3
ng; =—BV + YAz;z + Z&‘/HHT,
j=1
3
5235 =-yT4 YAZ;Z + ZSjHHTy
j=1
3
Qu=—BV —VIBT —Q,—Ry+ > gHHT,
j=1

3
Qus =— YT —VTBT +3 " gHHT,
j=1
3
Q55 =— YT — ¥ + 1R, + 3R, + WPRy + Y eiHHT,
j=1

3

Qi =AYT + YAT ~BG — G"BT + Q1 + Qu + Q) — Ry — Rey — Rey + Y gHHT,

j=1
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[EIYT 01n><4r1] Tr(:DZ = }T

O)

[017x1n E2YT O1y1x30
=[01nx2n E3YT O1yx24] L

=[DpT BT BT DT HT|"

=[cyT 01nx4n]T

’

@)

The corresponding robust HC>o controller gain mamces are
obtained as K = G(YT) and K;, = V(YT)

Proof To investigate the stability of (40), the LK
functional is considered as:

2
V(©) = 2T OPx®) + Vi) + 3 V),
j=1

(43)

where

t

t t
Vi) = / #T(0)Qu(0)d0 + h / / i (@) Ryk(@)ddo,

t—h t—h 0

and

g1 =AYT +YAT —

G0 =Aq YT +vAT —GTBT + Ry,
P13 =AgpYT +vAT —GTBT +R,,
gra =YAT —BV —GTBT + Ry,
g15=—YT +YAT — GTBT + P,

$oo =An YT + YAL — Q1 — Ry,
Go3 =AgpY T + YAL, G2 = —BV + YAL ,

G5 =— YT + YAL, @33 = Ao YT + YAL, — Q2

@3a =— BV + YAL), @35 = —YT + YA],,

Gaa =—BV —VIBT — Q, — Ry, gus = YT — V7B
@ss = — YT — Y + 2Ry, + 1Ry, + MRy,

—~

D=[DT BT BT BT HT]T,C = [CYT Otuean] "

(2023) 8:49

BG—G'BY + Q1+ Qy+ Qu — Ry — Ry,

- R‘L’zr
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LMI Optimization Problem 2:

Miny>+2+v+y i
Subject to (42), [g*l ?} > 0, {1;1 ‘I/] >0 and

Y I
L{ 5/1} > 0.

where v represents the norm of matrix ||V|. Stabi-
lizing gains K and K}, can be calculated by solving the
above LMI optimization problem.

Hy, performance based stabilization criterion for (41)
can be deduced from Theorem 3. The following corol-
lary presents the criterion for (41).

Corollary 2 Closed-loop IPS (41) satisfies Hoo criterion
H Twa <yandy > 0, for positive definite matrices P,Qu,

Qz, Qh, er, RTZ, Rh and arbitrary matrices G and V, such
that an LMI holds as follows:

<0,
1

D C
0 (44)

*

* *

P11 P12 P13 P1a P15
~ * @22 923 P24 P25
wherep = | * * (33 (034 9035 )

¥ ok % @ ¢’45
* * * * (p55

R‘[21

t t ot

Vit) = / xT(O)Qx(0)do + 11 / / &T($)Ryk($)depdo).
t—71j t—1 6

Next, by implementing similar steps as in proof of Theo-

rem 1, one obtains (42). This completes the proof of The-
orem 3. O

The corresponding Hso controller gain matrzces are
obtained as K = G(YT) and K, = (YT)
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Fig. 4 Hyo delayed feedback SMC model for LFC of the two-area IPS

Proof One may follow Theorem 3 to prove Corollary 2. Proof Proof of Theorem 4 is similar to that of
O Theorem 2, and thus no further description is given here.
O
3.2.3 Sliding mode control law based on delayed feedback
control strategy Remark 5 The performance of the proposed SMC scheme
may be improved by selecting a suitable /1 value which can
Theorem 4 Switching control law satisfying reaching  improve the transient stability of a delayed system. It can
condition oi(t)o;(t) < 0is given by: also be used to improve the dynamic response of a system
with time-delay.

i(6) = —Kix(t) = Kix(t = 1) = b;JiB) ™ ;D (Uli(t))
ui(t) x(t) ix(t — h) :B) "L 1J:Ds |l B

(45) 4 Results analysis

4.1 Numerical example
A well-known numerical example of an IPS with two
areas is considered for analyzing the performance of the
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Fig. 5 Frequency deviations for step load change in the closed-loop IPS

proposed SMC schemes. Parameters of the IPS are given
in Table 1 [19, 21].

The uncertainties in IPS parameters are assumed as
E1 = Ey = Es = H = 0.001] as described in (9). Time-
delays of area-1 and area-2 are considered to be fixed as
71 = 0.1s and 73 = 0.2s, respectively.

For the H state feedback sliding mode controller (35)
and Hy delayed feedback sliding mode controller (45),

the design parameters ¢ and b; are set as 0.001 and 1,
respectively, whereas matrix / is selected as:

100 —0100 00 0O
J=loo o 00120040/
Besides ¢, b; and ], controller gain matrix K is required
to design controller (35), and an artificial delay (%) and
controller gains (K and Kj) are needed to design con-
troller (45). & is tuned at 0.86s, while LMI Optimization
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Fig. 6 Control inputs to the closed-loop IPS with step load change

Problem 1 and Problem 2 are solved by using mincx
solver of LMI control Toolbox in MATLAB to obtain
Hy performance index y and gains of controllers (35)
and (45), respectively. y for controller (35) is computed
as 1.4942 and the corresponding gain matrix K is pre-
sented in (46). Similarly, y for controller (45) is computed
as 2.6686 and the corresponding gain matrices K and K},
are presented in (47) and (48). Replacing (17) with (34) in

LMI Optimization Problem 1 and (42) with (44) in LMI
Optimization Problem 2, Hy performance index and
gains of controllers (35) and (45) are computed neglect-
ing the uncertainties of IPS parameters. At this condi-
tion, y is obtained as 1.4938 and K is computed as (49) for
controller (35). Similarly, for controller (45), y is obtained
as 2.6679, and K and Kj, are computed as (50) and (51).
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Fig. 7 Frequency deviations for step load change in the uncertain closed-loop IPS
K= [ —1.4381 —0.0708 —0.0256 — 0.0892 0.0860 — 13.3958 — 0.1344 — 0.0709 — 0.7348]
- |—18.7202 —0.2593 —0.0540 —0.6518 —0.7116 40.1205 04610 04992  0.8281 |
K= [12.9569 0.1235 0.0090 09976 0.3836 —46.6727 —0.4983 — 0.3601 — 1.7016]
- _—39.3775 —0.6914 —0.1782 —1.8792 —1.2455 81.3836  0.9720 1.1957 1.7138 |
K, — 3.3359  0.0373 0.0049  0.2395 0.0957 —10.8436 —0.1175 —0.0914 — 0.3812
h=1-7.6956 —0.1540 —0.0439 —0.3067 —0.2435 11.8959 0.1536  0.2358 0.1204
K= —1.2050 —0.0611 —0.0221 —0.0587 0.0883 —13.4954 —0.1348 —0.0773 —0.7272
T |—18.9126 —0.2665 — 0.0566 — 0.6697 — 0.7214 40.2924  0.4640 0.5123 0.8353

Page 18 of 27

(49)



Pradhan and Das Protection and Control of Modern Power Systems

0.2

(2023) 8:49

Page 19 of 27

u,© (pu.)

Proposed state feedback control approach
— Proposed delayed feedback control approach

---------- Control approach [19]
O S B Control approach [21]

4,0 (pu.)

0 5 10 15 20 25 30
Time (Sec)
Fig. 8 Control inputs to the uncertain closed-loop IPS with step load change
K — 13.0885 0.1440 0.0111 1.0001 0.3854 —47.5581 —0.5056 — 0.3468 — 1.6900 (50)
~|—40.3655 — 0.7169 — 0.1827 — 1.8897 — 1.2745 80.9309 1.0033 1.2113 1.7092
K, — 3.3394  0.0380 0.0103 0.2510 0.1151 —11.0578 —0.1207 —0.1124 — 0.3707 (51)
h=1-79684 —0.1498 —0.0492 —0.3119 —0.2342 121195 0.1651 0.2224  0.1192

In Table 2, a comparative study of 4 and y values is
presented. Larger /s and smaller y are obtained by using
the proposed control approach in comparison to the
other existing values [19, 21]. A larger value of ¢ indi-
cates better delay tolerability of the closed-loop IPS [2],
while a smaller value of y indicates a better reduction
of disturbance effect on the system performance [8]. As
the existence of time-delay in LFC scheme of IPS is an

inevitable phenomenon, improvement in delay toler-
ability improves the stability of the IPS. As load distur-
bance is the main cause of load frequency deviation in
IPS, the reduction of disturbance effect on system per-
formance results in better stability of IPS.

Next, simulation studies of the proposed LFC schemes
are performed in MATLAB/Simulink using the above
mentioned parameters of the two-area delayed IPS and
the Hy performance-based sliding mode controllers. The
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Fig.9 Random load change in the two-area IPS

H state feedback sliding mode LFC model is shown in
Fig. 3. As seen, the LFC model consists of the two-area
delayed IPS and the proposed Hy state feedback slid-
ing mode controller. In Fig. 3, w; and wy are the distur-
bances of area-1 and area-2, respectively, while o1 (¢) and
02(t) are the sliding mode switching surface functions for
area-1 and area-2, respectively. u#; and u; are the respec-
tive Hoo state feedback SMC terms to area-1 and area-2.
Bj and D;j are the first columns of the matrices B and D,
respectively, while By and D, are the second columns of
the matrices B and D, respectively. J; and J are the first
and second rows of the matrix J, while K7 and K5 are the
first and second rows of the controller gain matrix K,
respectively.

Similarly, the Hy delayed feedback sliding mode LEC
model is shown in Fig. 4. As shown, the LFC model con-
sists of the two-area delayed IPS and the proposed Hy
delayed feedback sliding mode controller. In Fig. 4, wy
and w, are the disturbances of area-1 and area-2, respec-
tively, 01(¢) and o2(¢) are the sliding mode switching sur-
face functions for area-1 and area-2, respectively, and u;
and uy are the Hy, delayed feedback SMC terms to area-1
and area-2, respectively. B; and D are the first columns
of the matrices B and D, respectively, while By and D, are
the second columns of the matrices B and D, respectively.

Ji and J; are the first and second rows of the matrix J. K;
and Kj,; are the first rows of the controller gain matrices
K and Kj, respectively, while K3 and Ky, are the second
rows of the controller gain matrices K and Kj, respectiv
ely.

4.2 Simulation results

The two-area closed-loop delayed power system with-
out parametric uncertainty [i.e., state-space model of
two-area IPS (6) with SMC laws (35) and (45)], and the
two-area closed-loop delayed power system with para-
metric uncertainty [i.e., state-space model of two-area
IPS (8) with SMC laws (35) and (45)], are simulated in
MATLAB/Simulink platform. Simulation studies on LFC
schemes (i.e., state feedback Hs, SMC and delayed feed-
back Hoo SMC) are analyzed by considering step load dis-
turbances and random load disturbances in both areas of
the IPS.

In [19], a two-term H, LEC scheme based on delayed
feedback controller designing strategy is proposed for a
two-area IPS with time-delay. Moreover, in [21], delayed
feedback Hy, LFC scheme is proposed for a two-area IPS
with time-delay and parametric uncertainty. By using the
two-area IPS parameters shown in Table 1, simulation
studies of the schemes in [19] and [21] are performed in
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Fig. 10 Frequency deviations for random load change in the closed-loop IPS

MATLAB/Simulink for both step load disturbances and
random load disturbances in the two areas of the IPS.
The simulation results of the proposed LFC schemes and
the LFC schemes of [19] and [21] are then compared.

4.2.1 Step-load disturbance
Step-load changes in control area-1 and control area-2
are set as AP;; = 0.1 p.u. and APy, = 0.2 p.u., respec-
tively. Simulation results on frequency deviations and
control signals of the closed-loop IPS without paramet-
ric uncertainty are shown in Figs. 5 and 6, respectively. In
comparison, the frequency deviations and control signals
of the closed-loop IPS with parametric uncertainty are
shown in Figs. 7 and 8, respectively.

It is observed from Figs. 5 and 7 that the frequency
deviations of the two-area delayed IPS with and without
parametric uncertainty are converging to zero within 15s

by adopting the proposed delayed feedback Hs, SMC
law (45). In comparison, by adopting the proposed state
feedback Hs, SMC law (35) or the control approaches of
[19, 21] (i.e., delayed feedback Hy, control approaches),
the frequency deviations of the two-area delayed IPS
with and without parametric uncertainty take almost 30s
for converging to zero. Furthermore, the observation of
these frequency response curves in between 25 to 30 s is
interesting, during which the frequency deviations of the
two-area delayed IPS with and without parametric uncer-
tainty are almost zero by using the proposed delayed
feedback Hyo SMC law (45). The damping of frequency
deviation of the two-area delayed IPS without paramet-
ric uncertainty by using the proposed state feedback Hy,
SMC law (35) is not much better than those using the
control approaches of [19, 21] (see Fig. 5), whereas, the
damping of frequency deviation of the two-area delayed
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Fig. 11 Control inputs to the closed-loop IPS with random load change

IPS with parametric uncertainty by using the proposed
state feedback Ho, SMC law (35) is better than that of
using the control approaches of [19, 21] (see Fig. 7).
Therefore, by comparing the frequency response curves
of Figs. 5 and 7 from 25s to 30s, one can observe that
the proposed control approaches perform better than
the existing control approaches for the consideration of
parametric uncertainty in delayed IPS. There is not much
difference in the respective frequency response curves of
delayed IPS with and without parametric uncertainty by
using the proposed approaches. This study shows that the
proposed Hy, performance-based sliding mode control-
lers are not sensitive to parametric variation.

One can observe from Fig. 6 that the convergence of
control signals generated by the proposed delayed feed-
back Hs, SMC law (45) for the two-area delayed IPS
without parametric uncertainty is faster than the con-
trol signals generated by the proposed state feedback

Hy, SMC law (35) or the control approaches of [19, 21].
Also, From Fig. 8, one can observe that with considera-
tion of parametric uncertainty in the delayed IPS, the
convergence of control signals generated by both the pro-
posed control approaches is faster than those generated
by the control approaches of [19, 21]. Moreover, it can
be observed from Figs. 6 and 8 that the control signals
generated by the proposed methods are free from chat-
tering. There are significant differences in the conver-
gence values of control signals produced by the proposed
Ho, SMC laws (35) and (45), due to the difference in the
structure of Hyo SMC laws (35) and (45). The Hy, SMC
law (45) contains a delayed state feedback term, which is
not present in the structure of the Hy, SMC law (35).

The above analysis of the simulation results indi-
cates that the performance of the proposed Hy, SMC
approaches is better than the performance of the existing
H, control approaches [19, 21] in terms of robustness
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Fig. 12 Frequency deviations for random load change in the uncertain closed-loop IPS

against parametric uncertainty, fast convergence and
disturbance rejection performance. Furthermore, better
load frequency regulation of delayed IPS is obtained with
the proposed delayed feedback Hy, SMC approach than
the proposed state feedback Hy SMC approach. This
means that artificial delay incorporation in SMC struc-
ture improves stability of delayed power system.

4.2.2 Random-load disturbance

Random-load disturbances applied to control area-1
and control area-2 are shown in Fig. 9. Frequency devia-
tions and control signals of the closed-loop delayed IPS
without parametric uncertainty are depicted in Figs. 10
and 11, respectively. Considering uncertainty in the
closed-loop delayed IPS parameters, frequency devia-
tions and control signals are depicted in Figs. 12 and 13,
respectively.

It is observed from Figs. 10 and 12, the proposed con-
trol schemes reduce frequency deviations of the delayed
IPS satisfactorily for random-load changes. Damping of
frequency deviations by using the delayed feedback Hy,
SMC strategy (45) is better than that of state feedback
Hy, SMC strategy (35). Moreover, from Figs. 11 and 13,
one can observe that the control signals generated by
the delayed feedback Ho, SMC strategy (45) have faster
convergence rate than those by the state feedback Hy
SMC strategy (35). This observation shows that incorpo-
ration of artificial delay in SMC structure improves the
stability of IPS with time-delay. The control signals [i.e.,
u1(t) and uy(t)] generated by the proposed Hs, SMC
approaches for the delayed IPS areas are chattering free.
Hence, Hy criterion based sliding mode controllers (35)
and (45) give chattering free control signals. Further-
more, one can observe from these simulation results
(i.e., Figs. 10, 11, 12 and 13) that the performance of the
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Fig. 13 Control inputs to the uncertain closed-loop IPS with random load change

proposed control approaches is better than the existing
control approaches [19, 21] in terms of frequency regu-
lation and control signal convergence of the closed-loop
delayed IPS with random-load change in each control
area.

The objective of any control design for load frequency
regulation of IPS is to maintain any load frequency oscil-
lation within acceptable range, which in power system
is defined by two main levels such as statutory limit and
operational limit [4]. Frequency oscillation of +0.5 Hz
and £0.2 Hz are acceptable in statutory and operational
limits, respectively [8]. From the frequency response
curves shown in Figs. 5, 7, 10, and 12, it is clearly
observed that frequency oscillations in each area of the
closed-loop delayed IPS with and without parametric
uncertainty are within the range of £0.2 Hz. This obser-
vation indicates that the load frequency oscillation of
delayed IPS with and without parametric uncertainty is

damped satisfactorily by using the proposed Hy, perfor-
mance-based sliding mode controllers. Hence, applica-
tion of the proposed sliding mode Hu, LFC designs based
on the proposed state feedback control and delayed
feedback control strategies can make IPS operation safe,
secure and stable.

Hy, performance-based state feedback sliding mode
controller (35) and Hy, performance-based delayed feed-
back sliding mode controller (45) take state variables of
the state-space model (6) as their inputs and generate
control signals for the two-area delayed IPS. Performance
of controller (35) depends on the selection of suitable
values of controller parameters b1, by, J and K. Similarly,
performance of controller (45) depends on the selec-
tion of suitable values of controller parameters by, by, h,
J, K and Kj,. The values of by and b, are selected accord-
ing to the disturbances of area-1 and area-2, respectively,
while the value of / is tuned by considering the values of
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time-delays appeared in area-1 and area-2. Selection of
matrix J depends on the input matrix B of the state-space
model (6), while computation of K and K}, needs the val-
ues of 11, 7o, h, and matrices A, Ay1, Ago, B, C, D of the
state-space model (6) and (2). The matrices A, Ay1, Ago,
B, C and D are obtained by using the values of the two-
area IPS parameters given in Table 1. In real situation,
the number of control areas of an IPS is not limited to
two, and there may be a variety of generation technolo-
gies in each control area. For such situation, the number
of state variables of the IPS (i.e., number of inputs to con-
troller) and number of control inputs to IPS (i.e., num-
ber of controller outputs) may increase, which increase
the dimensions of matrices A, Ay, Ago, B, C, D and J.
Hence, dimensions of controller gain matrices K and K,
are increased and new values of K and K}, are computed.
The above discussed changes in power system and con-
troller parameters may change the control performance
in real situations.

Conventional control design for load frequency regu-
lation of IPS consists of an integral controller or a PI
controller in each control area of the IPS to control the
frequency oscillation of the respective control area [19].
Integral controllers and PI controllers are preferred to
design conventional LFC schemes due to their simple
structure and availability of various tuning methods [21],
and when used in each control area of IPS for load fre-
quency regulation, they are known as local controllers.
For high and random load demand change as shown in
Fig. 9, the local controllers may take a long time (up to
several minutes) to bring the frequency oscillation to its
tolerable limit. To handle such situation, the proposed
sliding mode Hy LFC designs based on state feedback
or delayed feedback control strategies can be considered,
since in the proposed LFC designs, local controllers are
considered as integral parts of the IPS while an Hy, slid-
ing mode controller is used to solve LFC problem of such
IPS which already has local controllers. By observing the
results analyzed in this paper, it is evident that the appli-
cation of the proposed Hu, performance-based sliding
mode LFC designs can bring the frequency oscillation of
IPS to its tolerable limit within a minute.

5 Conclusions

Two types of sliding mode controller designs are pro-
posed in this paper by considering two different strate-
gies, such as state feedback control strategy and delayed
feedback control strategy, for power frequency regula-
tion of delayed IPS with parametric uncertainty. In the
delayed feedback sliding mode controller design, an
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artificial delay is incorporated intentionally to obtain bet-
ter dynamic performance of the closed-loop delayed IPS.
To obtain minimal disturbance effect on the performance
of closed-loop systems (delayed IPS with state feedback
sliding mode controller and with delayed feedback slid-
ing mode controller), two delay-dependent Hy criteria
(Theorems 1 and 3) in LMI framework are developed
separately using two separate LK functionals for the sta-
bilization of the two closed-loop IPSs with time-delay
and parametric uncertainty. Stabilizing controller gains
of these two types of sliding mode controllers are com-
puted from the solution of these developed Hy, criteria.
These proposed LFC methods are tested for a numerical
example of a two-area power system. Results of the test
system show that these control methods can damp fre-
quency deviations adequately for both step and random
load changes in each control area. The findings of this
paper are summarized as follows:

+ The proposed Hs performance-based sliding mode
controller designs for load frequency regulation of
delayed IPS with parametric uncertainty are not
affected by chattering. So, its control performance is
improved.

+ Damping of frequency oscillation is significantly
improved by using the delayed feedback Hy SMC
approach in comparison to the state feedback Huo
SMC approach, which indicates that incorporation of
an artificial delay in SMC design improves the stabil-
ity of IPS with time-delay.

+ For the high and random load changes in each area
of the delayed IPS (see Fig. 9), the frequency oscil-
lations are within the operational limit (+0.2 Hz)
by adopting the proposed Hs SMC approaches
(see Figs. 10 and 12). This observation shows the
applicability of the proposed control approaches for
making the operation of IPS stable, secure and safe.

+ The performance of the proposed delayed feed-
back Hy sliding mode LFC approach is superior
to those of the existing delayed feedback Hy, LEC
approaches [19, 21] in terms of robustness against
parametric variation, fast convergence and distur-
bance attenuation performance.

The study may be extended to analyzing the load fre-
quency regulation of IPS considering a variety of gen-
eration technologies in each control area. Controller
design for load frequency regulation of time-delay IPS
with parametric uncertainty may also be proposed by
using fractional order sliding mode controller in place
of the integral sliding mode controller.
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Appendix A Proof of Theorem 2 U; Control input to area i
C ider the L £ ti . K Controller gains correspond to present states
onsider the Lyapunov tunction as: K, Controller gains correspond to delayed states
1 1% H  performance index
V() = Ea T(t)o’(t). (52) /R_1 :dentity nfwatri: Wl/;h proper dimension
nverse of matrix
RT Transpose of matrix R

Derivative of (52) is given by:

V() = %dT(t)o(t) + %UT(t)d(t) =ol ()6 (p).

(53)
Using (13), one can write (53) as:
2
V(6) =Y oi()UiBiKix(t) + JiBiui(£) + JiDiwi(£)).
i=1
(54)

Substituting (35) in (54), one obtains:

: : oi(t)
V) = ,;w) [—b,nw,n(”m e §> +J,D,wz<t>]
(55)
Equation (55) can be expressed as:
2
V) < Z [(=billiDilllloi Nl + llos @ I IT:Dillllwi () 1]
- (56)

The above equation may be further solved as:

2
V) <Y lo@IEDill[=bi + vl < 0. (57)
i=1

Thus, control law (35) ensures o;(t)d;(t) < 0.

Abbreviations
SMC Sliding mode control

IPS Interconnected power system
LFC Load frequency control

Pl Proportional-integral

PID Proportional-integral-derivative
LMI Linear matrix inequality

LK Lyapunov-Krasovskii

ACE Area control error

List of symbols

AP,;  Governor valve position deviation of area i
AP,,;; Mechanical output power deviation of area i
Aﬁ Frequency deviation of area i

APij Tie-line power deviation of area j and area j
APy Load disturbance of area i

i Governor time constant of area
Tgi Power system time constant of area i
Y}Zhi Turbine time constant of area i

T Stiffness coefficient between area 1 and area 2
kpi Power system gain of area i

k; Gain of local integral controller of area i

AE; Output of local integral controller in area i

B; Frequency bias parameter of area i

R; Speed droop of area i

Ti Time-delay in control area i

h Artificial delay

Symmetric terms of a matrix
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