energies

Article
Enhanced Stability Criteria of Network-Based Load Frequency
Control of Power Systems with Time-Varying Delays

Wenxi Feng 1%, Yanshan Xie 1*, Fei Luo !, Xianyong Zhang 3 and Wenyong Duan *

College of Automation Science and Technology, South China University of Technology,
Guangzhou 510640, China; aujiamingxu@mail.scut.edu.cn (W.E); aufeilluo@scut.edu.cn (F.L.)
2 Guangzhou Institute of Standardization, Guangzhou 510050, China

School of Automation, Guangdong Polytechnic Normal University, Guangzhou 510665, China;
zhangfriendjun@163.com

School of Electrical Engineering, Yancheng Institute of Technology, Yancheng 224051, China;
dwy1985@ycit.edu.cn

*  Correspondence: 201911002882@mail.scut.edu.cn

Abstract: The stability problem for load frequency control (LFC) of power systems with two time-
varying communication delays is studied in this paper. The one-area and two-area LFC systems are
considered, respectively, which are modeled as corresponding linear systems with additive time-
varying delays. An improved stability criterion is proposed via a modified Lyapunov-Krasovskii
functional (LKF) approach. Firstly, an augmented LKF consisting of delay-dependent matrices and
some single-integral items containing time-varying delay information in two different delay subin-
tervals is constructed, which makes full use of the coupling information between the system states

and time-varying delays. Secondly, the novel negative definite inequality equivalent transformation
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lemma is used to transform the nonlinear inequality to the linear matrix inequality (LMI) equivalently,
which can be easily solved by the MATLAB LMI-Toolbox. Finally, some numerical examples are
presented to show the improvement of the proposed approach.
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1. Introduction

Academic Editor: Andrea Mariscotti In order to maintain the power grid frequency (an important index of power quality)
fixed or within a small allowable range, a load frequency control (LFC) strategy is a
common technique equipped in the power systems [1-7]. With the development and
expansion of the power grid, a dedicated independent communication network has been
unable to meet the operation of the power grid, although the small transmission delay in
the dedicated independent communication network can be ignored [8]. At present, the LFC
scheme receives sensor signals and outputs control signals through an open communication
network with a mass of data and extensive information exchange. However, random delays
and data packets will be introduced into the LFC scheme through the open communication
network, which are not negligible and important [9]. These network factors result in the
LEC system performance degradation and even instability. Literature [10] pointed out that
even if there is a time delay less than 100 ms in the process of information measurement
and control output, the transient excitation controller of a generator cannot achieve the
control goal. Thus, it is necessary to study the influence of time-varying delays on the
performance of the LFC system in an open communication network.

The network controlled LFC system involves the transmitting data between controller
and plant. Therefore, there are two main cases of time-varying delays: on the one hand,
only the communication time-varying delay from the control center to the governor is
considered [11-18], where delay-dependent stability analysis and controller design are
investigated by using single delay to model all time delays arising in communication
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channels. In fact, the time delays arising in the feedback measurement channel and
those in the forward control channel may have different properties. It has more useful
guidelines with considering the different properties. Thus, on the other hand, not only
the communication time-varying delays from the control center to the governor but also
from the sensor to the LFC center are considered simultaneously [19-21], where general
delay-dependent stability analysis is studied by using additive time-varying delays to
model two different time delays arising in communication channels. In this way, the
stability problems of the LFC system with two transmission delays can be investigated by
using the method of stability analysis for general linear time-delayed systems.

The main analytical purpose is obtaining the stability condition and controller de-
sign method via Lyapunov stability theory application. The stability criterion based on
Lyapunov stability theory is a sufficient condition, and inevitably has certain conserva-
tiveness. There are two main reasons for the conservativeness: the construction of LKF
and techniques for estimating the upper bound of the derivative of LKF. Thus, there are
many methods and techniques given to address these two aspects. For the construction
of LKFE, a LKF with the delay decomposition method [22-24], LKF with multiple integral
items [25-29] and LKF with some augmented vectors [30,31] are proposed. On the other
aspect, the Jensen inequality [32], B-L inequality [33] and relaxed integral inequality tech-
niques [34-38] are used to estimate the upper bound of the derivative of LKF. In order
to reduce the conservativeness of the LKF construction, a lot of coupling information
between the system state variables and time delays is introduced into the LKF, which leads
to some nonlinear terms in the final results. This makes the solution complex and even
unsolvable. Recently, a novel negative definite inequality equivalent transformation lemma
was proposed in [39], which improved the degree of freedom for solving the linear matrix
inequality (LMI) in the main theorem without conservativeness. Thus, according to the
development of stability methods for linear time-delayed systems, there is still space to
further reduce the conservativeness of stability criteria for the LFC system.

Inspired by the above analysis, the contributions of this paper can be summarized
as follows:

¢ As mentioned above, only one-area LFC system with two different time-varying
delays is considered. It is general and important to investigate the stability of two-area
or multi-area LFC system with two or more time-varying delays. This paper studies
one- and two-area LFC system with two time-varying delays.

e  The main improvements of the LKF are summarized as: (a) introducing four delay-
dependent non-integral terms to the LKF, such as S;(t), (i = 1, 2, 3, 4); (b) introducing
some integral components to the single-integral terms under different time-varying
delay subintervals, suchas [, , x(0)de, ftth;ilf x(6)do, fts—ht x(6)d6, ftthht x(0)df, and
so on. These improvements make the LKF contain more information (the time-varying
delays and the coupling information between the state variables and the time-varying
delay) than the literature [11,17,18,21], which reduces the conservativeness caused by
the LKF construction.

¢  To overcome the nonlinear matrix inequality in the stability criterion, the novel nega-
tive definite inequality equivalent transformation lemma proposed in [39] is used to
transform the nonlinear inequality to the LMI equivalently, which can be easily solved
by the MATLAB LMI-Toolbox.

In this paper, the stability problem for LFC power systems with two time-varying
communication delays is studied. Both one-area and two-area LFC systems are considered,
respectively. An improved stability criterion is proposed via a modified LKF approach.
Firstly, an augmented LKF consisting of delay-dependent matrices and some single-integral
items containing time-varying delay information in two different delay subintervals is
constructed. Secondly, a novel negative definite inequality equivalent transformation
lemma is used to transform the nonlinear inequality to the LMI equivalently, which can
be easily solved by the MATLAB LMI-Toolbox. Finally, some numerical examples are
presented to show the improvement of the proposed approach. Moreover, the stability
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results can be applied to the LFC optimization to guarantee the stable operation of power
system based on an open interconnect network control.

This paper is organized as follows. Section 2 gives the models of LFC schemes;
Section 3 provides a stability assessment for the LFC system. Section 4 shows numerical
examples. Conclusions are drawn in Section 5.

Notation 1. Throughout this paper, the notations are standard. R" denotes the n-dimensional
Euclidean space; R"*™ is the set of all n x m real matrices; For P € R"*", P > 0 (respectively,
P < 0) mean that P is a positive (respectively, negative) definite matrix. diag{ai,az,--- ,an}
denotes an n-order diagonal matrix with diagonal elements a1, ay,-- - ,ay. €; (i =1,...,m) are

block entry matrices. For example, e = |0 I 0---0|. For a real matrix B and two real
——

m—2
. . . . . A B ‘
symmetric matrices A and C of appropriate dimensions, { . C ] denotes a real symmetric

matrix, where x denotes the entries implied by symmetry. Sym{A} = A + AT.

2. System Description and Problem Preliminaries
2.1. One-Area LFC System

In this subsection, the model of one-area power system equipped with PI controllers
and taking into account the time-varying communication delays is given. The basic diagram
of the simplified LFC of one-area power system is shown in Figure 1, where e~ and
e~5% are time delays, respectively, arising during the measured signal Af transmitted from
sensor to the LCF center and the control signal sent from the control center to the governor.

Network
Control center
—sd.
e 1
Time delay Af
Q
g 1
IZB] g|D+sM
ACE PI controller Time delay Governor Turbine
K AL L ojap ) 1 AR ap
(KP + —I) > e_SdZ ol X | d
S 1+sT, 1+sT,

Figure 1. The basic diagram of the simplified LFC of one-area power system.

According to the LFC system shown in [19] and Figure 1, the common LFC scheme
model of one-area can be expressed as follows:

{ x(t) = Ax(t) + BAP(t), 1)
y(t) = Cx(t),
where
[ Af()
%(t) =| APu(t) |, 7(t) = ACE(t),
APy(t)
B 40 0
A=| 0 -7 4 |,B=| 0 |, C=[po0).
_ 1 0 _1 4
i RT, Tg Tg
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Here, Af(t), APy (t) and AP,(t) are the frequency deviation, the mechanical output
change, and the valve position change, respectively; M and D are the moment of inertia
of the generator and generator damping coefficient, respectively; T, and T, are the time
constant of the governor and the turbine, respectively; R is the speed droop; APc(t) is
the setpoint; and B is the frequency bias factor. The following PI controller is used as the
LFC scheme:

u(t) = —KpACE(t) — K; / ACE(t)dt, @)

where Kp and K; are PI gains; and the ACE(t) is the area control error. Due to the existence
of time-varying delays (h;(t) and h;(t)) in feedback and forward channels, respectively,
the following is obtained

APc() = u(t — (1)), ACE(t) = BAF(E — n(1)). )

By defining virtual state and measurement output vector as y(f) = col{ ACE(f),
J ACE(t)dt} and x(t) = col{Af(t), APy(t), AP,(t), | ACE(t)dt}, the closed-loop LFC sys-
tem can be expressed as the following linear system with two additive time-varying delays:

X(t)=Ax(t)+A1x(t — hy(t) — ha(t)) 4)

and the system parameters are listed in the following form

-5 L 0 o0 0 00 0
0 -7 1 0 0 00 0
A=l " Zh g MT | ke g g K
RTg Tg T Te
B 0 0 0 0 00 0

2.2. Two-Area LFC System

In this subsection, models of two-area power system equipped with PI controllers and
taking into account the time-varying communication delays are given. The basic diagram
of the simplified LFC of two-area power system is shown in Figure 2, where APy, and Ty,
are the tie-line power transfer and synchronising coefficient of the tie-line. According to
the LFC system shown in [20] and Figure 2, the ACE can be expressed as follows:

ACEq(t) = APpp(t) + B1Afi(t), )
ACE(t) = —APy(t) + B2Afa(t) (6)

and the closed-loop LFC system with PI controllers and time-varying communication
delays can be described as follows:

2(O)=AR(DHALR(E — Iy (1) — ha(t)), )

where

2(t) = COI{Afl(t)/Apml(t)/APm(t)r [ ACEx()dt, AP (1), Afa(8), APwa (), AP (), | ACEz(f)df},

A—[ An An ] Ay = { A A }
A21 Azz ! A121 A122
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Figure 2. The basic diagram of the simplified LFC of two-area power system.

As discussed in the Introduction section, the communication channel may encounter
time delays, which are usually time-varying and bounded. Then, similar to the previous
work, the delays are expressed by time-varying functions satisfying the following conditions:

0 <hy(t) <hy, 0<hy(t) <hy,
| () [< p, [ a(t) [< o, VEZ>0, ®)

where hy, hy, p1 and p, are positive constants. Let h(t) = hy(t) + hp(t) and h = hy + hj.
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3. Stability Assessment for LFC System

Lemma 1 ([33]). For a positive definite matrix R and differentiable function x in [a,b] — R",
the following holds

b
/ %7 (s)Rx(s)ds > ! W Rw,
Ja b—a

where R = ding{R,3R,5R}, w = col{wl,wZ,w3} with w1 = x(b) — x(a), wy = x(b) +
x(a)—h%afab (s)ds, w3 = w1—ﬁf x(s) ds+ ) —8)x(s)ds.

Lemma 2 ([30]). For positive definite matrices Ry, Ry € R™™", vectors vy, v € R" and a scalar
a € [0,1], if there exists symmetric matrices X1, Xo € R"*" and any matrices S1,S, € R"*"
such that

{Rl—Xl sl]>0 {Rz—xz S»
* paiy 7

>
Rl * R2 :| _O’

the following inequality holds

1
focvaszz > ol [Ry + (1 — ) X3]v1 + 01 [Ry + aXp]va + 207 [aS; + (1 — &) Sz]va.

1 7
—v; R
av] 17]1+1

Lemma 3 ([39]). Let symmetric matrices Ay, A1, Ay € R™™ and a vector { € R™. Then,
the following inequality

TP (W2 Ay + A+ Ag) < 0

holds for all hy € [0,h] if and only if there exists a positive definite matrix D € R™*™ and a
skew-symmetric matrix G € R¥K such that

At ] _[c¢ 'r_p Gg1[cC
v A ] « D]
whereC:[%I 0} and]:[%l —I}.

Theorem 1. Given scalars hy, hy, yy and yy, the system (7) satisfying condition (8) is asymptoti-
cally stable, if there exists positive definite matrices Spp, Q; € R3*3, Q € R8>8 R; € R"*",
D;, G € R symmetric matrices Siy, X; € R¥3" any matrices Y; € R3¥3",
(i=1,2,3,4;j = 1,2,k = 3,4), such that the following matrix inequalities hold for hy; = Hj €

{—p1,m}, b & e € {—p, u}.

h1Sj1 4 Sip > 0, hSiq + S > 0, )
[K;& E:>Q (10)
. :
e e (510 315w
. :
o o (ST 85T e

with € = [410], 7 = [41 — 1], R; = diag{R;, 3R, 5R},



Energies 2021, 14, 5820

7 of 22

Qo (pj) = A S11811 — h1pAJy S Ao1 — hgAL; Q1053
+ 114D Q2063 + hihyge; (Ry — Ra)ey,
On(pj) = Sym{A1T3sllA12 — ALSyAm + AL Q1A + AszQzAz} + 1AL, S11 812
— 1A S0 Mgy + AL Q1 A5y — AL Qo A6y + A7, Q307 — AjHQuls:
— h1gA34 Q1054 + h1gAE Q2 As,

D1 (pj) = Sym{AlTs(SllAn + S12A12) + 1y Afy S11A12 + AJs[(h1S21 + S22) A2z — S214A91]
—I1i A S01 80 + A51Q185 — As1Q1862 — h14D53Q1 854 + h11863Q2D64

1
+A8 Q1A + AT Qzl\z} — hihyge} (Ry — Ry)ey —

W [rlTxlrl - I’ZTXZFZ]

+sym{ o [T - v

Qo(px) = Sym{AlTssuAn + A% (11521 + S2) Aot + AS30A31 + AL (hSa1 + San) Ay
+850Q1 A1 + AJgQaAz + AJpQsAs + AJpQuA } + iS5
— Ity S A1 + AL Q1851 — Mg Qae1 + A7, Q371 — Mg Quds
— hgA33Q3073 + hyAGQulgs + ef (iR + h*Ry)es + h*hge; (Rs — Ry)ey
+ TR+ TE(Ry + Xo) Do + T RaT3 + I (Ry + X4) Ty
+Sym{IIViD + I vs I} + Sym{Afuriy},

Q1 () = Sym{A§3531A31 + AJ3S30037 + e} 31830 + Afs (hSu1 + Sa2)Asa
~ALSy Ay — ALSy Ay + N Q3N + Al Q4A4} + AL Q37
— AHQulAsr — A7, Q3074 + hgAgyQalgs — hhgeg (R3 — Ry)es

1 1
— E[I‘3TX3I’3 — Il X,I) + ﬁSym{I’3T(Y3 —Yy) I},

M (i) = Sym{A§3531A32 — AL S + AL Q3N + /\3?3@4/\4}
+ AL S3185 — AL Sy Ap + A, Q307
— A Qulgy — hyAL Q3A74 + hgA§yQalss,

where the notations of other symbols and matrices can be found in Appendices A and B.

Proof. Refer to Appendix C. O

Remark 1. The stability sufficient condition of the LFC system (4) is obtained in Theorem 1, which
can guarantee the stability of the LEC system (4) in the range of the maximum allowable time
delay. Compared with the literature [11,17,18,21], the Theorem 1 in this paper further reduces
the conservativeness via the augmented LKF application. The main improvements of the LKF
are summarized as: (a) introducing four delay-dependent non-integral terms to the LKF, such as

Si(t), (i =1,2,3,4); (b) introducing some integral components to the single-integral terms under

diﬁerent time-varying delay subintervals, such as [; y, X(0)40, ftt hh“x )do, [ p, X(0)d6,

ftt " x 6)d6, and so on. These improvements make the LKF contain more information of the
time- varymg delay and the coupling information between the state variables and the delay than the
literature [11,17,18,21], which reduces the conservativeness caused by the LKF construction.
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Remark 2. It is well known that in order to improve the conservativeness of the stability cri-
terion, the modified LKF must combine with some tight inequality technique [36]. Therefore,
Lemmas 1 and 2 are used to estimate the derivative of the LKF, where some effective auxiliary
functions and free-weight matrices are introduced into the upper bound on the derivative of the
LKEF. Finally, Theorem 1 based on the modified LKF and two proper inequality techniques is less
conservative than those of the recently published literature [11,17,18,21].

Remark 3. However, according to the inequality (A8) in the proof process, the final form of
the upper bound on the derivative of the LKF is nonlinear due to h?(t)Qy(h;), which cannot be
solved by MATLAB. The authors of [25] decomposed this nonlinear matrix inequality into three
equivalent LMI conditions via the sufficient condition constraint lemma application. It reduced the
degree of freedom for solving the matrix inequality in the main theorem, due to the introduction
of two additional LMI constraints. Moreover, the sufficient condition constraint lemma is quite
conservative [39]. To overcome the nonlinear matrix inequality in the stability criterion, the novel
negative definite inequality equivalent transformation lemma (Lemma 3) proposed in [39] is used
to transform the inequality (A8) to the LMI (12) equivalently, which can be easily solved by the
MATLAB LMI-Toolbox.

4. Results and Discussions

In this section, the effectiveness of the stability criterion proposed in this paper is
shown. For different Kp and K; values, the maximum allowable time-delay upper bound
values (MADUB) can be obtained by solving the LMIs in Theorem 1 via Matlab LMI-
Toolbox. The LFC system parameters in Table 1 are given in [20]. One and two-area LFC
systems will be discussed and comparatively analyzed in the following subsections. In the
following subsections, ‘-’ in the tables indicates that the corresponding result is not given.

Table 1. LFC systems parameters with Tj, = 0.1986 pu/rad.

Ta(s) B R T(S) D M(s
Areal 0.3 21 0.05 0.1 1 10
Area 2 0.4 21.5 0.05 0.17 1.5 12

4.1. One-Area LFC System
4.1.1. Conservativeness Comparisons

In order to compare with the existing results, Tables 2 and 3 give the MADUB values
of the case of fixed Kp and K; values, Kp = 0.2, K; = 0.1, |1 (t)| < 0.1, |12()| < 0.8. The
corresponding results cannot be given in [11,17,18] since the time delays from sensor to
the LFC center are ignored. Moreover, to show the PI controller gains influence on the
MADUB of the LFC system, Table 4 obtains the MADUB values of the case of different
Kp, Ky values, hy(t) = 0 and pp = 0; Table 5 gives the MADUB values of the case of
different Kp, K; values, hy(t) = 0 and yp = 0.9. From these tables, it can observe the
results of Theorem 1 are similar to those of [11], however, less conservative than those
of [14-16,19-21]. Meanwhile, the MADUB increases with Kp increment at a fixed K; value,
and the MADUB decreases with K; increment at a fixed Kp value.

Table 2. MAUBs h; for given hj, Kp and K; under one-area LFC system.

Methods\ i 1.0 1.2 1.5
[20] 4.803 4.603 4.303
[19] 5.882 5.682 5.383
[21] 5.987 5.878 5.559

Th. 1 6.155 6.046 6.003
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Table 3. MAUBs I for given hy, Kp and K; under one-area LFC system.

Methods\ 1 2.0 3.0 4.0
[20] 3.803 2.803 1.803
[19] 4.892 3.886 2.885
[21] 4.997 3.979 3.001
Th. 1 5.016 4.031 3.217

Table 4. MAUBs h; for hyi(t) = 0 and py = 0 under one-area LFC system.

P2 =0

Kp  Methods\K;  0.05 0.1 0.15 0.2 0.4 0.6 1
[20] 2793 1378  9.06 669 312 191  0.89
[14] 2792 13.77 - 669 312 191  0.88
[15] 3092 1520 996 734 338 204 092
0 [16] 30.91 15.20 - 7.34 3.39 2.05 0.93
[11] 3079 1514 992 731 337 231 092
Th. 1 3079 1517 995 733 338 203 092
[20] 2787 1406 928 687 322 197 093
0.05 [15] 31.88 1568 1028 758 350 212 097
' [11] 31.74 1562 1024 755 349 212 097
Th. 1 31.77 1567 1027 757 350 212 097
[14] 27.03  13.69 - 694 329 202 09
01 [20] 27.03  13.68 - 694 329 202 09
‘ [16] 31.61  16.02 - 779 361 219 101
Th. 1 3273 1608 1031 781 362 219  1.04

Table 5. MAUBs h; for h1(t) = 0 and py = 0.9 under one-area LFC system.

H2 — 0.9

Kp Methods\Kj 0.05 0.1 0.2 0.4 0.6 1
[14] 20.45 9.963 4.59 1.81 1.01 0.48
[20] 26.37 12.96 6.25 2.85 1.68 0.74
0 [16] 27.26 13.39 6.43 291 1.71 0.75
[17] 27.50 13.73 6.61 3.02 1.80 0.78
Th. 1 28.03 14.24 7.12 3.20 191 0.79
[14] 17.39 9.16 4.67 1.85 1.05 0.48
[20] 20.25 11.07 5.93 2.87 1.75 0.74
0.1 [16] 22.00 12.32 6.59 3.11 1.84 0.75
[17] 29.51 14.52 7.02 323 1.94 0.86
Th. 1 30.07 14.61 7.13 3.24 1.95 0.87

4.1.2. Simulation Verification

Simulation studies are carried out under an increased step load of 0.1 pu occurring at
1's, time-varying delays and the following assumptions. The simulation results are shown
in Figures 3-6, in which the LFC has achieved its objective, and the control system is stable.
In Figure 4, the blue curve is close to the critical stability with Kp = 0, K; = 0.05, h;(t) =0
and hy(t) = 30.79.

*  For Figure 3, fixed Kp = 0.2, K; = 0.1:
Lo h(t) = gsin(%Et) + 3, ha(t) = 615551“(6155 )"‘6155
2 In(t) = Psin(%0) + 2, ha(t) = WBsin ( hist) + 492;

3. I(t) = 2P6sin(G3t) + 25, hy(t) = sin(0.8t) + 1;



Energies 2021, 14, 5820

10 of 22

4. () = 3 sin( 53 t) + 337 hy(t) = 2sin(0.4t) + 2;

For Figure 4, different Kp and flxed hy(t) =0, Ky = 0.05:
1. Kp=0,n(t) =307
2. Kp=0,h(t) = 3079
3. Kp=0.1,h(t) = 3273
For Figure 5, different Kp and fixed 1 (t) = 0,, K; = 0.6:
1. Kp = 0, K[ = 06, hz(t) = 200,
2. Kp=0,K; =06 In(t) = 2.03;
3. Kp=0.1,K =06 h(t) = 2.20;
For Figure 6, different Kp and fixed 1 (t) = 0:
1. Kp=0,Kp=02,hat) = 2sin( F5t) + 22,
2 Kp=01,Kp=02hp(t) = Psin( Ht) + 28,
3. Kp=0,Kp=1M(t) = "Psin(ft) + 2
4. Kp=01,Kp=1,hyt) = 0575171(01_3871}) + 947,
0.02 T T T T T T T T T
00151 T =
0.01 IR
s 0.005 - 7
»—é 0 SR 4 . T
< N e
-0.005 S~ b
-0.01 4
-0.015 4
-0.02 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
time (Sec.)
SRR
_________ 14
g e
g . 4

0 10 20 30 40 50 60 70 80 90 100
time (Sec.)

Figure 3. Frequency deviation and control error responses of one-area deregulated LFC scheme with
Kp = 0.2, K = 0.1 and different time-varying delays.
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Figure 4. Frequency deviation and control error responses of one-area deregulated LFC scheme with
Ky =0.05, 1 (t) = 0 and different Kp, hy(t).
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Figure 5. Frequency deviation and control error responses of one-area deregulated LFC scheme with
K; = 0.6, h1(t) = 0 and different Kp, hy(t).
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Figure 6. Frequency deviation and control error responses of one-area deregulated LFC scheme with
hy(t) = 0 and different Kp, K; and time-varying h;(t).

4.2. Two-Area LFC System
4.2.1. Conservativeness Comparison

Tables 6 and 7 give the MADUB values of the case of fixed Kp and K| values, Kp = 0.05,
K; = 0.4 and different pj, pp values. The corresponding results cannot be achieved
in [11,17,18] since the time delays from sensor to the load frequency control center are
ignored. Table 8 gives the MADUB values of the case of different Kp and Kj values,
hi(t) = 0 and pp = 0; and Table 9 give the MADUB values of the case of different Kp and
K; values, hi(t) = 0 and pp = 0.5. From these tables, it is obviously that the MADUB
increases with Kp increment at a fixed K; value, and the MADUB decreases with K;
increment at a fixed Kp value. In addition, the results of Theorem 1 are less conservative
than those of [11,15,20].

Table 6. MAUBSs I, for given hj, Kp and K; under two-area LFC system.

#a 0.2 0.5 0.8

Methods u1\hy 1 15 2 1 15 2 1 15 2
01 2122 1774 1323 2051 1637 1273 2015 1582 1.098

Th. 1 02 2018 1559 1.064 2003 1507 1.018 1997 1499 1.001

05 1992 1529 1.030 1973 1481 0995 1.895 1.398 0.908

Table 7. MAUBs h; for given hy, Kp and Kj under two-area LFC system.

12 0.2 0.5 0.8
Methods p1\h, 1 2 3 1 2 3 1 2 3

0.1 2.028 1.183 0.251 1.939 1.078 0.189 1.925 1.051 0.081
Th. 1 02 2016 1.027 0.079 1921 1.017 0.077 1910 1.009 0.054
05 2009 1.012 0.053 1907 1.007 0.037 1.897 1.007 0.036
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Table 8. MAUBs h; for h1(t) = 0 and py = 0 under two-area LFC system.

p2 =0
Kp Methods\Kj 0.05 0.1 0.15 0.2 0.4 0.6 1
[20] 27.85 13.70 8.97 6.60 3.00 1.75 0.57
0 [15] 30.81 15.09 9.84 7.21 3.23 1.84 0.59
[11] 30.695  15.042 9.816 7196 3225 1.846 0.585
Th. 1 30.83 15.11 9.87 7.24 3.23 1.85 0.62
[20] 27.83 14.02 9.21 6.78 3.10 1.81 0.62
0.05 [15] 31.27 15.57 10.16 7.45 3.35 1.92 0.64
’ [11] 31.643 15,526 10.132 7433 3334 1924 0.638
Th. 1 31.67 15.55 10.15 7.44 3.34 1.93 0.65
[14] - 13.65 - 6.88 3.17 1.86 -
01 [20] - 13.65 - 6.88 3.17 1.86 -
’ [16] - 15.97 - 7.67 3.47 2.03 -
[17] - 16.01 - 7.68 347 2.03 -
Th. 1 31.67 16.05 10.16 7.71 3.48 2.03 0.65
Table 9. MAUBs h; for h1(t) = 0 and pp = 0.5 under two-area LFC system.
H2 — 0.5
Kp Methods\Kj 0.2 0.4 0.6
[20] 5.55 2.36 1.18
[14] 6.14 2.68 1.40
0 [16] 6.41 2.81 1.54
[17] 6.66 2.95 1.65
Th. 1 6.69 2.97 1.65
[20] 5.35 2.55 1.30
[14] 6.34 2.83 1.51
0.1 [16] 6.75 2.84 1.53
[17] 7.10 3.16 1.78
Th. 1 7.13 3.19 1.78

4.2.2. Simulation Verification

Simulation studies are carried out under an increased step load of 0.1 pu occurring at
15, and time-varying delays and the following assumptions:

¢  For Figure 7, fixed Kp = 0.05, K; = 0.4:

1. h(t) = %sm(“t) + 3, () = zglssm(zoo st) + 2018,

2 )= dsin() + ) = i i) + 24

3. In(t) = 2Psin(5g5st) + 258, ha(t) = %Si”<T4t) + 3

4. h(t) = 0%365171(0036 ) + 2036 py(t) = %sin(%t) +3;
e For Figure 8, different Kp and fixed h; (t) = 0, K; = 0.05:

1. Kp=0,hy(t) = 30.89;
2. Kp=0,hy(t) = 30.83;
3. Kp=0.1,h(t) =31.67;
e For Figure 9, different Kp and fixed h1 (t)
1. Kp=0,h(t) = 0.637;
2. Kp=0,In(t) =062
3. Kp = 01, hz(t) = 065,

=0,K =1:



Energies 2021, 14, 5820

14 of 22

e For Figure 10, different Kp, K}, time-varying h,(t) and fixed h (t) = 0:
1. Kp=0,K; =02 hy(t) = 626951”(669 ) + 89
2. Kp=01,K =02h(t) = 721351”(713 ) + 75
3. Kp=0,K =06 It) =1£ Sl”(165)+165
4. Kp=0.1,K; =06 hy(t) = 127831”<178)+178

The simulation results are shown in Figures 7-10, in which the LFC has achieve its
objective, and the control system is stable. It can be seen from Figures 8 and 9 that the red
curves are the critical stability with K; = 0.05 Kp = 0, h1(t) = 0, hp(t) = 30.89 and Kp =0,
K; =1, hy(t) =0, hp(t) = 0.637, respectively. Thus, the black curvess in Figures 8 and 9
are close to the critical stability region, that is, Theorem 1 proposed in this paper is effective
in estimating the upper bound of the maximum allowable time delay.

3
0.08 . . . . o 10

0.06 | b —— b

0.04 |

0.02 [

ACE, (pu)
Af, (pu)

0 [ A 0“/
3

-0.02

-0.04

0 20 40 60 80 100 0 20 40 60 80 100
time (Sec.) time (Sec.)

-3
0.1 . . . . 5210

0.08

0.06

0.04 [

0.02 [

ACE,(pu)
Af,(pu)

-0.02 ¢

-0.04

.0.06 L L L L 1 L L L L
0 20 40 60 80 100 0 20 40 60 80 100

time (Sec.) time (Sec.)

Figure 7. Frequency deviation and control error responses of two-area deregulated LFC scheme with
Kp = 0.05, K; = 0.4 and time-varying delays.
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Figure 8. Frequency deviation and control error responses of two-area deregulated LFC scheme with K; = 0.05, h1(t) =0
and different Kp, hy(t).
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Figure 9. Frequency deviation and control error responses of two-area deregulated LFC scheme with K; = 1, h1 () = 0 and
different Kp, hy(t).
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Figure 10. Frequency deviation and control error responses of two-area deregulated LFC scheme with h; () = 0 and

different Kp, Kj, hy(#).

5. Conclusions

This paper mainly focuses on the stability analysis for load frequency control of power
systems with time-varying delays. For the one-area and two-area LFC systems with two
communication delays, stability criteria are obtained via Lyapunov stability theory appli-
cation. Firstly, the one-area LFC system and two-area LFC system are described as linear
systems with additive time-varying delays. Secondly, a modified LKF with some delay-
dependent non-integral terms and augmented integral components in single integral term
is constructed. Compared with the LKFs in some previous published literature, it contains
more coupling information between time-varying delays and state variables, which reduces
the conservativeness of the stability criterion. Thirdly, to overcome the nonlinear coupling
in the stability criterion, the novel negative definite inequality equivalent transformation
lemma (Lemma 3) is used to transform the nonlinear inequality to the LMI equivalently,
which can be easily solved by the MATLAB LMI-Toolbox. Finally, the effectiveness of the
proposed method is illustrated by comparisons and discussions in numerical examples.
In addition, in order to approach the actual situation, the design and optimization of the
controllers have always been a topic of concern, which inspires us to work around it in the
future. The stability results can be applied to the LFC design and optimization to guarantee
the stable operation of power system based on an open interconnect network control.

However, there are some limitations. Firstly, in order to reduce the conservativeness
of the stability criterion, the dimensions of the decision variables for solving LMIs increase
with the expanded dimensions of LKF. Secondly, in order to improve the degree of freedom
of solving LMIs, the free weight matrices are introduced. Thirdly, some additional decision
variables are introduced in LMIs when the nonlinear inequalities are transformed into
LMIs by using Lemma 3, which increases the number of decision variables of the LMIs
proposed in this paper. In conclusion, the improvement of stability results is in the cost of
increasing computational complexity.
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The derivation method of the stability criterion presented in this paper can be extended
to multi-area LFC system. The relevant theories will be applied into practice, which is one
of our further main topics.
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Appendix A

For the sake of simplicity on matrix representation, the notations of several symbols
and matrices are defined as

hip =h1(t), he = h(t), hyy = by — hi(t), he = h = h(t),
hig =1—=hy(t), hg =1 = h(t),

no1 (t) =col{x(t), x(t — ha), x(t — h1)},

no2(t) =col{x(t),x(t — h¢),x(t —h)},

) :COI{X(t)fx(t—hlt)f A x(s)ds},

t—hy

76(t,5) =col x(s),x(s),nm(t),/s x(G)dG,/tihl x(e)aze,/:h1 x(@)de},
n7(t,s) =col x(s),x(s),qoz(t),/st hltx(())d(), t x(6)do, | x(G)dG},

t—hy t—hy

{
{
{ ,
1s(t,9) =cor{2(6), x6) (1), [ 5000, [ xoya0, [ x(o)ao ],
{
{

i(t,9) =cor{x(6), 56 malt), [ 000, [ x(@)ao, [ xoya0),
p1(t) —/tth” 2(5) p2(t) :/t hh“ (t =P —s)x(s)

—h Tlt, hz
t=ht x(s t=ht ( t—ht—s) (s)
t - 7 7
=/ " ht = [
t t t—s )
£ = — ,
pS( ) ~A hap hlt /t m

t b (t—s)
or(t) = [ 2 / =,
t—h Dy t
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E(t) =col{x(t), x(t — 1), x(t — ), x(t — hy), x(t — h),
2(1), %(t = hay), 2(t = hy), 2(t — hy), %(t — h),
p1(t), p2(t), 03(t), p4(t), p5(t), p6(t), 07(t), ps(t)}-

Appendix B
Notations of other symbols and matrices for the Theorem 1 are given as:

Ag :col{el, es, 66}, Iy = Aeq + Aqjez —eg,
A11 =col{e1, ez, €0}, A1 = col{eo, eo, €13}, A1z = col{es, e7,e1 — hyger},
Ay =col{ey, eq, h1e11}, Apa = col{eg, eo, —e11}, Aoz = col{hyze7, e, higex — es},
Az =col{ey, e3,hiep}, Asp = col{ey, ey, e17}, Asg = col{eq, hges, e1 — hges},
Ay =col{es, e5, he1z}, Ay = col{eg, eo, —e13}, Ayz = col{hyes, e1g, hges — e},
As1 =col{es, e1, €1, €2, €4, €0, €0, h1e11}, Asy = col{eg, ey, eo, €0, €0, €0, €15, —€11 },
As3 =col{ey, ez, 1,€2,e4,€0, €0, h1e11}, Asq = col{ey, eg, eo, €o, €0, €15, €0, —€11},
Ag1 =col{eg, e4,e1,€2,4,h1011, €0, €0}, As2 = col{ey, e, €o, €, €0, —€11, €15, €0},
A3 =col{ez, ez, 1, €2, €4, 0,0, h1e11}, Aoy = col{e, eo, €o, €0, €0, €0, €15, —€11},
A71 =col{eg, e1,e1, €3, 65, €0, €0, hey3 }, Aza = col{eg, eg, eq, €o, €o, €, €17, —€13},
A7z =col{eg, e3, €1, €3, €5, €0, €0, heyz }, A7y = col{eg, eg, g, o, €9, €17, €0, —€13},
Agi =col{eg, e5,e1,e3,e5,hei3, eq, e}, Aga = col{ey, eo, €o, €0, €0, —€13,€17, €0},
Agz =col{eg, e3,e1, €3, €5, €0, €0, heyz }, gy = col{eg, eq, g, o, €0, €0, €17, —€13},
Ago :col{61 — €3, €p,€0,€0,€0,€0,€0, 60}, A91 = COl{é’o, €15,€1,€2,€4,€0,€0, h1€11 },
A9y =col{eg, e, eg, €0, €0, €15 — €16, €16, —€11},

A1 =col{eg, ey, €6, h1ge7,61 — h1ge7, e1, —h1gez, higer — ey},

A2 ZCOI{EQ, €0, €6, h1d67/ €9, h1d62, €1 — h1d€2/ —64},

A3 :COI{E(), €0, €6, hdeS/ €10, €1, —I’ldeg, hd€3 — 65},

A4 :COI{E(], €0, €6, hdeg, €10, hdeg, €1 — I’ld€3, —65},
Aqp =col{ey — eq, hyey, hiey, hie, e, h3(e11 — e12), €0, Hiern},
Aq1 =col{eg, —eq1, —e1, —ez, —eyq, —2h1(e11 — e12), hieis, —2hiern},
A1z =col{ey, eg, eo, €0, €0, 11 — €12, —€15, €12},

I :COI{EZ —ey,6y+eq4—2e11,60 —eq + 6e11 + 12612},

I; :C01{€1 —ep,e1+ey —2e15,e1 —ex + 6eis + 12616},

I3 =col{es — e5,e3 + e5 — 2e13, 3 — e5 + 6e13 + 12e14 },

Iy =col{e; —e3,e1 + e3 — 2e17,e1 — e3 + 6e17 + 12e15}.

Appendix C

Proof of Theorem 1. Construct an LKF candidate as

V(t) =Vi(t) + Va(t) + Va(t) (A1)
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with

Vi(t) =ni (H)S1(E)m(t) + 13 (£)Sa ()2 (t)

+ 13 ())S3(H)na(t) + 14 (H)Sa(t)na(t),
t— h,

t
= [ EsQus(ts ds+/ T(t,5)Qure(t, 5)ds
tf
+/7 t S Q3117 t S d5+/ f S)Q4178(t S)

t—hyy t
Vs(t) =hy /Hll (hlt—t+s)xT(s)R1x(s)ds+h1/t (hy — t+ )57 (5) Ro(s)ds

—hy;

o /tihht (It = £+ 5)x" (s)Rax(s)ds + h /tih, (h—t+5)x" (s)Ra(s)ds,

where Si(t) = hySn + Sz, Sa(t) = huSn + S, S3(t) = MmSsi + Sz and
S4(t) = hiSq1 + Sao.
Calculating the derivative of V(t), we can obtain the following formulas

Vi () =20 (£)S1(H)1() + 11 (£)S1 () (t)
+21j3 ())S2(D)m2(8) + 173 () S2()72(t)
+2113 (1)S3(8)3(£) + 13 (H)S5(£)7 ()
+2115 ())Sa (D)4 (t) + 13 (H)Sa(H)na(t)

= 2'5 (£)AT3(h1¢S11 + S12) (A1y + h1pA12)E (1)
ET () (A1 + h1eAin) T S1a (Mg + B E(E)
+ ZCT(t)Aza(huSzl +522) (Ao1 + hpA2)G (1)
— &1 (1) (Ag1 + h1pB2) Ty So1 (A1 + A2 )& (1)
+ 25 (t)A%3(1iS31 + S32) (A31 + Iz )E(t)
ET (1) (As1 + hedan) T S31 (As1 + heAsp)E ()
+ ZCT(f)A43( tS41 + Sa2) (Ba1 + heDap) G (t)
— ET(1) (Aa1 + heDa2) TheSar (Dar + heDa)E(1), (A2)
Va(t) =nd (£, £)Quyis(t,t) — g (t,t — 1) Qarge(t, t — hn)
+ 177 (£, 8)Qan7 (8, £) — g (£, — h)Quns(t,t — h)
— hygnd (t,t — hyy) Quys (£ — hay)
+ Inang (£t — 1) Qane (£, £ — )
— hang (t,t = he)Qaz (t, t — hy)
+hand (£ =) Qurs (bt — i)
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t

0
T 9
+2 - 15 (£,5)Q1 atry5(t,s)ds

+2 t_hunT(t $)Q2 et 5)d

/t—hl 6 7 28t176 ;S S

+2/t i (t S)Q321’]7<t s)ds
t—hy 7\ ot ’

w2 [ )0 S nste )i
=&7(1) (A1 + i) T Q1 (851 + Inedssr)

(861 +11862) Qa (Bt + hislhez) | E(1)

+&T(D)[ (A7t + hed72) T Qs (B + i)
—(Dg1 + hidrgy) T Qu(Ag1 + htAsz)} g(t)

— h1a8" (1) [(A53 + h1isa) Q1 (As3 + h1eDsa)
(B3 + h1ithoa) T Qa(Bea + Iebdes) | (1)

— hag" (1) [(A73 + D7) Q3 (D73 + hiya)
— (D3 + hifrgs) T Qu(Ags + htA84)} g(t)

+287 ()] (Ao + Fusfbon + 1,802) T Q1 A1
+(Ato + InpAnt + 1 A1) T Qoo &(1)

+ 227 (1) [(Azo + Ay + W2 A0) TQ3As
+(Aso + sy + W A) T QuAaE(1), (A3)

V3(t) = H3xT (£) Ry (t) + h2xT (£)Ryx(t)

+ hylgha i (t = hag) (Ry — Ro)x(t — hyy)
+ hhdﬁthT(t — ht)(Rg — R4)5C(t — I’lt)

. ( /t*h” £ () Ryx(s)ds + /tih xT(s)sz(s)dS)

t—hy

—h

—h (/tt—hf xT(S)RSX(S)dS + /tih xT(s)R4X(S)dS>_ (A4)

According to R; > 0, (i = 1,2,3,4), letting &« = h—llf and B = %, it follows from
Lemmas 1 and 2 that

([ T ORass + [ AT 0 Ret(s)as)
<~ T O RAED) - 1 ()T R (1)
<= &T(0) [IT (Ry + aX1) I3 + 21T [(1 = )y + a¥a] Ty

+17 [Re + (1 ) Xa] D2 (1), (A5)



Energies 2021, 14, 5820 21 of 22

L ( / T (5 Rat(s)ds + / iht J'cT(s)R4x(s)ds>

—h

< SE O RIE() - =5 (IR
<= O (Rs +aXe) I3 + 217 [(1 - B)Ys + V] Iy

+17 [Ry+ (1= )XalTa|&(0). (A6)
For an appropriately matrix U € R3*", we can get
0=2 [xT(t) T (t—hy) xT(t)} U[Ax(t) + Arx(t — by) — 2(1)] = 267 () ATUTTOE(E). (A7)
Finally, from the above derivation (A2)-(A7), we have
V(£) <ET() [ Qolhe) + heu (he) + B () | (1)
+&7 (1) [Qlo(hlt) + h1 Q1 () + 13,0 (hu)] g(t). (A8)
According to Lemma 3, the matrix inequality (11) together with the matrix inequal-

ity (12) imply that V(¢) < 0. Therefore, by Lyapunov stability theorem, it can guarantee
that the time-delayed system (4) is asymptotically stable. The proof is completed. [
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