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Stability analysis of load
frequency control for power
systems with interval
time-varying delays

Yanyan Sun, Xiaoting Bo, Wenyong Duan* and Qun Lu

School of Electrical Engineering, Yancheng Institute of Technology, Yancheng, China

This study investigates the stability problem of load frequency control (LFC)
for power systems with interval time-varying delays. The two categories of
time delays, the lower bound being zero and non-zero, are considered. The
systems can be described as time delay systems of load disturbances. First,
an augmented Lyapunov—Krasovskii functional (LKF) is constructed. Some
delay-dependent nonintegral terms and single integral terms are additionally
introduced to make full use of the information on the system state variables
and the time-varying delays. Second, to overcome the problem of nonlinear
inequalities caused by the augmented LKF, the nonlinear inequalities are
converted into linear matrix inequalities (LMIs) by applying the new negative
definite inequality equivalence transformation lemma, which can be solved
easily by the MATLAB LMI toolbox. A new stability criterion is presented
by applying the Lyapunov stability theory. The stability criterion is less
conservative than some existing literature studies, which further improves the
stability margin for the power systems based on LFC. Finally, some numerical
examples are given to show the effectiveness of the proposed method and the
superiority of the results.

KEYWORDS

interval time-varying delays, load frequency control, Lyapunov stability theory, power systems,
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1 Introduction

Load frequency control (LFC) has been used in power systems for many years,
owing to its ability to be responsible for maintaining the grid frequency (an
important indicator of grid quality) at an ideal level after disturbances (Kundur, 1994;
Hassan, 2014; Aminov and Garievskii, 2019; Baykov et al., 2019; Ladygin et al., 2020;
Shakibjoo et al.,, 2020; Giudice et al., 2021). For the traditional LFC schemes, dedicated
independent communication networks are used to guarantee fast measurement and
control signal transmission (Bhowmik etal., 2004; Khalil and Swee, 2018), and the
transmission delays are very small and can usually be ignored. Nevertheless, with the
continuous expansion of modern power systems and the increasingly decentralized
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control services, the LFC scheme requires a large amount of data
and information to be exchanged over an open communication
network. The use of open communication networks can
introduce random delays and data packets into the LFC schemes
(Martin et al., 1995), thus leading to instability of the LEC power
system. Moreover, since the communication delays usually vary
throughout the interval, the ideal value of the lower bound may
not be equal to zero. Therefore, it is necessary to study the stability
of LFC power systems with interval time-varying delays due
to the existence of the non-zero lower bound for time-varying
delays. Significantly, there is a lack of literature on the non-zero
lower bound for the LFC power systems, which makes it crucial
to address this gap.

For the LFC power systems based on open communi-
cation networks, time-varying delays are unavoidable
in data transmission between the controller and the
plant (Jiangetal,2011; Xuetal,2017; Shen etal., 2020;
Fengetal,2021). A number of scholars have studied the
communication time delay from the control center to the
governor (Ramakrishnan and Ray, 2015; Yangetal., 2017a;
Chen et al., 2020; Manikandan and Kokil, 2020), where the
LFC power systems based on open communication networks
can be modeled as time delay systems. In addition, in order
to ensure the operation stability and anti-interference ability
of the LFC power systems, many control methods have been
applied, such as the PI control design (Shangguan et al., 2021),
the decentralized control strategy (Shangguan et al., 2021), the
network predictive control method (Shangguan et al., 2022b),
and the H_ control (Saravanakumar et al., 2018). In order to
maintain stable system operations, it is extremely important
to find the maximum allowable time delay of the LFC power
systems (Shangguan et al,, 2022a). Both frequency and time
domain methods can be used to calculate the maximum
allowable time delay. The accuracy of the maximum allowable
delay can be calculated directly using the frequency domain
method by obtaining the critical eigenvalue and eigenroot from
the characteristic equation of the systems (Liu etal., 2008).
It is impossible to extend the frequency domain method to
the analysis and design of controllers for time delay systems.
Instead, the time domain method can use the Lyapunov
stability theory coupled with LMI to analyze system stability.
Meanwhile, it is also the main way to deal with the maximum
allowable delay (Yang et al, 2017b; Saravanakumar et al., 2018;
Xiong et al., 2018). The stability criterion derived by this method
is a sufficient condition and necessarily has certain conservatism.
Recently, how to reduce the conservatism of the stability criterion
has currently been the focus of a heated debate. One of the
critical factors is to construct suitable Lyapunov-Krasovskii
functionals (LKFs), such as LKFs with delayed decompositions
(Duan et al,, 2019; Hua et al., 2021), LKFs with multiple integral
terms (Tian and Wang, 2020; Gholami, 2021), and LKFs with
some augmented vectors (Zhang et al., 2017; Duan et al., 2020).
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Another critical factor is the technique for estimating the
upper bounds on the derivatives of LKFs, such as free-weighted
matrix zero equations (Wen etal., 2015), reciprocally convex
matrix inequalities (Shietal, 2022; Zhongetal, 2022), and
integral inequalities including Jensen’s inequality (Ren and
Tian, 2022) and the B-L inequality (Seuret and Gouaisbaut,
2015).

Recently, a new negative definite inequality equivalent
transformation lemma for the linear time delay systems has
been given in Oliveira and Souza (2020). The lemma can
increase the degree of freedom of matrix inequalities and
transform nonlinear inequalities into LMIs, which not only
reduces the conservatism of the stability criterion but also
reduces the complexity of solving them. Inspired by this, this
study considers the stability problem of the LFC power systems
with interval time-varying delays. The main contributions are as
follows:

e When constructing the LKE delay-dependent Lyapunov
matrices are introduced into the nonintegral terms,
which contain more coupling information between time-
varying delay intervals and state variables than the LKFs
constructed in some literature studies (Chen et al., 2020;
Manikandan and Kokil, 2020; Shen et al., 2020). This can
further reduce the conservatism of the stability criterion
and improve the stability margin of the LFC power
systems.

e In addition, four additional integral terms, ﬁihzx(e)de,

V1x(0)d0 . [} x(0)d6, and [}, x(6)d6, under two
different subintervals [h,h,] and [h,,h,] are augmented
to the single integral terms ¢;(0), ¢,(6), and ¢(6),
which are exactly some necessary terms of the integral
inequality lemma so that the integral inequality lemma
can be fully used to estimate the upper bound of the
LKF derivatives. Thus, the augmented LKF can obtain
a larger stability margin than those in some literature
studies (Jiang et al.,, 2011; Ramakrishnan and Ray, 2015;
Yang et al., 2017a).

o To further illustrate the advantages of the proposed method,
the stability criterion of the non-zero lower bound of the
time-varying delay is also applied to the case that the
lower bound of the time-varying delay is zero. Finally, the
numerical simulation analysis and discussion demonstrate
the effectiveness of the proposed method.

This study is structured as follows. In Section 2, the system
model, research content, some hypothetical constraints, and
necessary lemmas are given. Some new delay-dependent stability
criteria, including theorems and corollaries, are derived in
Section 3. Some numerical simulation analyses and discussions
are provided in Section 4. The conclusion is provided in

Section 5.
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Notation: The n-dimensional Euclidean space is represented
by R". All nxm real matrices make up the set R™".
The symmetric and symmetric positive definite matrices are
denoted as $" and S, respectively. The diagonal n-order
matrix with elements a,,a,,...,a, is denoted by the notation
diag{a,,a,,...,a,}. For P € R™", PT stands for the transpose of
the matrix P. P> 0 means that P € $7. col{-} denotes a column

g,

vector Sym{E} = E +

2 Problem formulation

In this section, the PI controller-based time delay model
for the one-area LFC power system is presented. The basic
block diagram of the abovementioned power system is shown
in Figure 1. From the figure, it is obvious that ™ is the time
delay in communication from the control center to the governor.
In addition to this, Af is the deviation of frequency; AP, is the
deviation of the load; AP, is the governor valve position; AP,),
is the turbine output; Tg is the governor time constant; D is
the damping coefficient of the generator; T, is the turbine time
constant; ACE is the area control error; M is the moment of
inertia; and R is the speed droop.

According to the PI controller-based time delay block
diagram and literature (Xu et al., 2017), the state space equations
of the LFC power system are expressed as

{ic(t) =A% (t) +Bu(t) +wa(t),
P(t) = Cx(1).

10.3389/fenrg.2022.1008860

The system parameters are shown as follows:

(1) =[af ap, 4P,
j(t) = ACE,
AP () =u(1),
AP4(1) = w(D),

r D 1
- = 0
< o 1L
A= Ty Ty >
__1 0 _L
L RTg Tg
[0
Bl 0|,
1
T
r_L
. M
D,=1 0 |,
L O
r T
|
C=10
L0

As can be seen in Figure 1, the one-area LFC power system
does not have tie-line power exchange, so the ACE can be
described as

ACE = A, )

in which, the frequency bias factor > 0.

___________________ A
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| | ,
| T
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| |

| |
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| I -
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FIGURE 1

Basic diagram of the simplified one-area LFC power system.
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The LEC is achieved by using the following PI controller with
ACE as the input:

u(t) = —KPACE—KIJACE, 3)

where K; and K denote the controller gains.

In addition, it is also clear from Figure 1 that there is a
communication delay between the governor and the control
center. To ensure that h(t) is differentiable and bounded, the
non-negative constants h,, h,, and y are given; the time-varying
networked delay h, £ h(f) satisfies the following condition:

0<hy<h,<h,,

hy| = |h(8)] <wVE=o0.

K ACE
Defining matrices x = P NIOE . Then, the PI-
K; [ACE

type controller in one-area LFC power system (3) can be
rewritten as

u(t) = —xf(t—h,). (4)

Redefining the state vector x () = [A \f AP, AP, IACE] !
the PI-type control problem is converted to a static output
feedback control problem by adding (4) into (1). The closed-loop
LEC power system takes the following forms:

x(t) = A% (t) + A& (t—h,) + D, w(t),
70 =Cx (),
x(1) =¢(1),t € [=h,,0],

The system parameters are shown as follows:

()

- D 1
MM o0
0 B e B
A: Tch Tch
_1 0 10
RT, T,
L B 0 0 0
-1l
M
. 0
D= o |
L o
0 0 0 0
0 00 0
Aj=| K )
d —TL’B 0 0 —%
g g
L o 00 o0
-ﬁ OT
o o
C=
0 0
L0 1

Remark 1: for time-varying delay in power systems,
unknown external load disturbances can be described as current
and delay state vectors in the case of nonlinear disturbances
(Ramakrishnan and Ray, 2015):

D,w(t) = n(x(8),x(hy)) (6)
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satisfying the constraint condition of the following
inequality:
IOl < @lx @l +v[lx (hy)l (7)
with the known non-negative scalars @ and v. In a more
general way, it is described as follows:

7)) < @®x" () ETEx() +v*xT (b)) N'Nx (hy),  (8)
where h; = t—h,, and E and N are known constant matrices with
appropriate dimensions. To measure load disturbances in the
power systems, non-negative scalars @ and v along with matrices
E and N can be used.

Lemma 1 (Seuret and Gouaisbaut, 2015). For any Qe S”
and g:[m,n] — R" , the following integral inequality holds

1
n—m

j"gT(f))Qg(e) 0> —oT00,

Q=diag{Q, 3Q, 5Q}, ¢ =col{0y,0505}  with

0, = g(n) — g(m),

where

0, = g(n)+g(m) ﬁj"g(e) do,
12

6 n
QS_QI__n—meg(e)d6+ (n—m)?

j" (n1— 6)(0) db.

Lemma 2 (Zhangetal., 2017). For the given scalar (0,1],
Ay, Ay €S and 9, 9, e R™. If there exist ¢, ¢, € $™ and

Y, Y, € R™"™, then
] o,[ ] >0,

|

The following inequality holds

A-¢
*

Y,
Ay

Al YZ
X Az Y

>

is{Alsl " ﬁSZTAzsz >297[aY, +(1-a) Y,]9,
+9T A + (- ) ]9
+ SZT(A2 +06,)9,.

Lemma 3 (Oliveiraand Souza, 2020). Let P, P, P, € $” and
{ € RP. Then, the inequality

{F(hj2P,+ P, +P,) (<0

holds for all i, € [h},h,], if and only if there exist the matrix
Me S{: and skew-symmetric matrix N € RMk. then

KRR FIHR

where C=[(h21/2)1 0] and

Iy = hy —hy.

and  J=[(hy/2)1 -,
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3 Main results

In this section, for the one-area LFC power system with an
interval time-varying delay, two cases of lower bounds /; > 0 and
hy = 0 for h, are discussed, respectively, and the stability criterion
satisfying system (5) is derived.

The following notations are used in the derivation to make
the representation of vectors and matrices simpler.

hyy =hy+hy,hy,=1-h,,

Zy = (h=hy) Zyy + 21 2oy = (hy = hy) 25y + 255,
{(#) = col{x (), x(t = hy),x(hy),x(t = hy)sp1pPar Pap Pap
PSt’Pévx(t_hl)’x(hd)’x(t_h2)>W(t)}>

- jhd x(6) . Jt—hf (t—h,-0)x(6)
Pu= ) - P ), (hy—h,)?

t=hy x(0) t=h (t—h, - 0)x(6)

P3t:j —dG’P‘“:J. -

hy he—hy ne o (h—hy)?
t o x(6) J’f (t—0)x(0)
= ——db,p,, = ———db,
Pst jt_hl I Pet hy 2

@, = col{x(®), x(t—hy), x(hy), x(t—hy)},

¢, =col {x(t), x(t—h,), x(hy), J:h‘x(e)de},

d

hq
95, = col |x(t),x(hy), x(t—hy), jt_hx(é)de},

thy 9
9, (0) = col 1 £(6), x(6), ¢, jg x(6)db, Jh x(6) db,

hy
j x(0)do+t,
t-h,

hy h,
0,(6) = col {%(6), x(6), ¢y, jgx(@)d@, J x(6)d8,

hq

0
J x(0)dot
th,

t=h,

x(0)do,

0
95 (0) = col1x(0), x(0), ¢, L x(6)do, J

hy hy

hq
J x(0)do.
t-h,

3.1 Casel:h; >0

Theorem 1. System (5) is stable in the presence of scalars y,
hy, and h, if there exist matrices Z;, € $*",Z;, € $1",X; € $*,Y; €
R, D, € S}, Q; € 7, H; € SI,(i=1,23j=1,2,3) and skew-
symmetric matrices G; € R""!4" for (i=1,2) such that the
following matrix inequalities hold for 0<h, <h,<h, and

A
hy=p; € {-p, u}.

hy Z +Z,>0,hy 2y +Z,, >0,
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[Hl_xl Efl]z ,[Hl IR ]20, (10)
* o, x H,-X,
Q) Lo0,w)] [cl'[-b, G][c
o\Hi) i, _[][ i 1':||::|<0) 11
* 2, (u;) J * D)
where
H, =diag{H, 3H, 5H;}, j=1, 2, 3,
C=[(hy/1 ©o].J=[(hy/21 -],
Qy(h,) = Sym DI (<1, Zy, + Zyy) €1y + DY (hyZoy + Zy)) ¢y

+D] Q0+ D] Quegy + DEQadyg } + el 2y
— I} Zy1 6 + C3T1Q1531 — ey Qiey + hltcsTl Q651
¢, Qa1 + 5, Q301 — dfy Qadyy + hyyhyT) Hy Ty
—hy byt Hyms + W2l Hycy + (hy /hy ) TTXI T
-ITH T, -TIH,T, - TTH,T, - (hy/hy ) TIX,T,
+ hyyhyghy e, (Hy = Hy) 1
= Sym {(hy/hy,) TTY,T,}
+Sym {(hy /hyy) TTY T, } + A0t ETExy
+ MW INTNz,,
9, (hz) =Sym {D1T211511 - D1T (MZy +Zyp)eqp - DzTZzlczl
+D2T (hyZy1 +Zyy) epp + D3TQ1571 + DZQZCSI
+h (D) CITIZ“(:12 - htcleZﬂc22 + C3TIQIC32 - céTl Q,c61
_huCLQ1C42 + h1:55T1 Qy6s5y + Cng Qs69, + D5TQ3d21
_lel Q3d12} - h21h1tTlT2 (Hy—Hy) 7115 — (1/hy) FTXIFI
+(1/hy) T3 X,T, + Sym{(1/hy ) TT (Y, = V) I},
Q,(h,) =Sym {DIZ,,¢c1, - D} Zy 100 + D} Q¢ +D} Qyc }
+ htcszucu - htCszZlezz + C3TzQ1532 - CﬁTzchﬁz
- hltCLQlCU + hltcstchsz + CgTzQ3C92 - d1T2Q3d12
with
5= [0t T Oucacin)s 1= L2014,
A=1=[0 0 0 0 0 0 0 0 0000 0 0,
co=At, + Ay, + D, 1)
11 =col{t), 75,75, 7}, 5 = cOl{A, A, A, —1},
31 = col{1), 73,74, hsTs}, €5y = col{A,A,4, 75},
c31 = ol {711, 75, 71, T, T3, T4 Ay —hy T2, By 5}
35 = col{A,A,A,A,A,A, A, 75,15}
¢y = 0l {715, T3, 71, T, T3, Ty =y 17, A, By 5}
cyp = col{A, A, AL A A A, 75, A, 15}
€51 = CO{{T1, T3, 71, T, T3, Tp A =y T, By 75}
sy = col{A,A,A,AA A A, 75,15}
Co1 = Ol {713, T4, 71, T, T3, Ty Iy T5, =y 77, A}
Cep = COl{A, A, AL AL A A, —15, 75, A}
70 = cOl{1, — 73, =y 15, —hy Ty, —h Ty, =D T3, =Py T4,

h? (1,-15) ’h%Ts’ ~hyhyts},
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7 = col{A, 75,71, 15, T3, T4 20y (15 — 77),—2h, 75, (hy + hy) 75},
Cry = COl{A, A, AL A A A, T, — T4, T, —T5

- 2
cgo = col {3 = 74 Iy 75, By 7y, Iy Ty, T3, By Ty 5 (75 = 7))

—hyhyT,,h3T6},
cg1 = COl{A, 715, -7, — 15, T3, — T4, 2, (15 — 75) , (hy + h,) 77,
—2h,74},

gy = COL{A, A, AL A A A, 75 — T, — 75, T}
cgy = col{cy, 715 715 Tpy T3, Ty My To —hy T7, By 75}

{
{A,0,0,0,0,0,A, 7,75},
{
{

dy, = col{A, A, A,A,A,A,A, 75, -1},

€9y = col
dy; = col{t)1, 75, 11, Ty, T3, Ty A~y T, By T5 ),

dyy = col {1y = 13, by To, iy 7y, by T, by T3,y Ty, 0, R T,

hihyts},

dyy = col{A,A,A,A,A,A,A, by 75, —hy 15}

[, =col{ry — 15,75 + 74 — 275, 7, — T, — 675 + 1274},

T3 — 67, + 1273},
T, — 674 + 1270},

{rs

[, =col{r, — 15,7, + T3 - 275, T, —

Iy = col{r, - 12,11 + T, =274, Ty —

D, = COI{C Tp,h 1rT12>T2 hnTs} >

D, = CO]‘{C ltTIZ’TIS’ 75 - 74}

Dy = col {A A, o T hy Ty Tis Ty =y T3 Py 7 — T4})
{

D, =col{4,4,¢,, 1135 1tT12’713>h1zT3’Tz hltT3>_T4}’

D; = col {A,A,CO,Tll,hltle,TIS,—TZ,TZ - h1t13,h1tr3 - 14} .

Proof: let us consider the LKF having integrable terms, where

3
=V, (12)

u=1
with
V= ‘P1Tth‘P1r + ‘PthZZzS"zr’
t-h,
V= [ el @ d0
d
hy T
RGO
t-h,
t
+f 91(0)Qup,(0)d0
t=hy
t—h
v, = hmj "(hy, 1+ 0) X7 (6) H,5(6) d6
hd
h
+ hnj * (hyy—t+6)xT(6) Hy%(6)d6
t
. hlj (h, — t+0) " (6) Hy(0) do.
thy
Z;(t),(i=1,2) are affine functions in h(t) € [hy,h,]. By

applying Z;, > 0,h,,Z; + Z;, > 0, we can ensure the LKF V(¢)
positive definite value. Now, differentiating V(¢), it gives

V= (P1Ttth‘P1t + 2¢1Ttth‘P1t + (PthZZt‘Pzt + 2¢2TtZZt‘P2t’ (13)
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Vy= ‘P3T(t_ h) Qs (t—hy) - hlt%T(hd) Q95 (hg)
t-h, 9
+ ZL 93 (6)d6Q, 59O+ hs (ha) Qo (ha)

hq
0T h) Qs =) +2 [ 9T©)d6Q,20,(6)

+ 91 (1) Q35 ( >—<p§<r—h ) Q395 (t—hy)
+z[ 7! T(6)d6Q, 2 Z9:0). (14)
.

V3 = h21h1t(h12 - hr)xT(hd) (H, - Hl)x(hd)
+hy hyx (6= hy) Hix(t=hy)
t-h,
—hZIJ % (0)H,x(0)dO
hd
—hy & (t=hy) Hyx(t—hy)

h
—hzlj 5T (6)H,x(0)do
t-h,

12T (1) Hax (1) hljt 57 (6) Hyx (6) d6,
t-h

-

where

ol ={"(t)Dl, ¢l = T (DI,

93 (hy) = (hyepp +cqy ) S0,
@5 (t=hy) = (hyezp +c51) (1),
@y (t=hy) = (hycey +c61) (1),
94 (hg) = (hycsy +c51) (1)
s (t=hy) = (hdyy +dy,) (1),

95 (D) = (hcoy + 1) L (D),
J}: 93 (6) d9Q1 590 = (1) (cp + ek + ic],)
Q,D5¢(1),
deh 95 (0)d0Q, %‘(P‘* (6) = {7 (1) (cgy + ucq) + hiesy)
QD).
jh #0100, 2,0 = 170 (], + ) QDL ).
Let a=(h,—h,)/hy, o =1/, and @, =1/(1-a). According

to H, >0,H, >0 and H; >0, the integral terms in V; can be
obtained by Lemma 1 as the following integral inequalities:

hy _
hZIJt—h XT(Q)Hlx(G)dG > (leT(t)FlTHll"l((t), (15)
hmjh ¥ (Q)Hzx(e) do > “Z(T FTHzfzg(t) (16)

hljii SO H(O)do> T OITHLID.  (7)

1
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Inequalities (15) and (16) are transformed into the following
inequality by Lemma 2:

— oy T () IT H () - ol () T3 HLL (1)
<O [1-a) Y, +a¥1T,
+IT[(1-a) X, + Hy ]I,

+ I [Hy +aX, | I} (8). (18)

According to the nonlinear constraint (8), for any A > 0, the
inequality holds

M (i) = A@*x" (¢) ETEx (£) = Av*xT (hy) NTNx (h,) <O0.
(19)

Finally, from inequalities (13)-(19) in the derivation process,
we can summarize and simplify into the following form.

V(e) < () [h20y () + 2y () + Q0 ()] C(1),  (20)

where Q,(1,), Q, (h,), and Q,(h,) given in theorem 1, respectively.

According to Lemma 3, if and only if there exist D, ¢
$!" and skew-symmetric matrices G; € R'*"*!4" the nonlinear
inequality (20) can be converted to the LMI (11) in theorem 1.
Also, then V() <0 holds. As a result, the Lyapunov stability
theorem can guarantee that system (5) is stable. It is sufficient
and complete and is thus proved.

Remark 2: Recently, an improved stability criterion has been
proposed in 2020 (Oliveira and Souza, 2020), where the LKF
was augmented by introducing augmented single integral terms
and delay-dependent nonintegral terms. Inspired by this, four
integral components are added and expanded to ¢, (6), ¢, (0),
and ¢, (0) of V, when constructing the LKE. Compared with the
literature Jiang et al. (2011), Ramakrishnan and Ray (2015), and
Yang et al. (2017a), the LKF proposed in this study includes more
coupling information between time delays and state variables,
further reducing the conservatism of the stability criterion. In
addition, the augmented LKF must be combined with some
tight inequality techniques. The novel negative definite inequality
equivalence transformation lemma (Lemma 3) proposed in
Oliveira and Souza (2020) is used to convert inequality (20)
into LMI (11). It can be easily solved with the MATLAB LMI
toolbox.

Remark 3: In Jiangetal (2011),
Ray (2015), Yangetal. (2017a), and Fengetal. (2021), when
the lower bound of the time delay is zero, the stability of the

Ramakrishnan and

LFC power system has been studied and some stability criteria
have been obtained. However, in some cases, the time-varying
delay always varies within a non-zero interval. Therefore, the
stability criteria given in Jiangetal. (2011), Ramakrishnan
and Ray (2015), Yangetal. (2017a), and Fengetal. (2021 are
conservative because the importance of the non-zero lower
bound on the time-varying delay is ignored. Based on this,
theorem 1 provides a stability criterion in the case of h; > 0.
Evidently, the stability criterion for 4, =0 is a special case
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of theorem 1, which can be given as a corollary in the next
subsection.

3.2 Case2: h; =0

In this subsection, based on the analysis in remark 3, the
following corollary 1 can be obtained based on theorem 1 for the
case of h; = 0. The changes in notations during the derivation are
as follows.

{(#) = col {x (0,2 (hg)>x(t=1y)2py1o oo Py Pas
w(t), x(hd): x(t=hy)},
5= [0t T Ourociu)» 1= 1,255,120,

Corollary 1. System (5) is stable in the presence of scalars
w and h,, if there exist matrices Z; € S3”,Z]-2 € Si”,Qj € Si”,Xj €
3", Y] € IR3”X3”,H]- € Sﬁ,Dj € S}ro” and skew-symmetric matrices
Gj € RI0mx10n, for j=1,2, such that the LMIs (9-10) and the
following matrix inequalities hold for k, € [0, h,] and hté,uj €
=}

o, iﬂj) %Qfl(%)] . mT[—fj g;] m <o,

AT, . AT R
Sym {Dl Ziyen + Dy (hyZy +25)
AT A AT
+D3 Q79 + Dy chso}

AT o i T o~ AT A A
+he 21181y — hiey 25185 +85,Q185

1)

O
S)
—
I
~—
]

— ey Qg — asTl Q61
+hyel Qs + K2l Hyey — I (Hy + X,) T
—Sym {flTYlfl}
+12hy 3l (Hy — Hy) 7 - I AL T
+ A2t ETEt) + A0* 11 F'Fi,,
(o) (ht) =Sym {sznén + Dszlztlz
+ DzT (hyZyy +Zy)) tpy — DgZZIeZI
+ D3TQlf371 + DZQZESI GG
- hréleZuEzz + E3T1Q1E32
- hltZLQlEQ + hltasTl Qy8s,
-2 Qzész} - hnhzi'gT(Hl —-H,)7,
_iﬁxn+iﬂ&5
+Sym { 1
h,
Q, (ht) = Sym {DlTZn‘?lz - DzTanzz + D3TQ1572
+DZQ2282}

P AT s i AT~ A T A -
+he 2118, — M€ Qiep +63,Qi8

N =1L,

o
—h&3,7518

P AT s Ty
+h1,85, Qx5 — 85, Quler
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with

A=t=[0 0 0 0 0 0 0 0 0 o],

Ce1 = col %10, A3, %1,A2,A3,h2%4; A, A})
75 A},
tp =col{t, -1, AAA, A, AA, A},

“ _ s a - ~ ~ ~ 12(A ~
Zgo = COl{T, — T3, My, hyTy, Moty hyts b5 (1, - 1), A,

2~
htsh,
&g = col{d,~7,,~1,—1,, ~3, 2hyT5 - 2hyTp s,
—2hy15},

& =col{d, A4, A, Aty -15,—7g 15},

I
O
o
=3
o

5
=
\5;‘)
<
|
D—'F.
.\:‘7
&7

Proof: for h; =0, the LKF (12) is reduced to the following
forms:

Vl = (pftzlt@lt + ¢2Tszr¢zt»

R t

V,= Jh P1(0)Q,9,(0)do
d

hd
+j o7 (6) Qu, (0) d6,
t-h,

R h
V3=h2J

t
+ hzj (h, — £+ 0) (6) H, (0) 6,
hd

* (hy - t+6)xT(0) H,x(0)dO
h,

t—,
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where
Pop = col{x (1), x(hy), x(t—hy)},
o, = col 1x(), x(hy), J;dx(e)de}’
§y =colix(hy), x(t=hy), deh x(0) de},
t 0
35(0) = col {£(0), x(0), 9o | 5O)d0, th(e)de’

hy
J x(0)dot,
t-h,

hy ¢
¢4(0):col{x(0), (0), 9o Jex(H)dG, J x(6)db,

hq

Jihzx(e) dol.

For simplicity, the rest of the proof is omitted as it is similar
to the proof of theorem 1. It is sufficient and complete and is thus

proved.

4 Case studies

This section illustrates the effectiveness of the stability
criterion for the one-area LFC system proposed in the study. By
solving the LMIs in theorem 1 and corollary 1 via the MATLAB
LMI toolbox application, the maximum admissible delay upper
bound (MADUB) for various K, and K; can be obtained. In
Table 1, the one-area LFC power system parameters are given
as those in Jiang et al. (2011), Ramakrishnan and Ray (2015),
Yang et al. (2017a), and Feng et al. (2021).

4.1 MADUBs for hy =0

Based on the PI controller, the MADUBs to guarantee
the stable operation of the one-area LFC power system
can be calculated by solving the LMIs in corollary 1. For
load disturbances, the parameters E=F=0.11,, £¢=0, and
0=0 are set. For the given various control gains of K,
and Kj, Table 2 lists MADUBs with y=0, and Table 3 lists
MADUBs with y = 0.9. From Tables 2, 3, for fixed K;, MADUBs
increase with the increase of Kp; for fixed Kp, MADUBs
decrease with the increase of K;. For y =0, the MADUBs are
similar to those of Yangetal (2017a) and Fengetal. (2021)
but larger than those of Jiang et al. (2011) and Ramakrishnan
and Ray (2015). However, for y =0.9, the MADUBs are larger
than those of Jiang et al. (2011), Ramakrishnan and Ray (2015),
Yang et al. (2017a), and Feng et al. (2021). In terms of reducing
conservatism, our stability criterion is evident under time-
varying delay. In addition, the stability criterion proposed in
theorem 1 can also solve the case of h; >0, which is ignored
in the literature (Jiang et al., 2011; Ramakrishnan and Ray, 2015;
Yang et al., 2017a; Feng et al., 2021).
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TABLE 1 System parameters.

10.3389/fenrg.2022.1008860

TABLE 3 MADUB:s h, for fixed 4 = 0.9 and various K, and K,.

Parameter Tg (s) T, (s) R B M(s) D u=09
Area 0.1 0.3 0.05 21 1.0 1.0 Kp Method~K; 0.2 0.4 0.6
Corollary 1 7.14 3.23 1.93
Feng et al. (2021) 7.12 3.20 1.91
TABLE 2 MADUBSs h, for fixed 4 = 0 and various K, and K,. 0 Yang et al. (2017a) 6.43 291 171
Jiang et al. (2011) 6.25 2.85 1.68
u= 0 Ramakrishnan and Ray (2015) 4.59 1.81 1.01
Kp Method~K; 0.2 0.4 0.6 Corollary 1 7.15 3.26 2.01
Feng et al. (2021) 7.13 3.24 1.95
Corollary 1 7331 3.382 2.045 0.1 Yang et al. (2017a) 6.59 3.11 1.84
Feng et al. (2021) 7.33 3.38 2.03 Jiang et al. (2011) 5.93 2.87 175
0 Yang et al. (2017a) 7.34 3.39 2.05 Ramakrishnan and Ray (2015) 4.67 1.85 1.05
Jiang et al. (2011) 6.69 3.12 191
Ramakrishnan and Ray (2015) 6.69 3.12 1.91
Corollary 1 779 361 2193 TABLE 4 MADUBs h, for u = 0 and various h; under theorem 1.
Feng et al. (2021) 7.81 3.62 2.19
~N . . . .
0.1 Yang et al. (2017a) 7.79 3.61 2.19 (Kp, Kp) ~ by 0.2 0.4 0.8 1 1.2
Jiang et al. (2011) 6.94 3.29 2.02
Ramakrishnan and Ray (2015) 6.94 3.29 2.02 (0,02) 7.331 7.332 7.332 7.332 7.332
(0,0.4) 3.382 3.383 3.383 3.383 3.383
(0,0.6) 2.045 2.046 2.046 2.046 2.046
(0.1,0.2) 7.79 7.791 7.791 7.791 7.791
(0.1,0.4) 3.61 3.611 3.611 3.611 3.611
(0.1,0.6) 2.193 2.194 2.194 2.194 2.194

4.2 MADUBs for hy >0

The MADUBs for fixed Kp and K; and different y are
given in Tables4, 5. Table 4 lists the MADUBs with y =0,
hy=0.2/0.4/0.8, and different controller gains. Table 5 lists
the MADUBs with various y, h; =0.2/0.4/0.8, and different
controller gains. From Tables 4, 5, the MADUBs increase with
the increase of h,. For fixed hy, K, and K, the MADUBs decrease
with the increase of y. For fixed h;, y, and Kp, the MADUBs
decrease with the increase of K;. For fixed h;, 4, and K, the
MADUBs increase with the increase of Kp.

4.3 Simulation

MATLAB simulations about the one-area LFC power system
are run with a step load of 0.1pu at 1s. Some detailed simulation
conditions are shown as follows. The responses of the power

TABLE 5 MADUBs h, for various u > 0 and various h, under theorem 1.

system with K = 0 and various K; and y can be seen in Figure 2.
The responses of the power system with Kp = 0.1 and various K;
and p can be seen in Figure 3. The LFC power system is stable,
and it is clear that the LFC has succeeded in achieving its goals.

Figures:2:Kp = 0 and various y and K;

7.99  6.39 . ( 0.4t )
— + —=sin| —
2 6.39

with0.8 <h,<7.19andu=0.2;

AK;=02,h, =

B.K; = 0.4, h,=2.03 + 1.23sin(L)
1.23

with 0.8 <h, <3.26and u = 0.5;
=0,y = 222 155 (181

2 2 1.55
with 0.4 <h,<1.95andy =0.9.

u 0.2 0.5 0.9

(KP,KI) ~ hl 0.2 0.4 0.8 0.2 0.4 0.8 0.2 0.4 0.8
(0,0.2) 7.16 7.18 7.19 7.15 7.17 7.18 7.14 7.16 7.17
(0,0.4) 3.24 3.26 3.27 3.23 3.25 3.26 3.22 3.24 3.25
(0,0.6) 1.95 1.97 1.98 1.94 1.96 1.97 1.93 1.95 1.96
(0.1,0.2) 7.17 7.19 7.20 7.16 7.18 7.19 7.15 7.17 7.18
(0.1, 0.4) 3.28 3.30 3.30 3.27 3.29 3.30 3.26 3.28 3.29
(0.1, 0.6) 1.99 1.99 1.99 1.98 1.99 1.99 1.97 1.99 1.99
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FIGURE 2
Frequency deviation and control error responses of the one-area LFC power system with K, = 0 and different K.
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FIGURE 3
Frequency deviation and control error responses of the one-area LFC power system with K, = 0.1 and different K.
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Figures:3:Kp = 0.1 and various y and K;
AK =02, h =4+ 3.2sin(0'—8t)
32

with0.8 <h, <7.20and y =0.2;

B.K =04, h =214 zisin(i)
2 2 2.5

with 0.8 <h, <3.30and y = 0.5;

C.K; =06, h, = 2.39 + 1.59Sin ( 1.8t)
2 2 1.59

with0.4<h, <1.99andy =0.9.

The curves A, B, and C in Figures 2, 3 correspond to
simulation conditions A, B, and C, respectively. The curves tend
to be in a steady state as time increases. This proves that the
maximum allowable delay range obtained from theorem 1 is
within the actual range.

5 Conclusion

The stability analysis of the LFC power systems with interval
time-varying delays is investigated in this study. The two cases
of the time delay lower bound /; = 0 and h; > 0 are considered.
An improved stability criterion is given based on the Lyapunov
stability theory. First, for load disturbances, time delay linear
systems are used to characterize one-area LFC power systems.
Second, when constructing the augmented LKE the state and
time-varying delay information on the LFC power systems are
fully utilized. The LKF contains the delay-dependent matrices
and four single integral terms. Third, by applying the equivalence
transformation lemma 3 for quadratic matrix functions, the
stability criterion can be described as the LMI. At last, the
efficiency of the method is demonstrated with a few examples.
The stability criteria in this study reduce the conservatism,
however increases the complexity of solving LMI. For the LFC
power system, the results obtained in this study can be expanded
to the multi-time delays and multi-areas. In Shi et al. (2022)
and Zhong et al. (2022), the sampling period and decentralized
LFC schemes are proposed, respectively, which can improve the
method in this study. It may be our future topics.
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