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Abstract: This paper investigates the problem of a delay-dependent stability analysis in power
systems, where the communication delay is modeled as a continuous, differentiable, aperiodic, and
bounded function with constrained derivatives. First, a unified load frequency control system model
is formulated that explicitly incorporates time-varying delays. Then, to more accurately address the
delay characteristics, a monotonic interval partitioning strategy is introduced, which divides the delay
trajectory into multiple segments based on its increasing or decreasing behavior. Each segment is
associated with corresponding local extremal points of the delay function. Furthermore, to more
effectively exploit the delay information, a new Lyapunov-Krasovskii functional (LKF) is developed,
which integrates system states related to the local extremal values of the delay in each subinterval. By
leveraging this LKF together with a convex combination method, less conservative stability conditions
are derived. Finally, numerical case studies are presented to demonstrate the proposed approach’s
capability of enlarging the admissible delay bounds and validating its improved performance.
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1. Introduction

Load frequency control (LFC) is a fundamental component in modern power system operation,
designed to ensure that both the system frequency and power interchanges remain within prescribed
bounds under varying load conditions [1-3]. Traditionally, LFC schemes have depended on dedicated
and relatively stable communication infrastructures to relay real-time measurement signals and issue
the corresponding control commands to generation units [4]. However, with the advent of deregulated
electricity markets, the structure of power systems has become increasingly complex. The same
communication networks that previously solely served for control purposes are now tasked with
facilitating market-oriented interactions, such as the execution of bilateral contracts between generation
companies and distribution companies. These dual-purpose communication channels are typically
subject to congestion, variability, and other imperfections, which inevitably introduce non-negligible
time delays into the control loop [5,6]. Such delays, though often overlooked in early LFC designs,
can severely compromise the system’s ability to regulate the frequency, especially in fast-changing
operational conditions. The dynamic response of the LFC system becomes slower and less accurate,
potentially leading to frequency deviations that exceed the allowable thresholds. In this context, it
becomes critically important to analyze and quantify the effects of communication-induced delays on
the overall stability and performance of LFC strategies [7-9]. Therefore, a systematic investigation
into the delay characteristics and their impact on frequency regulation is not only timely but also
necessary to design robust LFC schemes capable of maintaining grid stability in the face of modern
communication and market-driven complexities.

Given the inherently stochastic and time-varying characteristics of delays in real-world power
systems, modern research trends have increasingly shifted toward time-domain analytical techniques.
Among these, the Lyapunov-Krasovskii approach has proven particularly effective to derive delay-
dependent stability conditions in the form of linear matrix inequalities (LMIs), which enable
the determination of the system’s maximum tolerable delay, commonly referred to as the delay
margin [10, 11]. In [12], the stability of generalized neural networks with periodically time-varying
delays was analyzed by constructing a refined Lyapunov-Krasovskii functional (LKF) that incorporated
both the delay and its derivative through variation-dependent matrices. To further exploit the system
structure, a novel looped functional based on neuronal activation was introduced, and enabled the
relaxation of matrix definiteness conditions while utilizing the periodic and monotonic properties
of the delay and activation functions. In the context of LFC with communication delays, more
accurate delay margins can be obtained by designing refined LKFs and applying improved, less
conservative inequality techniques to estimate their derivatives [13]. Despite the effectiveness of these
methods, directly applying LMI-based criteria to the full-scale power system model often leads to
significant computational challenges due to the high dimensionality of such models. This is particularly
problematic in multi-area LFC frameworks, where the size and complexity of the system further
increase. To mitigate this issue, recent studies, such as [14], have leveraged the structural sparsity of
LFC models to simplify the computation. A common strategy involves constructing a transformation
matrix that decomposes the system states into delay-sensitive and delay-insensitive components. This
decomposition allows for the Lyapunov functional to be formulated over a reduced-order subsystem
focused on the delay-dependent dynamics, thereby improving both the computational efficiency and
the numerical tractability [15].
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Dividing time-varying delays into multiple subintervals and designing LKFs tailored to each
subinterval has emerged as an effective method to mitigate conservatism in stability analyses [16—18].
This approach enhances the resolution of delay-effect characterization by aligning the LKF structure
more closely with the delay’s local temporal behavior. A notable development for systems that
experience periodic time-varying delays is the monotone delay interval technique in [17], which
segments the delay trajectory into regions of consistent increase or decrease. Then, LKFs are then
formulated over these monotonic intervals, thus allowing the derivation of the stability conditions with
reduced conservatism by exploiting the inherent periodicity in the delay evolution. More recently, the
concept of allowable delay set partitioning was proposed in [18], where a hybrid method integrates
the set-based admissibility conditions with subinterval partitioning to further refine stability criteria.
These frameworks represent significant advancements in the analysis of systems with structured delays,
particularly when a delay variation follows a predictable pattern. In [19], a flexible fragmentation
approach based on allowable delay sets was proposed for the passivity analysis of neural networks
with time-varying delays. Based on this approach, a novel LKF was constructed by incorporating richer
delay information. Subsequently, a relaxed passivity criterion was derived through the combination of
integral inequalities and zero equations. To overcome the limitations, one promising strategy involves
constructing LKFs that are responsive to extremal values within the delay trajectory. By capturing the
system states that correspond to these locally critical points, one can potentially derive sharper and less
conservative stability conditions. This novel methodology opens up new avenues for delay-dependent
analyses in time-varying delays and paves the way for more generalizable LKF construction techniques
suited to dynamically varying delay environments.

The main contributions of this work are summarized as follows:

(1) A unified modeling framework for LFC systems is constructed that explicitly incorporates time-
varying communication delays. The delay is characterized as a bounded, differentiable, aperiodic,
and continuous function with constrained derivatives. This modeling approach captures realistic
delay dynamics, thus providing a solid foundation for accurate delay-dependent stability analyses.

(2) To better capture the characteristics of time-varying delays, a novel monotonic interval partitioning
strategy is proposed. This method segments the delay trajectory based on its monotonicity, and
identifies local extremal points within each interval. This refined partitioning allows for a more
precise exploitation of delay variation patterns in the stability analysis.

(3) A new LKF is constructed to incorporate system states associated with local maximum and
minimum delays within each subinterval. By leveraging this functional in combination with
a convex combination approach, the paper derives delay-dependent stability conditions that are
significantly less conservative. Numerical case studies confirm the effectiveness of the proposed
method in enlarging admissible delay bounds and enhancing the system performance.

Notations: Let N+ and R+ represent the sets of positive integers and positive real numbers,
respectively. The set R" denotes the n-dimensional Euclidean space of real vectors, while R™"
stands for the space of real matrices with the dimension m X n. For any matrix M, its transpose
is denoted by MT, and its inverse is written as M~'. The symmetric part of M is defined as
He(M) := M + M*. M > 0 implies that M is symmetric and positive definite. Given n € N, for a
sequence of vectors my, ..., m, and matrices My, ..., M,, the concatenated column vector is expressed
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T

ascol(m,,...,m,) :=[m,,.

diag(M,, ..., M,).

..,m!]T, and the block-diagonal matrix formed by M, to M,, is denoted by

2. System description and preliminaries

Figure 1 presents the LFC block diagram of a power system, as detailed in [20]. Drawing upon this
configuration, the corresponding dynamic model for LFC is formulated as follows:

MAF(t) = — DAf(t) + Ap(®), (2.1a)

T Ap(1) = — Apy(t) + Ap,(2), (2.1b)
1

T Apy(t) = - I;Af(t) — Apy(t) + u(t), (2.1¢)

where Af (1), Ap(?), and Ap(1) denote the deviations in the system frequency, the mechanical power
output of the generator, and the turbine valve position, respectively. The parameters M, D, T, T, and
R represent the equivalent inertia constant, the damping factor, the turbine time constant, the governor
time constant, and the droop characteristic of the governor, respectively.

L] 1 o

e—sd(l) N > ]
1+T;s D+Ms| |
,,,,,,,,,,,,,,,,,, Turbine | Generator |
,,,,,,,,,,,,,,, Powerplant |
Figure 1. LFC model of power system.
u(t) is the control input, which is designed as
u(t) = KpACE(?) + K f ACE(r), (2.2)

where Kp is the proportional control gain, Kj is the integral control gain, ACE(t) = bAf(t) is the area
control error, and b is the frequency bias coeflicient.
Define the state vector as

T

x(t) = [Af(@), ApT(), Apl (1), [ ACE" (1))

Then, the dynamic model of the multi-area power system can be formulated as follows:

{x(r) = Ax(t) + Agx(t — d(1)), (2.3)

x(1) = 0(1), 1 € [=hy, 0],
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where
-2 L 0 0 0 00 O
s 0 —% % 0 4 0O 00 0
7 0 -7 0 7 000 -7
b 0O 0 0 0O 00 O

Y(1) represents the initial state, and the delay d() is continuous, differentiable, and a bounded function
constrained by

0<h <d{t)<hy, -p<d{t)<u, (2.4)

withh e R, hp e R,,and0 < pu < 1.

The aim of this paper is to seek an allowable upper bound of d(¢) (constrained by (2.4)), while
ensuring the stability of system (2.3). The lemmas presented below will be utilized in the subsequent
derivation of the stability criteria.

Lemma 2.1. [21] Let R > 0 be a positive definite matrix, and suppose that the function x(s) is
integrable over the interval [y, a,]. Then, the following inequality holds:

@, f "¥T(s)Ri(s)ds > $TR, + 361Rs.

@
where ¢, = x(ay) — x(a1), and ¢, = x(a2) + x(a;) — 2 ff ;(TS; ds, @z =, — ;.
Lemma 2.2. [22] Let R € RP*? be a symmetric, and positive definite matrix. For any matrix X € R*"*4
that satisfies rank(X) = 2p and 2p < q, the following inequality holds for a differentiable function x(s)
over the interval [y, as]:

f " xT($)Rx(s)ds >Sym(X"Y) + (B — a)X"R'X,

@

where Y = col(x(a,) — x(a1), x(a2) + x(a;) — = f(jz x(s)ds), az = @y — ay, and R = diag (R, 3R).

@21

3. Main results

In this section, an monotone interval partition (MIP) approach is introduced to address time-varying
delays, with a primary focus on the delay-dependent stability analysis of a power system with time-
varying delays.

3.1. Monotone-interval-partition approach

In what follows, we will divide the time-varying delay into several subintervals. Assume the time-
varying delay d(¢) as continuous, differentiable, and bounded with restricted derivatives. According
to its variation trend, it can be divided into k, k € N, monotone increasing and decreasing intervals.
Figure 2 shows the schematic diagram of the time-varying delay d(t).

In what follows, the time-varying delay d(¢) is partitioned into multiple subintervals based on its
monotonic behavior. Assume that d(¢) is continuous, differentiable, bounded, and has a restricted
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derivative. According to its variation pattern, d(¢) can be divided into k, k € N, monotonic segments,
thereby alternating between increasing and decreasing intervals.

Specifically, for each monotonic segment, there exist time instants t,_; < fx, k = 0,1,...,k, such
that d(ty-1) = h; and d(ty) = hy. Thus, d(f) is monotonically increasing over ¢ € [fy_1,t), and
decreasing over t € [ty, t+1). Consequently, the derivative of the delay satisfies d(t) € [0,u] in the
increasing intervals and d(f) € [—u, 0] in the decreasing intervals.

Figure 2. The schematic diagram of time-varying delay d(¢).

3.2. Stability analysis

In this section, a LKF is developed by integrating the system states associated with the boundary
values of time-varying delays over each periodic subinterval and utilizing the MIP technique. Then,
the Lyapunov stability theory is applied to analyze the stability of the power system. Consequently, a
delay-dependent stability condition for system (2.3) is derived and formalized in Theorem 3.1.

For brevity, the following notations are defined:

di(t) =d(t) — hy, do(1) = hy — d(1),

vi(t) =x(t = hy) — x(t — d(1)),

vo(t) =x(t —d(1)) — x(t = hy),

i) =[xT(@0) X"t -h) XT@—d@) xT(t—h)]

T
’

f t—hy
Vi) = f x(0)dp, v3(1) = f x(o)dp,

—h; 1=d(n)

t—d(t)
ve(t) = f x(o)dp,

—hy
Vi) = [~ ) ¥ - d)]
vs() = [£7—hy) VI Fvie) o]

=|
&0 =0 Vi Vo) v
&) =[x"0) )]

T
’
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£,(0) = [T i)
£ =i 0] .o =[o o ol

Ei:[onx(l—l)n 1, 0nx<10—l)n]’l:1’~--’10-

T
H

Theorem 3.1. For a given u € [0,1], 0 < h; < hy, the power system (2.3) is asymptotically stable if
there are matrices P > 0, Q; >0, 0, >0, O3 >0, R, >0, R, > 0, Uy,, Up,, Uy,, Up,, Wy,, Wy,, Wp,,
Whp,, and X, X5, Y\, Y», such that

o .
‘PI(/’L: d(1)) _%@fi))]d(ne[o#] <0, (3.1)
. .
»‘Pl(hzﬂz d(1)) _%f?(ld')((tl))]d(t)e[om <0, (3.2)
__ . T
»%(h: (1) ) %/]E Cii))]d(t)q_y,m <0, (3.3)
- . .
Foln ) 7){/37(1 " ))Lme[_m <0, (3.4)

where ]’l21 = h2 - h],

P1(d(1), d(1)) =¥1(d(D), d(1)) + P2(d(D), d (1)) + P1(d(D), d(1)),
Pp(d(®), d(1)) =¥1(d(1), d(0)) + ¥3(d(1), d(1)) + ¥p(d(D), d(1)),
W1(d(1), d(1)) =He(IT{ PT1y)+ 113 Q1 TT5 + 113 (02— QI4
+ (1 = d(t)II5(Q5 — 0x)s — g Q115
+ h%egRleo + h21egR260,
Wa(d(1), d(1)) = = TR TTs + He(X[ T + X3 T17),
W3(d(1),d(1) = — TI[sR ;s + He(Y{ 16 + Y3 TI;7),
Yi(d(t), d(t)) =He(IT} Uy, g + Iy Uy, I + 1T}, Uy, I, + T, UL I ,)
— dy(t)(&sWy & — (1 — d(1)e; Wy, €7)
+d(0)((1 - d(f))(fgwlz% - gWy,e)),
Wp(d(1), d(t)) =He(I13 Up, TTg + Iy Up, T + I}, Up, I3 + I}, Up, I 14)
— dy(t)(&sWy & — (1 — d(1)e; Wy, €7)
+d(0)((1 - d(t))(fgwlzfﬁ - WyLe)),
Rp,(d(1)) =diag(R, — d())Wp,, 3(R, — d(1)Wp)),
R (d(1)) =diag(Ry — d()Wi,, 3(Ry — d()Wh)),

with

IT; =col(el, &, €, &, hi €, d ()€, da(t)€1p),
I, =col(ey, &, (1 — d(t))es, €1, €1 — €, 6 — (1 —d()e, (1 — d)e; — &),
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I1; =col(ey, &), 114 = col(e, &), I1s = col(es, &), I1g = col(e, &),
IT; =col(d(t)(&s — &) + di ()& — (1 — d(1))€)
—d(1)(&s — &) + dy(1)(1 — d(1)€& — €5),
Il =col(e, &, &, &, h &), Iy = col(d(1)(& — ), dx(1)(& — €)),
IT;o =col(€y, &, (1 — d(1)es, &1, € — &),
I =6 — (1 - d(0)e, 11> = (D)€, I3 = di (e,
Iy =(1 — d(1)e; — &,11j5 = col(e; — &, € + & — 263),
;6 =col(e, — &, & + & — 26), Ry = diag(R;, 3R)),

I1;, :C01(63 — €,6 + € — 2610), € = A€ + Ay6.

Proof. The LKF candidate is chosen as

o=t retm
where
Ve(r) =€, ()PE (1) + t_thl &, (5)01€,(s)ds + t_:: £, (5)0a€,(s)ds
+ [ :d(t)sz(s>Q3§2<s>ds+h] | Z [ sorisssy
by iy Jip
+ ;hl f t xT(5)R,x(s)dsdp, (3.6)
N
Vi(t) =2&,T (1) Uy, &4(1) + 2vs' (1)U, vs(t) + (d(t) — d(tx)) l_:::m_') 1T (s)Wy, x(s)ds
+(d(t) — d(ty_1)) f ;z::XT(s)WIZX(s)ds, (3.7)
Vo0) =267 (0Up, £4(8) + 205 (0 Up,ve(0) + (d(0) - d(tx) f ;jt%“)xT(s)WDlx(s)ds
+ (d(t)_d(t2k+1)J:;ZI%T(S)Wsz(S)d& (3.8)
Note that k

lim V(r) = lim V(),

1=l =l

which confirms the continuity of the LKF (3.5) over time. Furthermore, P > 0, Q; > 0, and R; > 0
guarantee V(¢) > 0. Subsequently, the calculation of V() along the trajectory of system (2.3) yields

Ve(®) =6 (O, (d(0), d()E (@) + F1 + Fa, (3.9)
Vi(1) =£T(0)Pa(d(0), d(0))§ (1) + F5 + Fa, (3.10)

where
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!
Fi=-nh f T ($)R x(s)ds, (3.11)
t—hy
t—hy
Fy=-— f T (5)Rox(s)ds, (3.12)
t—hy
. t—hy
F3 =d(1) 1T (s)Wy, x(s)ds, (3.13)
t—d(t)
. t—d(t)
Fy=d(t) f 1T (5)Wy,x(s)ds. (3.14)
t—hy

Furthermore, F; is estimated as follows by applying Lemmas 2.1 and 2.2:

Fi < = {"OATLRI)E(), (3.15)

4
Z Fi <" ()(+He(X{ Tl + X3 TI17)Z(0) + £ (0((d(r) = h)X{ R (d(0)) X

i=2

+ (Il = dO)XJ R X2)¢ (), (3.16)

where Ry (d(1)) = diag(R, — d()Wi,, 3(R, — d(H)W)).
If (3.9)-(3.16) are combined, then

V(1) <" 01(d(@). d0)E @) + LT O(d@) - h)XTR; (d(0)X,
+ (hy — d()X, R X2)4 (1) (3.17)

Assume that the conditions ¥y(hy, d(f)) + h21X2T7A€I‘21X2 < 0 and ¥;(h,,d(0)) + h21X1TﬁI_11X1 < 0 hold
for d(t)(¢) € [0, u], which are equivalent to (3.20) and (3.21), respectively. Then, it follows that there
exists a constant @; € R* such that V(¢) < —a;|x(?)|%.

For the interval ¢ € [ta, ths1), Where d(f) € [—pu, 0], a similar reasoning yields:

V(t) <" (0OPp(d (@), d)¢(E) + {TOd(r) — h)X{Rp! (d()X,
+ (hy — (D)) X3 Rp X)L (0). (3.18)

Under conditions (3.22) and (3.23), there exists a scalar @, > 0 such that V(7) < —a,|x(?)* for

t € [tok, togs1)-
Combining the two cases, it can be concluded that V(1) < —a,,|x(t)]* on t € [ty, +o0), where a,, =

min(aq, a,). Integrating the inequality, we have
t
V() - V() < —a/mf lx(s)[*ds. (3.19)
To

Given that V(ty_1) = V(@) > V(1) = ﬂmin(P)|X(l2k+1)|2 for t € [ty_1,tu+1), it follows that V(7)
remains positive and bounded over [fy, +00). Therefore, by applying Barbalat’s Lemma, the system
state satisfies x(f) —» 0 as t — +oo. O
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Remark 3.1. It is important to note that the pair (d(t), d(t)) lies within the set S = [hy, ha] X [—u, i,
which forms a rectangular polytope in the delay—derivative space. To further exploit the structural
properties of the time-varying delay and its rate of change, this domain is partitioned into two distinct
regions: S| = [hy, hy]X[—u, 0] and S, = [hy, h]1X[0, ul, which correspond to decreasing and increasing
delay intervals, respectively. To accurately reflect the dynamic behavior of the system under these two
delay trends, separate sets of Lyapunov matrices are independently selected for each region, that is,
different LKFs are constructed for cases where (d(t), d()) belongs to S| and S,. This delay-interval-
specific treatment enables the functional to more effectively capture localized characteristics of the
delay. As a result, the proposed Lyapunov approach—based on the segmentation of the delay domain
according to its monotonic behavior—significantly contributes to mitigating the conservatism often
observed in conventional stability analyses. By tailoring the functional to each monotone delay region,
the derived stability conditions become more accurate and less restrictive, thus leading to a broader
admissible delay margin and an enhanced analytical precision.

Algorithm 1 : An algorithm for seeking the allowable #,.

Input:
The change rate of time-varying delay: u € [0, 1);
The lower bound of time-varying delay: &, > 0;
The maximal value of h;: h™ > 0;
The change step of h;: Ahy;
The change step of h,: Ahy;
The change step of u: Au;
Output: The allowable h,;
for hy =0 : Ahy : 7™
foruy=0:Au:1
Solve the LMIs in Theorem 3.1;
if (3.20)-(3.23) are feasible, then

h2 = h2 + Ahz;
else
hy = hy — Ahy;
Output &, and break.
end

end
end

Remark 3.2. Unlike conventional Lyapunov functional designs, the proposed framework does not
impose the non-negativity constraint on the intermediate Lyapunov terms Vi(t) and Vp(t), that is, it does
not require Vi(t) > 0 and Vp(t) > 0 to hold for all t. This strategic relaxation significantly reduces the
conservatism typically associated with traditional stability criteria, thus allowing for a more flexible
and less restrictive condition derivation. Specifically, consider the time interval t € [ty,_1, ty;). Given
the assumptions V(ty_1) > 0, V(ty) > 0, and the negative definiteness of the Lyapunov derivative
V(t) < —a,|x()?, it directly follows that the Lyapunov functional is non-increasing over this interval.

AIMS Mathematics Volume 10, Issue 7, 16746-16761.
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As a result, the value of V(t) remains bounded within V(ty_,) > V(t) > V(ty) = 0. An analogous
conclusion can be drawn for the subsequent interval t € [ty, taxs1), Where one similarly obtains V(ty;) >
V(t) = V(taks1) = 0. By piecing together these inequalities over successive intervals, it is ensured that
the Lyapunov functional V(t) remains non-negative for all t > t, even though its individual components
V1 and Vp may not be strictly positive. This property plays a crucial role in facilitating the application
of Barbalat’s lemma and ultimately guarantees the asymptotic stability of the system.

Remark 3.3. To simplify the formulation and analysis, the time-varying delay d(t) is assumed as
a periodic function, that is, the maximum variation rates of the time-delay in the increasing and
decreasing intervals are identical. Each period of the time-varying delay consists of one monotonic
increasing interval and one monotonic decreasing interval. This assumption facilitates a more concise
representation of the proposed method. However, it is worth noting that the methodology is not limited
to this simplified scenario. In [23], a discrete-time looped functional and a refined allowable delay set
were proposed to model cyclically varying delays. The delay considered in this study exhibits a cyclic
pattern, thereby alternating between rising and falling phases within predetermined upper and lower
bounds. The proposed approach can be readily extended to handle more general cases that involve
multiple increasing and decreasing monotonic segments within each delay period, thus broadening its
applicability to a wider range of practical systems.

If the LKF is selected as V,(f), without accounting for the monotonic behavior of the time-varying
delay, then a corresponding stability criterion can still be derived, as stated in the following corollary.

Corollary 3.1. For a given u € [0, 1], 0 < hy < hy, the power system (2.3) is asymptotically stable if
there are matrices P >0, 0; >0, 0, >0, 03 >0, R, >0, R, > 0, X and Y such that

B(h.d(1) Vi X! |
! ¥ —R2 ldwerou
(B(h,d(1) VXY
L R Lierom
Bk d) Vx|

¥ R Liwer-por

(P (hy, d(1)) vthlX;
%k —ﬂz

<0, (3.20)

<0, (3.21)

<0, (3.22)

<0, (3.23)

dde[—p,01
where ]’l21 = h2 - h],
P(d(t), d(t)) =¥1(d(1), d(1)) + P2(d(2)),
¥1(d(t), d(r)) =He(IT{ PIL)+113 Q1 T3 +113(Q> — QDI + (1 — d(t)IT5(Q3 — 01T
- Hng,H() + h%EgRléo + h21EgR260,
¥, (d(1) = — TR, IT; + He(X [Tl + X1 To),
R, =diag(R,, 3Ry),
with

I, =col(ey, &, €, &, hi €, di(t)ey, dr(t)€p),
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I, =col(ey, €, (1 — d(1)es, €1, €1 — €, 6 — (1 — d())es, (1 — d)es — &),
I13 =col(ey, &), 14 = col(&, &), I1s = col(e;, &), Il = col(e, &),
11, :COI(El —6,€6 +t6 — 268), Il = C01(62 — 6,6 + 6 — 269),

11, :C01(E3 —€,63 + €4 — 26]0), € = Ae + Ad€3,7’\31 = diag(Rl, 3R1)
4. Examples

A numerical example is provided in this section to demonstrate the effectiveness and advantages of
the proposed MIP approach. This example serves to validate the theoretical results and highlight the
improvements in the stability analysis achieved by applying the MIP method.

Set Kp = 0.15 and K; € {0.05,0.10,0.15}, with the corresponding parameters of (2.3) provided
in Table 1. By applying Theorem 3.1 with g = 0.5 and #; = 0.5, the allowable upper bound #4, is
determined. The obtained results are presented in Table 2. It can be observed that the maximum values
of h, obtained from Theorem 3.1 are greater than those reported in [24], thus demonstrating that the
proposed LKFs result in a less conservative stability criterion.

Table 1. Parameters of system (2.3).

M D T, T, R b
1000 1.00 030 0.10 005 21.00

Table 2. The allowable upper bound 4, for different Kj.

[Kp, Ki]
Methods [0.10, 0.05] [0.10,0.10] [0.10, 0.15]
Corollary 1 [24] 13.77 10.98 8.58
Theorem 1 [24] 13.90 11.09 8.61
Corollary 3.1 14.05 11.37 8.68
Theorem 3.1 15.21 12.55 8.74

Let the initial condition be specified as

6 =[042 033 025 035] .
The time-varying delay is defined by the expression
d(t) =| a(?) | cos*(t) + b(?),

where a(¢) and b(r) are continuous functions of time, constrained such that | a(¢) | +b(¢) € [hy, h>], thus
ensuring the total delay remains within a prescribed interval.

To simulate the dynamic response of system (2.3), the control parameters are set as [Kp, Kj] =
[0.10,0.05]. The resulting state trajectories are illustrated in Figures 3 and 4, where Figure 3
corresponds to the system evolution with a delay-free scenario and Figure 4 reflects the system
evolution with time-varying delays. By comparing the two, it is evident that the inclusion of time-
varying delays leads to more pronounced fluctuations in the state variables, thus highlighting the
destabilizing impact of delays on the system’s transient behavior.
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Figure 3. States trajectories of power system (2.3) without delay.
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Figure 4. States trajectories of power system (2.3) with time-varying delays.

5. Conclusions

This paper has investigated the delay-dependent stability analysis problem of power systems, where
the communication delay has been modeled as a bounded, continuous, differentiable, and aperiodic
function with constrained derivatives. A unified model for the load frequency control system has
been formulated to explicitly account for time-varying delays. To better reflect the characteristics of
the delay, a monotonic interval partitioning strategy has been proposed, which segments the delay
trajectory into subintervals based on its increasing or decreasing trends, each associated with local
extremal values. To fully utilize the information within these subintervals, a novel LKF has been
constructed by incorporating system states that correspond to the local maximum and minimum
delays. Based on this functional and a convex combination technique, less conservative delay-
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dependent stability criteria have been derived. Numerical examples have been carried out, confirming
that the proposed method effectively enlarges the admissible delay bounds. In future research, the
proposed framework can be extended to accommodate more complex system settings, such as multi-
area LFC structures with heterogeneous communication delays. Moreover, incorporating stochastic or
random delay variations into the modeling process could provide a more realistic basis for practical
implementation. Another promising direction involves integrating event-triggered or data-driven
control strategies into the proposed LKF design to further enhance the system efficiency and reduce
the communication burden under limited bandwidth conditions.
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