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Abstract

Extreme natural disasters can force microgrids into islanded operation, where low system
inertia and asynchronous, time-varying communication delays present severe challenges
to frequency stability. These challenges threaten not only short-term reliability but also the
sustainable operation of renewable-dominated energy systems. Existing frequency control
methods are often unable to robustly handle heterogeneous delays, thereby limiting the re-
silience of power systems with high shares of renewables. To address this issue, we propose
a parametric Riccati equation-based frequency control method that adaptively adjusts con-
trol parameters to balance system robustness and optimality under asynchronous delays.
Controller stability is guaranteed by Barbalat’s lemma. The main contributions include:
(i) developing a microgrid frequency control model that incorporates asynchronous delays,
(ii) designing a delay-aware controller using the parametric Riccati equation, and (iii) val-
idating its effectiveness on a modified New England 39-bus system. Simulation results
confirm that the proposed method enhances frequency stability under disaster-induced
islanding scenarios. By ensuring robust and reliable operation of renewable-rich power
systems, the proposed approach contributes to the sustainable integration of renewable
energy, reduces blackout risks, and supports long-term environmental and socio-economic
sustainability goals.

Keywords: renewable energy; sustainability goals; power system; frequency control;
response delay

1. Introduction

In recent years, the increasing frequency of extreme natural disasters such as typhoons
and earthquakes has posed a severe challenge to the secure and stable operation of modern
power systems [1]. Under the impact of these events, grid transmission lines are highly
susceptible to failure, leading to the physical disconnection of regional power systems,
such as microgrids, from the bulk grid [2]. These disconnected systems then enter island-
ing operation, where they must maintain their own power balance solely with internal
resources [3]. Unfortunately, the equipment damage and communication disruptions that
often accompany these disasters further exacerbate system instability.

At the same time, global policy frameworks are accelerating the integration of re-
newable energy into modern power systems. The European Union’s 2030 Climate Target
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Plan mandates at least a 42.5% renewable share by 2030 [4], China has pledged to deploy
1200 GW of wind and solar capacity by 2030 [5], and the U.S. Department of Energy targets
100% clean electricity by 2035 [6]. According to the International Energy Agency, wind and
solar already accounted for 15% of global electricity in 2023, with some Chinese provinces
experiencing instantaneous penetration levels above 25%, where frequency incidents and
curtailments have been reported [7]. To ensure secure system operation under such condi-
tions, grid codes such as ENTSO-E’s Load-Frequency Control and Reserves require that the
frequency nadir must remain above 49.5 Hz after a disturbance [8]. However, historical
events such as the 2016 South Australia blackout and the 2019 UK blackout demonstrate
that this requirement is difficult to guarantee in practice, particularly when high renew-
able penetration coincides with the participation of demand-side resources (DSRs) [9,10].
These challenges, combined with disaster-induced communication disruptions, give rise
to asynchronous, time-varying delays across renewable plants, thermal units, and DSRs,
which cannot be adequately addressed by conventional synchronous-delay models. This
underscores the urgent need for resilient frequency control methods that explicitly account
for heterogeneous delays in renewable-dominated systems.

This disaster-induced islanding scenario presents a dual challenge. First, the inertia
of a typical microgrid is significantly lower than that of the bulk grid, making its fre-
quency highly sensitive to power imbalances and causing a rapid degradation in frequency
performance [9]. Second, damaged communication networks lead to the emergence of
asynchronous, time-varying delays [10]. Control signals cannot be delivered promptly
and accurately from the central controller to distributed controllable resources, such as
energy storage, electric vehicles, and demand-side resources (DSRs). These time-varying
delays not only degrade control performance but can also induce frequency oscillations
or even instability, posing a serious threat to reliable power supply [11]. For example, on
28 September 2016, a 10 h blackout occurred in South Australia, during which the grid
frequency dropped from 49.5 Hz to 47 Hz within only 400 ms [12]. On 9 August 2019, a
large-scale blackout occurred in the UK, in which approximately 350 MW of distributed
generators tripped due to rate-of-change-of-frequency protection, and subsequent deple-
tion of frequency regulation resources caused the system frequency to fall below the 48.8 Hz
threshold, triggering load-shedding devices and affecting over one million people [13].

Existing studies have extensively investigated the resilient frequency control methods
for islanded microgrids when the natural disasters happen. On the generation side, [14]
reviews various wind turbine frequency regulation technologies, such as rotor inertia, over-
speed control, pitch control, and combined methods, and discusses their limitations, while
also exploring the role and trends of storage-based frequency support. Reference [15] quan-
tifies the capability of wind farms to participate in frequency regulation and demonstrates
their contribution to operational reliability. In [16], an adaptive droop control strategy is
proposed for wind-PV systems with battery storage, improving power support capabilities.
Reference [17] considers the impact of cyberattacks and communication delays, propos-
ing an event-triggered sliding-mode load frequency control strategy. In [18], a nonlinear
differential-algebraic model of wind power systems is developed and a Lyapunov-Schmidt
reduction is used to define multi-connected small-signal stability regions.

Similarly, studies on the load side have explored frequency modeling and control
strategies for DSRs. Beyond classical thermostatically controlled load (TCL) models, [19]
proposed an exponential model for typical water heater dynamics, and [20] developed an
economically driven demand-side frequency control method using cost-benefit analysis.
In [21], aggregated flexible loads are modeled as virtual power plants to participate in
dynamic frequency regulation. A Markov chain model combined with Kalman filtering has
also been used to capture the frequency response characteristics of large-scale DSRs [22].
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Although existing methods can accurately model the physical characteristics of RES
plants and DSRs for integration into frequency control models, the issue of response delays
becomes more prominent as these resources scale up and become more geographically
dispersed [23]. Some studies have considered fixed delays, such as [24], which developed a
load frequency control model with DSR delays and applied a linear quadratic regulator
(LQR) approach, or [25], which incorporated the age of information metric for event-
triggered control. Delay-aware robust control strategies include sliding mode [26] and
proportional-integral (PI) [27,28] controllers.

However, these approaches typically address synchronous delays. In reality, different
resources exhibit asynchronous time-varying delays--RES plants often use optical fiber
communication with narrow delay variation, while DSRs rely on wireless communication
with larger, unpredictable delay ranges. Ignoring these differences can limit performance.

To extend frequency control from synchronous fixed delays to asynchronous time-
varying delays, a balance between transient performance and robustness is needed. Optimal
control methods (e.g., LOR, Pontryagin’s maximum principle) may fail to ensure transient
performance under time-varying delays, while interval robust control (e.g., Kharitonov’s
theorem) can yield overly conservative strategies.

To address these challenges, this paper proposes a parametric Riccati equation-based
frequency control method that adaptively adjusts control parameters to balance robustness
and optimality under asynchronous delays. The main contributions are:

1.  Developing a frequency control model for islanded microgrids that account for asyn-
chronous delays in RES plants, conventional units, and DSRs.

2. Designing a parametric Riccati equation-based frequency controller using Barbalat’s
lemma for stability guarantees.

3. Validating the approach on a modified New England 39-bus system.

The remainder of this paper is organized as follows. Section 2 introduces the frequency
control model that accounts for asynchronous response delays. Section 3 presents the
parametric Riccati equation-based control method for renewable-dominated power systems.
Section 4 reports the case studies and results. Section 5 concludes the paper and outlines
future research directions.

2. Frequency Control Model

The frequency control framework of an islanded microgrid involving RES plants,
thermal power units, and demand-side resources is shown in Figure 1. Renewable plants
include centralized wind farms and photovoltaic stations, whose frequency regulation
output is denoted as APg ;(t). Demand-side resources include distributed storage, flexible
loads, and electric vehicles, with frequency regulation output APp;(t). The output of
conventional thermal units is denoted as APg ;. The system frequency dynamic equation is

dAf;
dt

2H; + DiAfi = APg; + AP i(t) + APp,i(t) — APL; — APy, 1
where Af;(t) is the system frequency deviation, D; is the load damping coefficient, H; is
the inertia constant, APy ; is the load fluctuation, and AP, ; is the tie-line power deviation.

It should be noted that Figure 1 represents a simplified framework of the islanded
microgrid under extreme scenarios. First, regarding the communication network, part
of the infrastructure may be destroyed during disasters. In this study, the remaining
communication links are modeled with asynchronous and time-varying delays, which
reflect the heterogeneous impacts of disrupted fiber-based and wireless-based channels.
No additional redundancy or routing strategies are explicitly designed; instead, the focus
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is on ensuring that the proposed control method remains stable and robust in the presence
of uncertain delays.
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Figure 1. The frequency control of an islanded microgrid with renewable energy stations, conventional
generators, and demand-side resources.

Second, with respect to electric vehicles (EVs), their contribution to frequency control
via vehicle-to-grid (V2G) services depends on user willingness, which may be uncertain
under emergency conditions. Here, EVs are modeled as controllable DSRs once they are
connected to the grid and available for V2G. The variability of user participation is not ex-
plicitly represented, as the emphasis of this work is on the dynamic effects of asynchronous
delays. Future research will consider incorporating communication redundancy, behavioral
models, and incentive mechanisms to more comprehensively capture resilience aspects of
communication networks and V2G participation under extreme conditions.

Taking a non-reheat thermal generating unit as an example, its frequency response
dynamics can be expressed as [4]:

dAPG; 1
t = — APg;(t —— APy, (1), 2
i Ton, Gi(t) + Tons ch,i () @)
dAPy,; 1 1 1
b o AP () — = Afi(D) + ——uci(t), 3
dt TG,l Chll( ) R1TG,1 fl( )+ TG ‘uG/l( ) ( )

where APy, i(t) is the control valve position deviation of the non-reheat unit, T, ; is the
steam turbine time constant, R; is the speed droop coefficient of the governor, Tg ; is the
governor time constant, and ug ;(f) is the control input of the non-reheat thermal unit.

In this study, the flexible resources in the power system are modeled as discrete-
state flexible loads, which do not possess continuous dynamic processes. Their frequency
regulation output corresponds to the change in power associated with a change in state.

Taking a squirrel-cage induction wind turbine generator as an example, the frequency
dynamic characteristics of a renewable generating unit can be expressed as

ACy(AA, Aa)(Av)30A
APg; = pl 2)( )P r )
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<AZU)2 = / %(APRJ' - APIIQIZ«)CU', (5)
As = Aw — wy, (6)

3V2As(1+ As)R,
(Ry — RAs)? + (As)* (X1 + Xp)*'

URi = — (7)
where AC; is the variation in the wind energy utilization coefficient of the wind turbine,
Aa is the variation in the pitch angle, AA is the variation in the tip speed ratio, Av is the
variation in wind speed, p is the air density, A, is the swept area of the turbine blades,
Aw is the variation in rotor angular velocity, wy is the synchronous angular velocity of the
rotor, API’{,[ is the variation in the output power of the wind turbine, V is the stator phase
voltage, R and R; are the rotor resistances, X; and X, are the stator and rotor reactances,
respectively, and As is the difference between the rotor angular velocity and its synchronous
angular velocity.
The dynamic characteristics of the tie-line power can be expressed as

dAPy, ;

Na n
T =21 ) TiAfi—2m Y, TiAf, (8)

=LA =1

where T;; denotes the synchronizing coefficient of the tie-line between area i and area j,
satisfying T;; = Tj;, Vi, j; Na represents the number of areas in the power system.

In power system frequency control, it is necessary not only to maintain the frequency
stability of each area, but also to ensure that the tie-line power exchanges between control
areas remain within reasonable limits. This control performance is characterized by the
area control error (ACE), denoted as ¢;, which is defined as a linear combination of the
frequency deviation and tie-line power deviation of area i, namely:

e;j = APyje i + BiAfi, )

where §; is the frequency bias factor of area iii in the power system, satisfying:

1
Bi = R +D;. (10)
In conventional power system frequency control, the integral dynamics of the area
control error are often introduced to form a proportional-integral (PI) feedback control
strategy, which serves to reduce the steady-state error of frequency control, namely:

d [ e;(t)dt

T = eacEaq(t)- (11)

Due to the presence of response delays, the frequency regulation output functions of
conventional generating units, wind turbine generators, and demand-side resources in the
power system satisfy:

u; = ui(t —d;(t)), (12)

By selecting the frequency deviation Af;, tie-line power deviation AP, ;, output of
the non-reheat thermal unit APg ;, control valve position deviation of the non-reheat unit
APq, (1), integral of the area control error [ e;(t)dt, and wind turbine output APy ; as state
variables, the state-space equations of the power system frequency dynamics—considering
renewable plants, thermal units, and demand-side resources—can be constructed as:

7

X (5) = A () + Y B (£ — di() + FE (1), 13
i=0
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y'(t) = Cx(t), (14)

where x'(t) denotes the state variables; u'(t — d;(t)) is the system control input; & (t) repre-
sents the source-load fluctuations; y'(t) is the system output; A" denotes the system state
matrix; B; denotes the system control matrix; F represents the disturbance matrix; and C
denotes the system output matrix. The complete form of the system equations can be found
in [4] and is therefore omitted here.

3. Frequency Control Method for Renewable-Dominated Power Systems
Based on a Parametric Riccati Equation

It is noted that the power system frequency state-space Equation (13) involves asyn-
chronous response delays, making it difficult to construct a conventional strict Lyapunov
function. Therefore, a parametric Riccati equation is adopted to design a control strategy
that is analytically tractable, tunable, and theoretically guaranteed. By introducing a pos-
itive parameter 7, the parametric Riccati equation can not only yield a positive-definite
solution satisfying stability requirements but also flexibly adjust the convergence rate
and control gains of the system, thereby enhancing the robustness of the power system
frequency control against asynchronous response delays. In cases where it is impossible to
construct a conventional strict Lyapunov function, it can be combined with a degenerate
Lyapunov functional and Barbalat’s lemma to rigorously prove the global or semi-global
asymptotic stability of the system.

Lemma 1 presents the controllability criterion for the power system frequency state-
space Equations (13) and (14) considering asynchronous response delays.

Lemma 1 ([27]). For the power system frequency state-space Equations (13) and (14) with asyn-
chronous response delays, the system is completely controllable if and only if condition (15) holds.

rank [B/ A'B .- (A/)nle/:| =un, (15)
where 7 is the number of rows of matrix A; B is

B =Y e 4B, (16)

M

l
—

1

Assume that the power system frequency control model (13)—(14) is completely con-
trollable and observable. According to the properties of the system eigenvalues, the power
system frequency state-space equations can be decomposed. By introducing a nonsingular
matrix T and the transformation x = Tx', the power system frequency state-space equations
can be equivalently rewritten as

x(t) = Ax(t) + iBiu(t —di(t)) + FE(t), (17)
i=0
y(t) = Cx(t), (18)

where A is the system matrix, B; is the control matrix, F is the disturbance matrix, and C is
the output matrix such that

A, O
0 As

A=TAT ' = ,B; = TB! =
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The eigenvalues of matrix As lie in the left half-plane of the s-plane, while the eigenvalues
of A, lie on the imaginary axis of the s-plane.

Theorem 1. Consider the renewable energy power system frequency control Equations (17) and
(18) with asynchronous response delays. When the source—load disturbance &(t) is zero, there exist
a positive scalar v* > 0 and a control gain K such that the closed-loop feedback system (19)—(21)
based on PI control is asymptotically stable.

2(t) = Ax(t) + f:Biu(t —d;(1)) + K(y — Cx), (19)
i=0

u(t) = = [BIPo(7) 0]x(t), 20)

y(t) = Cx(t), 1)

where the control gain matrix K ensures that the matrix (A — KC) has eigenvalues with
negative real parts; * denotes the observed state of the system; and P, is the solution to
the algebraic Riccati Equation (22).

APy 4+ PoA, — PoBBIP, = —P,. (22)

Proof. Define the state observation error e(t) of the renewable energy power system
frequency dynamic model as the difference between the actual state x(f) and the observed
state &(t), i.e.,

Boi
Bsi

[BIP, 0] (x(t—di(t) —e(t — di(1)), (23)

e(t) = (A—KC)e(t). (24)

It is noted that the eigenvalues of the A; component of the state matrix A lie in the
left half-plane of the s-plane. Therefore, the system states coupled with A are already
asymptotically stable and do not require additional control measures. It is only necessary
to focus on the stability of the following subsystem:

fo(£)= Aox(t) — 12 BB Poo(t ~di(1)) +3(1)

= (25)
= (Ao - BOBE’PO)xO(t) + ’10(t) +g(t),
where .
g(t) = Y_Bui|BIP, 0] -e(t—di(1)), (26)
i=0
Ho(t) = BoBIPoxo(t) — ¥ ByBlPoxo(t — di(1))
" - i=0 " (27)
= Y BoiBlPoxo(t) — ¥ ByiBLPoxo(t —di(t)) = ¥ BoeiBIPAx, (1),
i=0 i=0 i=0

where Ax,(t) is the difference between the state x,(t) and the delayed state x,(t — d;(t)).
The Lyapunov function V(t) for the renewable energy power system frequency dynamic
model is defined as:

Vo(xo(t), €(t)) = xg () Poxo(t) + € (1) Qe(1). (28)
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where the positive-definite matrix QQQ is the solution of the following algebraic equation.
(A—KC)"Q+Q(A—KC) = —L (29)
The first derivative of the Lyapunov function with respect to time is given by:

Vo(xo(t), €(t)) = —7x, ( JPoxo(t) — xoT(t)PoBoB Poxo(t)

+2115 (1) Pox, ( ) +2g" (¢ )Paxo(t) T(f)e(t)

—T% ( JPoxo(t) — ( )Po BOB Poxo(t) + 4’yx ( )’ngo(t) (30)
%’73( )Poto(t) + )

< - % o (D) Poxo(t) £

o () Poxo(t) + f‘,g ()Pog(t) — € (t)e(

Loy t
+ 316 (D) Potgo(t) + 58" () Pog(t) — T (He(t).

We analyze the terms in (30) one by one. Let Ax,;(f) denote the deviation between
the state component x,(t) and its delayed component x, (t — d;(t)); then we have:

Ax;l}(t)PgAxoj(t) (31)
< 9d1’”§’72fttfdj(t) xL(2)Poxo(z) dz + deftidj(t) L (2)Popo(z) dz + 3djft’id]_(t) g (2)P,g(z) dz
where pt,(z) = Y7 BoiBLPoxo(t — di(t)), and E]- is the upper bound of delay d;(t).
Let
Vo(xat+),€(t+0)) < fVo(xo(t),€(1), Y5 € [—2d;, 0], (32)
where f is an arbitrary scalar greater than 1. Thus, for any z € {7 2d i 0} , we have:
el(t42)Qe(t +2) < Vo(xo(t+2),e(t +2)) < fVo(x0(t),e(t)), (33)
xL(t+2)Poxo(t +2) < Volxo(t+2),e(t+2)) < fVo(x(t),€(t)). (34)
Thus, for Vj € {0,1,2,--- ,m}, we have
t ~ m
/t o yE(z)’Poyo(z) dz < (m+ 1)djno'yz tr (Bgi’P'oBm-)fVo(xo,e). (35)
% i=0
Combining (35) and (26), we obtain
m B,B,B, P, 0
STOPust) <DL et~ d) [ PoBeBoB P 0 ] et~ d)
1=
< (m+1)nyy f tr(BoBoiBg) el (t—d;) l Po 0 ] €
i=0 0 0
Letting v* > 0 yields
P, O .
[ o ol=Q el o)

Under the condition that (32) holds, for any j € {0,1,- - - ,m}, the above equation can
be rewritten as

t ~
/t ] g Pogdz < (m + ) djneyBfVo(xo, €), (37)
Y

where B = Y1 tr(BLPoB,;).
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Substituting (37) and (35) into (31) yields
~2 ~2
Ay Polxyi(t) < 9fdimiy?Vo(xo(t), €(t)) +3fd; (m + 1)noyBVo(xo(t), €(1))
~2
12,2
- | FVoaare) 38)
+3d; (m+1)neyp
= 10jf Vo(xo (), €(t))-
The second element in (30), 7 (£)P,1,(t), satisfies that
m
1 Potte < 1073 (m+1)Y (tr (BOTjPOBOj) aj) Ve, (39)
j=0
The third element in (29), g*(t)P,g(t), satisfies that
g (Pog(t) < ve’ (HM(7, He(t),t 2 T, (40)
where .
M = (m+1)n, - ) tr(BLP By ) e~ (A-KO dige~ (A-KOM, (41)

i=0
Substituting (38)—(41) into (30) gives

Vo(x0,€) < —%”ng'Poxo + %'15(”730710(”
+1gT(17Past) - T (D) )
< —37€ (NPoxo(t) + 2115 (1) Porjo(t)

T

—e ()T =M(7,t))e(t).

Note that ,
I—M(y,t) > 572 Ve (0,731, (43)

We have

Vo (xo/ 6)

— 37 Pox, + %ﬂoT’Pot]o —1veTQe
Vo (1~ 8n(m+ )T, (tr(BIPB;) o) £) (44)

YVo(1—n),

IN N
\
NI—= N—= N|—=

where i is equal to 8n(m + 1)L, (tr (B]-T’PBj)(Tj)f.
For v* € (0,73], we have

1 . ~
Vo(xo(t),e(t)) < —inyo(xo(t),e(t)),v'y € (0,9"], vt > dj. (45)
Thus, the proof of Theorem 1 is completed. [

Remark 1. The influence of grid topology is reflected through the tie-line power exchange equations,
which depend on the synchronizing coefficients of the interconnecting lines. A radial topology
with fewer tie-lines results in weaker inter-area coupling and a lower algebraic connectivity of the
Laplacian matrix, while a meshed topology provides stronger interconnections. These differences
directly affect the area control error formulation and, consequently, the system’s frequency dynamics.
To enhance performance under different topologies, the proposed parametric Riccati controller can be
adapted by tuning the weighting matrix Q as a function of network connectivity, thereby increasing
robustness for radial configurations and optimizing performance for meshed ones.



Sustainability 2025, 17, 9053

10 of 17

Remark 2. PI controllers are robust but often conservative, while LQR controllers provide high
performance under deterministic delays but degrade under uncertain conditions. Our proposed
parametric Riccati equation-based method adaptively adjusts control gains, thereby maintaining
transient performance while explicitly handling asynchronous, time-varying delays, striking a
balance between robustness and optimality.

Remark 3. The proposed controller advances the theory of frequency control by introducing a parametric
Riccati equation framework that rigorously guarantees stability under asynchronous and time-varying
delays, supported by a Lyapunov-Barbalat analysis. From a practical perspective, the method provides
system operators with a control tool that adapts to heterogeneous communication delays without
requiring detailed redesign for each scenario. This improves the reliability of renewable-dominated
microgrids during extreme events where communication networks are partially degraded. The controller
can be integrated into existing secondary frequency control architectures with minimal additional
infrastructure, offering a feasible pathway to enhance grid resilience in practice.

Remark 4. Note that (i) the current approach assumes perfect state observability, while sensor errors
may affect practical performance, (ii) scalability to very large systems with hundreds of distributed
resources may pose computational challenges, and (iii) the analysis is limited to frequency stability,
without addressing voltage or power quality issues. Thus, future work will address observer design,
scalable algorithms, and integrated stability metrics to overcome these limitations.

4. Case Study

In this section, a modified New England 39-bus power system is used as the test system.
Four typical operating scenarios are considered: constant synchronous delay, constant
asynchronous delay, time-varying synchronous delay, and time-varying asynchronous
delay. The proposed output feedback control method is compared with the proportional—
integral (PI) control method in [29] and the optimal control strategy based on the linear
quadratic regulator (LQR) in [22]. Sensitivity analyses are also conducted to ultimately
verify the effectiveness of the proposed control strategy.

All simulations were carried out on a desktop computer with an Intel Core i7-11700
CPU @ 2.50 GHz, 16 GB RAM, running Windows 11 (64-bit). The control algorithms and
case studies were implemented in MATLAB/Simulink R2023b, with the Control System
Toolbox and Simscape Power Systems toolbox. The dynamic equations were solved using
the ode23tb solver with a step size of 0.001 s, and the total simulation horizon was set to
200 s for each scenario.

4.1. System Setting

In this section, a modified New England 39-bus power system is adopted as the test
system for the case studies, with its single-line diagram shown in Figure 2. Relative to
the conventional New England 39-bus system, the configuration in Figure 2 incorporates
changes in both renewable energy integration and demand-side resource deployment.
Specifically, wind farms are connected at buses 31 and 38, while flexible loads are installed
at buses 37, 38, and 20. Area 1 comprises 500 demand-side resources, Area 2 comprises
1000, and Area 3 comprises 1500, each with a controllable power range of 1-2 kW. The
parameters of the modified New England 39-bus system, the wind farms, and the demand-
side resources are provided in [16]. The Simulink-based diagram of the modified IEEE
39-bus system is shown in Figure 3. This diagram describes the overall configuration
of the system, where A1-A3 represent Areas 1-3 of the 39-bus system. The source-load
fluctuations for Area 2 are illustrated in Figure 4.
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The parameters of the IEEE 39-bus test system are summarized in Table 1, which
lists the generator inertia constants, regulation parameters, damping coefficients, and
turbine/generator time constants for the three interconnected areas [16].

To demonstrate the effectiveness of the proposed method, three approaches are con-
sidered for comparison, as described below.

Method 1: The proposed approach in this paper, which accounts for the impact
of asynchronous and time-varying response delays on the frequency regulation output
sequences of renewable energy plants, demand-side flexible resources, and conventional
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generating units. An output feedback frequency control strategy is designed based on a
parameterized Riccati equation.

Method 2: The proportional-integral frequency control method proposed in [29],
which models the response delay of demand-side flexible resources using the age-of-
information concept from the communication domain. This method ignores the asynchrony
of source-load response delays in power systems.

Method 3: The full-state feedback frequency control method based on the linear
quadratic regulator (LQR) proposed in [22], which neglects the time-varying and asyn-
chronous characteristics of delays. This approach requires state estimation using a state
observer, for which a Kalman filter is adopted.

0.04 T T T T

0.03 - 1

0.02 r .

0.01 1
0

Disturbance (p.u.)

0 5 10 15 20 25
Time (s)

Figure 4. Power and load fluctuations of power system in region 2.

Table 1. Parameters of the 39-bus System [16].

Area Generator H R D T, T:
1 70.0 0.05 1 0.08 0.04
1 2 30.0 0.05 1 0.08 0.04
3 35.8 0.05 1 0.08 0.04
4 28.6 0.05 1 0.08 0.04
5 5 26 0.05 1 0.08 0.04
6 34.8 0.05 1 0.08 0.04
7 26.4 0.05 1 0.08 0.04
8 24.3 0.05 1 0.08 0.04
3 9 34.5 0.05 1 0.08 0.04
10 20.0 0.05 1 0.08 0.04

To characterize the features of response delays, four representative operating scenarios
are considered:

Scenario 1: Constant synchronous delay. The response delays of renewable energy plants,
demand-side flexible resources, and conventional generating units are all set to 0.4 s.

Scenario 2: Constant asynchronous delays. The response delays of renewable energy
plants, demand-side flexible resources, and conventional generating units are set to 0.5 s,
0.8 s, and 0.3 s, respectively.

Scenario 3: Time-varying synchronous delay: The response delays of all three resource
types are identical and time-varying, with the delay bounded within [0.1, 0.8] s.

Scenario 4: Time-varying asynchronous delays: The response delays are unequal and
time-varying. The delay ranges are [0.1, 0.3] s for renewable energy plants, [0.3, 0.5] s for
conventional generating units, and [0.5, 1.0] s for demand-side flexible resources.
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4.2. Performance Analysis

Figure 5 illustrates the frequency responses of the power system under the four represen-
tative operating scenarios, where Figure 5a—d correspond to Scenarios 14, respectively. As
shown in Figure 5a,b, in Scenarios 1 and 2, Method 3 yields frequency deviations closer to the
steady-state frequency point (Af = 0), with a smaller nadir and shorter settling time. This is
because, under constant synchronous and constant asynchronous delays, the delays are deter-
ministic. Moreover, Method 3 adopts a full-state feedback control strategy, providing richer
state information than Methods 1 and 2, thereby achieving better frequency performance.
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Figure 5. Frequency response under scenarios 1~4. (a) Scenario 1. (b) Scenario 2. (c) Scenario 3.
(d) Scenario 4.

In contrast, under Scenarios 3 and 4, Method 3 fails to maintain frequency stability
in the presence of uncertain response delays. This is attributed to its focus on achieving
optimal frequency performance under deterministic delays, at the expense of robustness
under uncertain delays. By comparison, the proposed parameterized Riccati equation-
based frequency control method for renewable-integrated power systems reduces the
frequency nadir compared with Method 2 under constant delay conditions, and maintains
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frequency stability under time-varying delays, thus achieving a balance between dynamic
performance and robustness.

4.3. Impacts of Parameteric Uncertainties

It is noted that both Method 1 and Method 2 are capable of maintaining frequency
stability in the presence of time-varying delays. To further compare the frequency control
performance of Methods 1 and 2, the impact of modeling errors is considered, i.e., the
frequency dynamic model of the renewable-integrated power system in (17) is reformulated

as follows:
m

x=(A+ea)x 2 i +ep,)u(t—d;(t)) + FE(t), (46)

where €4 and ep, represent the modeling errors of the power system frequency model. Larger
values of €4 and ep, indicate greater parameter modeling errors in the power system.

The ranges of e4 and ep, are set to [0,0.1A] and [0, 0.1B;], Vi, respectively. The source—
load fluctuation is set to 0.04 p.u. Figure 6 shows the frequency nadirs corresponding to
Methods 1 and 2.
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(b)
Figure 6. Frequency nadir with different methods (a) Method 1. (b) Method 2.

As shown in Figure 6, the modeling errors €4 and ep, of the power system frequency
model are strongly correlated with the system’s frequency performance. Specifically, as the
modeling errors decrease, the absolute value of the frequency nadir increases, indicating
a deterioration in the system’s transient frequency performance. Furthermore, a cross-
comparison of the control performance of Methods 1 and 2 reveals that Method 1 exhibits a
clear advantage in suppressing frequency decline. Compared with Method 2, Method 1
improves the control of the frequency nadir by 6.31-7.59%. This advantage arises from
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Method 1’s capability to incorporate delay information in adjusting the 'y parameter of the
parameterized Riccati equation, thereby formulating a more targeted frequency regulation
strategy that effectively enhances the transient frequency performance of the power system.

4.4. Impacts of Communication Delay

Next, the impacts of the communication delay are analyzed. The power system
response delay is increased from 0 s to 1.5 s, and the source-load fluctuation is set to
0.06 p.u. Figure 7 presents the system’s frequency performance under different response
delays, including 0s,0.2 s, 1.0 s, and 1.5 s. As shown in Figure 7, with the proposed method,
the frequency performance of the power system remains within a satisfactory range and
does not exhibit a sudden degradation as the delay increases, indicating that the proposed
method possesses strong robustness.
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Figure 7. Frequency response of the power system with the proposed method under various delays.

5. Conclusions

This paper addresses the challenge of balancing frequency robustness and transient
performance in power systems when new energy power stations, conventional generators,
and load-side resources jointly participate in frequency regulation. The issue arises from
the asynchronous response delay among these resources. To solve this, we propose a novel
frequency control method for new energy power systems based on a parameterized Riccati
equation. This method uses adaptive adjustments of control parameters to strike a balance
between system frequency robustness and optimality. First, we consider the frequency
regulation capabilities of new energy power stations, conventional units, and load-side
resources. We construct a power system frequency control model that accounts for asyn-
chronous response delays by adjusting the response sequence of these diverse resources.
Next, based on Barbalat’s lemma, we introduce a new frequency control method for new
energy power systems using a parameterized Riccati equation. Finally, the effectiveness of
the proposed method is validated through tests on a modified New England 39-bus system.

Despite its contributions, this study has several limitations. First, communication
resilience is represented only through asynchronous and time-varying delay modeling;
complete interruptions and redundancy mechanisms are not explicitly considered. Sec-
ond, electric vehicles are modeled as controllable demand-side resources once they are
connected, without accounting for uncertainties in user willingness to participate in V2G
services during emergencies. Third, the proposed control method relies on a linearized
state-space model and has been validated on a modified New England 39-bus system;
further validation on larger systems and real-time hardware-in-the-loop platforms is still
needed. These limitations highlight important directions for future work, including the
integration of communication resilience mechanisms, behavioral models of user partic-
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ipation, and experimental validations in more realistic environments. Additionally, we
can also investigate the energy hub operation under uncertainty [30] and for advanced
cyber-resilience strategies for frequency control [31].
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