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Abstract

Integrating renewable energy sources into modern power grids enhances sustainability
but reduces the inherent inertia provided by synchronous generators, leading to larger
frequency fluctuations and degraded dynamic stability. To address this issue, this paper pro-
poses an advanced inertia-damping emulation (IDE) strategy based on a coordinated hybrid
energy storage system (HESS) comprising supercapacitors (SCs) and fuel cell-battery-based
hybrid electric vehicles (FC-BHEVs) for frequency regulation in low-inertia power grids.
SCs provide fast virtual inertia support owing to their high-power density, whereas the
FC-BHEVs provide virtual damping support through sustained power compensation. A
supplementary integral controller is further incorporated to restore the system frequency to
its nominal value and overcome the limitations of primary frequency control. The proposed
framework also considers communication time delays and practical power and energy con-
straints in the frequency-control process. The proposed strategy is evaluated in an islanded
microgrid under renewable penetration, load disturbances, and parameter uncertainties,
and is further validated in an interconnected two-area multi-source power system under
generation outages, random load variations, renewable power fluctuations, and commu-
nication delays. MATLAB simulation results demonstrate that the proposed HESS-based
strategy achieves superior frequency regulation, reduced frequency deviations, improved
damping, faster recovery, and enhanced inter-area power exchange stability compared with
conventional inertia emulation and IDE methods, demonstrating its effectiveness and ro-
bustness for enhancing the frequency stability of future renewable-dominated power grids.

Keywords: frequency regulation; supercapacitors; hybrid electric vehicles; inertia-damping
emulation; renewable power grids

1. Introduction
The growing penetration of renewable energy sources (RESs) such as photovoltaic

(PV) and wind power necessitates the use of power electronic converters as an interface
with the modern power grid [1]. However, conventional converters lack inherent grid-
supporting capabilities like inertia provision and primary/secondary frequency regulation.
This deficiency exacerbates frequency stability challenges, particularly in microgrids (MGs)
with high RES penetration, where significant frequency fluctuations can occur, threatening
the stability of grid operation [2].
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To address frequency stability issues in low-inertia MGs, numerous studies have
proposed an inertia emulation (IE) concept that is supported by diverse energy storage
systems (ESSs) [3–11]. Battery-based IE control strategies have been proposed to enhance
the frequency stability of MGs in [3,4]. While batteries offer high energy density, their
limited power density can pose a significant challenge in meeting power demands during
transient conditions. In [5,6], flywheel ESSs are used to provide additional inertia to the grid
by utilizing the stored energy in their mechanical parts. Nevertheless, they are associated
with drawbacks including a relatively high rate of self-discharge and high maintenance
costs, which limit their suitability in the face of frequent events requiring long-term power
support or significant energy capacity [7]. DC-link capacitors coupled with a voltage source
converter can be considered an inherent ESS. This is because they behave analogously to
the rotational inertia of a conventional synchronous generator (SG) [8,9]. Similarly, in [10],
the voltage of supercapacitor (SC) energy storage has been proportionally linked to the
MG frequency to boost system inertia in accordance with permissible SC voltage variation.
However, the limited voltage fluctuation range of both the DC-link and the SC restricts
their ability to provide sufficient transient energy during cascaded frequency excursions.
Additionally, an IE control strategy utilizing a superconducting magnetic energy storage
(SMES) system for islanded MGs is proposed in [11]. Although both SC energy storage and
SMES offer a high-power density, making them suitable for IE, their low energy density
limits their ability to support long-term power deviation (i.e., damping emulation). To
this end, it is challenging for either long-term ESSs like batteries or short-term ESSs like
SC and SMES to independently provide effective frequency support [12]. This is because
maintaining stable grid frequency requires a combination of high power and high energy
densities, which is not viable to achieve with a single ESS.

Therefore, to mitigate the limitations associated with utilizing a single ESS, hybrid
energy storage systems (HESSs) have gained significant attention [13,14]. Incorporating
SMES and batteries exhibits complementary attributes, making their combination in a HESS
an effective solution for frequency regulation purposes [15]. This hybrid configuration
can result in an ideal ESS, characterized by high energy density, high power density, and
extended cycle life; however, its practical deployment is constrained by the high capital cost
of SMES [16]. A novel application of HESS is presented in [17], where a power management
scheme is proposed to emulate the behavior of a real SG. Further studies in [18] demon-
strate the effectiveness of an energy management system in improving frequency stability
by efficiently allocating power across various scenarios. However, these studies have
overlooked the impact of high RES penetration in MGs under consideration. Additionally,
while they focus on developing power-sharing algorithms for HESS to prolong battery
lifespan, they rely heavily on external ESSs, which can impose high system costs. In [19],
an improved virtual SG (VSG) is proposed with the purpose of decreasing ESS capacity.
However, this improvement relies on additional energy recovery control at the expense
of degraded grid frequency stability support. Among the various HESS configurations,
the combination of SCs and electric vehicle (EV)-based batteries is particularly attractive
because of their complementary power and energy characteristics. SCs provide high power
density and rapid charging/discharging capability, making them suitable for fast transient
and inertial support, whereas EV batteries provide higher energy capacity and can therefore
contribute to sustained power support. Previous studies have demonstrated the potential
of combining SCs and battery-based energy resources in EV and power-system applications.
In [20], a fuel cell (FC)-SC–battery-based hybrid EV (HEV) was investigated for virtual syn-
chronous generator control, highlighting the potential of vehicle-based energy resources for
providing fast grid-support functions. The complementary characteristics of batteries and
SCs for EV applications have also been investigated in [21,22], demonstrating the benefits
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of combining high-power SCs with high-energy battery storage. These studies establish
the technical basis for exploiting SCs and EV-based energy resources as complementary
components; however, further development is required to coordinate inertia emulation,
damping emulation, and supplementary frequency restoration within a unified control
framework while considering practical operating constraints and communication effects.

EVs emerge as a key component in renewable energy systems, offering unique ad-
vantages when integrated into MGs. Beyond their primary role as controllable loads, EVs
can function as mobile energy storage devices, thereby enhancing grid flexibility and sta-
bility. In this sense, several studies have explored the potential impact of EVs equipped
with integrated batteries on the frequency stability of MGs [23,24]. Because these EVs
already function as energy storage units, the need for additional dedicated storage de-
vices can be significantly reduced. Beyond frequency regulation, EV batteries can serve
as multi-service distributed energy storage resources, providing flexibility for multiple
grid and energy management objectives. In such applications, appropriate scheduling
and coordination are essential for exploiting the available battery capacity while consider-
ing operational constraints and the different timescales of battery services. Recent work
has investigated two-timescale online optimization of behind-the-meter battery storage
for stacked revenue through multiple energy services, demonstrating the importance of
coordinating fast and slow battery decisions to simultaneously exploit different service op-
portunities while managing battery utilization [25]. These developments further highlight
the potential of EV batteries as flexible distributed storage resources that can participate
in multiple services rather than being dedicated solely to frequency regulation. In the
present study, this flexibility is exploited specifically for frequency-support applications,
where the vehicle-based energy resource provides sustained damping and supplementary
frequency-restoration support within the proposed coordinated IDE framework. Moreover,
although previous studies have demonstrated the potential of SC–EV hybrid energy storage
for frequency support, the coordinated integration of inertia emulation, damping emula-
tion, and supplementary frequency restoration using vehicle-based HESS, together with
delay-aware evaluation under islanded and interconnected operating conditions, remains
insufficiently investigated.

In addition to the electrical and control characteristics of battery-based energy stor-
age, battery thermal management is an important consideration for the practical deploy-
ment of EV-based energy resources, particularly under high-power and repeated charg-
ing/discharging conditions. The operating temperature of lithium-ion batteries signifi-
cantly affects their performance, reliability, lifetime, and safety; therefore, effective thermal
management is essential for maintaining suitable operating conditions. Recent research
has investigated advanced liquid-cooling configurations to improve battery thermal perfor-
mance. For example, the authors of [26] proposed a liquid cooling plate with non-uniform
spiral-fin structures, which enhanced heat dissipation and temperature uniformity under
high-rate battery operation while maintaining relatively low parasitic power consumption.
Such developments highlight the importance of effective thermal management technologies
for ensuring the reliable operation of battery-based resources in EVs and energy storage
applications. Recent studies have further advanced the understanding and thermal man-
agement of lithium-ion batteries from both material characterization and cooling system
perspectives. The authors of [27] investigated the anisotropic thermal conductivity of
prismatic lithium-ion batteries, providing insights into their internal heat-transfer charac-
teristics. From the cooling system perspective, the authors of [28] investigated direct and
indirect liquid cooling using new manifold designs, while an optimization approach was
developed for battery thermal management based on thermal-resistance-network analysis
and cold-plate arrangement [29]. These studies provide useful insights into the thermal
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behavior and cooling of power batteries and further emphasize the importance of effective
thermal management for reliable battery operation. Nevertheless, the primary focus of
the present study is the coordinated frequency-regulation capability of the proposed IDE
based on HESS at the power system level. Accordingly, detailed electro-thermal and battery
thermal management modeling is beyond the scope of the present work.

Furthermore, FCs, particularly proton exchange membrane FCs (PEMFCs), provide
an important energy-conversion technology for HEV and renewable energy applications
because of their high energy-conversion efficiency and suitability for sustained power
generation. The performance of PEMFCs is strongly influenced by the flow-field configura-
tion within the bipolar plates, which governs reactant distribution, mass transfer, water
management, and consequently, the cell power output. Recent research has demonstrated
that advanced flow-channel structures can effectively improve PEMFC performance. For
example, the authors of [30] investigated non-uniform bluff-body structures embedded
in bipolar-plate flow channels and demonstrated that their optimized configurations can
regulate the flow field, enhance mass transfer, and improve the uniformity of multiphysical
fields within the membrane electrode assembly, thereby improving PEMFC output perfor-
mance [30]. These developments highlight the importance of appropriate fuel-cell design
and flow-field management for achieving reliable and efficient operation of fuel-cell-based
energy resources. In the present study, the FC component is incorporated with the EV bat-
tery to form FC-battery HEVs (FC-BHEVs), providing complementary energy and power
characteristics for sustained frequency-support applications.

Therefore, this paper proposes a decoupled control strategy that coordinates HESS
to improve frequency stability in low-inertia grids. SCs are chosen to provide fast fre-
quency support because of their high power density and rapid response. Compared with
SMES, they also offer practical advantages, including low maintenance requirements, tech-
nological reliability, the absence of cryogenic cooling, and lower implementation costs.
The slower and more sustained frequency support requirement is assigned to FC-BHEVs,
whose energy characteristics complement the fast response of the SCs. Accordingly, the SCs
provide IE to compensate for quick, high-frequency power variations, while the FC-BHEVs
provide damping emulation (DE) to address slower and more sustained frequency devia-
tions. Coordinating these two functions forms the proposed HESS-based inertia-damping
emulation (IDE) strategy, enabling the system to respond effectively to both short- and
long-term power imbalances. Furthermore, as summarized in [31], an analogy exists be-
tween the damping characteristics of VSG and the supplementary secondary control action,
which is responsible for restoring frequency to its nominal value after a disturbance. In
accordance with this conclusion, a supplementary integral controller is incorporated into
the damping path of the proposed IDE strategy to restore the frequency to its nominal
value following a disturbance. The damping and integral control actions are matched
with the FC-BHEVs, taking advantage of their ability to provide sustained power support.
The resulting controlled IDE strategy therefore combines fast inertia support, sustained
damping, and frequency restoration within a coordinated framework, providing improved
frequency regulation, particularly under high RES penetration.

Moreover, to prevent undesirable frequent charging/discharging of the considered
energy storage devices and to improve the long-term capability of EV batteries, a suitable
deadband is considered with the proposed control strategy. In addition to the islanded MG
validation, the suggested controlled IDE framework is also assessed in an interconnected
two-area multi-source power system to confirm its scalability and dynamic stability against
generation outages, random load variations, parameter uncertainties, and RES changes.
The comprehensive assessment examines not only local frequency regulation but also
inter-area tie-line power stability under more challenging operating conditions. Although
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the use of HESSs to separate fast and slow power components has been widely investigated,
the proposed framework goes beyond conventional power sharing and energy manage-
ment schemes by coordinating the available resources according to their specific frequency
support functions. Rather than treating the separation of fast and slow dynamics itself as
the main contribution, the proposed strategy combines function-oriented inertia and damp-
ing allocation with supplementary frequency restoration and non-ideal communication
conditions within a unified control framework. The key contributions of this article are
summarized as follows.

1. A coordinated HESS-based IDE framework is developed in which SCs provide the
derivative-based virtual inertia response, while the FC-BHEVs provide sustained
virtual damping support, matching the different dynamic requirements of the two
frequency support functions.

2. An enhanced vehicle energy storage model based on a battery-fuel cell hybrid con-
figuration is incorporated into the proposed framework, providing complementary
power and energy characteristics for sustained frequency support applications. The
operational constraints are considered in the corresponding HEV model. In addition,
supplementary integral control is coordinated with the proposed IDE strategy to
achieve frequency restoration while effectively utilizing the available vehicle-based
energy resource.

3. The damping support mechanism is managed with supplementary integral control,
enabling the same framework to address transient damping and post-disturbance
frequency restoration without requiring a separate energy recovery controller [19,32].

4. Communication latency is explicitly incorporated into the control framework, in-
cluding separate delay representation in the inertia support and secondary LFC
paths of the interconnected system, rather than assuming ideal instantaneous
signal transmission.

5. The influence of the key control parameters is examined through performance index
sensitivity and pole-based stability analysis, while the proposed framework is com-
prehensively validated in both islanded and interconnected power systems under
load disturbances, RES fluctuations, generation outages, parameter uncertainties, and
communication delays, demonstrating its robustness, applicability, and scalability
under diverse operating conditions.

The paper is organized as follows. Section 2 presents the system configuration for
the studied low-inertia MG, including the model of SCs and HEVs. The proposed IDE
strategy based on HESS is detailed and analyzed in Section 3. Section 4 demonstrates the
effectiveness of the proposed IDE control strategy with/without supplementary integral
control technique through simulation results across various scenarios in an islanded MG.
Section 5 further investigates the scalability and dynamic stability of the proposed con-
trolled IDE strategy in an interconnected two-area multi-source power system. Finally,
Section 6 provides a summary of the key conclusions drawn from the study.

2. System Configuration and Modeling
The test system being studied is an islanded MG that includes a conventional reheat-

turbine thermal power plant, RESs (wind and PV), SCs, HEVs, and loads. The conven-
tional reheat-turbine thermal power plant is powered by an SG, which contributes to
MG frequency regulation. Furthermore, any imbalance between supply and demand will
lead to frequency deviations caused by disturbances that must be regulated by the SG.
In this context, the swing equation, which captures the dynamics of the conventional
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generator through the interaction between inertia and load variations, can be expressed
as follows [33]:

∆Pm−pu − ∆PL−pu = 2H
d∆ fpu

dt
+ D∆ fpu (1)

where ∆Pm−pu and ∆PL−pu represent the changes in mechanical and electrical power in
per-unit for the SG, respectively, and H denotes the inertia coefficient in per-unit, which is
defined as:

H =
Egen

Srated
=

Jω2
r

2VArated
(2)

The stored kinetic energy in the synchronous generator’s rotor is referred to Egen, Srated

indicates the system’s base power, J signifies the mass moment of inertia of the synchronous
generator, and ωr represents the angular frequency [33]. Figure 1 illustrates the dynamic
model of the investigated system with the proposed inertia-damping emulation strategy.
The symbols and coefficients of the studied MG are provided in Table 1. The proposed IDE
strategy is based on a HESS combining SC and EV batteries, which are described in the
following subsections.
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Figure 1. Dynamic model of the investigated MG incorporating the proposed controlled IDE strategy
and considering communication delay.

Table 1. Parameters of the investigated MG with the proposed IDE strategy.

Parameter Quantity Value

Tg Time constant of speed governor, s 0.1
TRH Time constant of reheater, s 7.0
frated Rated frequency, Hz 50.0

H Inertia coefficient, s 5.0
HIE Virtual inertia gain 1.6
Ki Integral controller gain 1.7
Ed0 Rated capacitor voltage, kV 2.0
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Table 1. Cont.

Parameter Quantity Value

Kvd Gain of the capacitor voltage deviation, kA/kV 0.1

Ncontrol−in
Number of EVs transitioning from the charging

mode to the adjustable mode 12

Nplug−out
Number of EVs transitioning from the charging

mode to the driving mode 20

Ckw Inverter capacity of the EV, kW 3
C∗

kwh Average battery capacity, kWh 15
TCH Time constant of main inlet volumes, s 0.2
THP Turbine HP coefficient 0.3

R Droop coefficient 0.0833
D Damping coefficient 1.0

DDE Virtual damping gain 1.2
L Coil inductance, H 3.0

Tdc Converter time constant, s 0.05
Kc Feedback gain constant, kA/MW 70

Ninitial Preliminary number of adjustable EVs 90
Ncontrol Total number of adjustable EVs 82

Te Time constant of EV, s 1
TFC Time constant of FC, s 2

2.1. Supercapacitor Energy Storage Model

In the proposed IDE strategy, the virtual inertia is supported by SCs, leveraging their
exceptional fast-response capability. As a result, SCs, with their rapid power delivery, are
prepared to be the most effective solution for swiftly responding to sudden changes in
system dynamics, ensuring stable and reliable operation. The mathematical model of the
SC energy storage is formulated as shown in Figure 2. The set point of the SC voltage must
be rapidly restored following a load disturbance to ensure the SC is prepared to respond
to the next disturbance. To accomplish this, the deviation in SC voltage is monitored and
utilized as a corrective feedback signal within the SC control loop, enabling swift voltage
recovery, as demonstrated in Figure 2. The inertia power change for the proposed strategy
serves as the control signal to the SC. Therefore, the current variation, ∆Idi is given by [34]:

∆Idi =
[Kc ∆Pd − Kvd∆Edi]

1 + sTdc
(3)

Kc

 PIE

1+sTdc

1
Σ

Kvd

+
Σ

π 

 Idi

Edo

 PSC

 Edi

+
+

 Pd= Idi

Ci s+

1

1

Ri

 

Figure 2. Dynamic model of SC energy storage.

The capacitor voltage deviation, ∆Edi is then given by:

∆Edi
=

[
Ri

1 + sCiRi

]
∆Idi

(4)

At any given moment, the power flowing into the SC is given by Pd = Ed Id, while
the preliminary power flow into the capacitor is Pd0 = Ed0 Id0. The voltage and current

https://doi.org/10.3390/su18179003

https://doi.org/10.3390/su18179003


Sustainability 2026, 18, 9003 8 of 28

magnitudes before the load disturbance are expressed as Ed0 and Id0, respectively. The
power flow into the SC, when a load disturbance happens, is provided as follows.

Pd0 + ∆Pd = (Ed0 + ∆Ed)(Id0 + ∆Id) (5)

This results in the incremental power change in the SC being as follows

∆Pd = Ed0 Id0 + ∆Ed Id0 + ∆Ed∆Id = Id0(Ed0 + ∆Ed) + ∆Ed∆Id (6)

∆Pd = (Id0∆Ed + ∆Ed∆Id) (7)

The term Ed0 ∆Id is disregarded, as Ed0 = 0 in the storage state to maintain the nominal
voltage at a standard level. The incremental power change in per-unit in the SC is then
expressed as

∆Pd|pu = (Id0∆Ed + ∆Ed∆Id)/PR (8)

where the PR represents the rated power of the SC. In this study, the parameters of the SC
energy storage used in the proposed IDE strategy are given in Table 1.

It should be mentioned that a communication time delay is included as presented in
Figure 1 in the frequency feedback path to account for the non-instantaneous acquisition,
transmission, and processing of the measured frequency signal before it reaches the pro-
posed control scheme. A delay of Td = 0.1 s is considered throughout this study, allowing
the proposed strategy to be evaluated under non-ideal signal transmission rather than
assuming instantaneous communication.

2.2. Fuel Cell-Battery Hybrid Electric Vehicles Model

This study employs a model of FC-BHEVs, as illustrated in Figure 3a, to provide
sustained power support for virtual damping within the proposed IDE strategy. Frequency
control through the integration of HEVs is realized by strategically managing their dis-
charging and charging processes in reaction to the frequency control signal, subject to
the availability of connected HEVs, the allowable state-of-charge (SOC) range, and the
power capability of their interfacing converters [23,35]. In this way, the aggregated HEV
fleet can operate as a distributed energy storage resource while preserving the operating
requirements of individual HEVs. To complement the HEV battery response, an FC is
integrated in parallel with the HEV battery dynamics, as shown in Figure 3a. The two
resources have different response characteristics: the HEV battery provides relatively fast
power compensation, whereas the FC contributes to a slower and more sustained response.
Their combined operation reduces the dependence on the HEV batteries alone and pro-
vides additional flexibility for delivering the damping-support power required by the
IDE strategy.

The FC-BHEVs model determines the total charging or discharging power available
from the controllable HEV fleet. Its response to the frequency-control signal is governed by
the number of HEVs available for regulation and their corresponding energy limits, which
are defined according to the permissible SOC range. Following charging, the HEV’s ability
to react to the frequency-control signal is limited by its energy capacity, specifically the
MWh limit outlined in Equation (9) [35,36].

Emin
control ≤ Econtrol ≤ Emax

control (9)

where Econtrol represents the controllable HEVs’ total energy, while the maximum and
minimum energy capacity bounds, Emax

control and Emin
control , respectively, are determined based
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on the control strategy and the given SOC. These limits are calculated using Equations (10)
and (11), reflecting the energy constraints within which the controllable HEVs can operate.
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Figure 3. Mathematical models of HEV: (a) FC-BHEVs and (b) TEM.

Emin
control =

Ncontrol · C∗
kWh

1000
× 0.8 (10)

Emax
control =

Ncontrol · C∗
kWh

1000
× 0.9 (11)

The total energy model (TEM), depicted in Figure 3b, calculates the overall reserved
energy of all adjustable HEVs as Econtrol. The number of adjustable HEVs (Ncontrol)
involved in energy exchange with the studied power system is determined using the
following calculation.

Ncontrol = Ninitial + Ncontrol-in − Nplug-out (12)

where the preliminary number of adjustable HEVs is defined as Ninitial. The total number
of HEVs transitioning from the charging mode to the controllable mode, as well as from the
charging state to the driving state, are represented as Ncontrol-in, and Nplug-out, respectively.
The respective values for these parameters are provided in Table 1. For additional details
on the TEM, readers seeking more information are encouraged to refer to [23,35]. CkW

represents the inverter capacity of the HEVs, meaning the HEV can only be energized
within the limits of ±CkW. ∆PHEV denotes the discharging and charging power of the
adjustable HEV.

For the simulation, an aggregated model of the controllable HEV fleet is implemented
in MATLAB/Simulink 2024b, as shown in Figure 3. Instead of modeling each vehi-
cle individually, the fleet is represented by an equivalent aggregated energy resource
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whose available charging/discharging power and stored energy are determined from the
number of controllable vehicles, their rated inverter power, and the aggregate SOC. The
frequency-control signal is applied to the aggregated model, which determines the corre-
sponding power exchange with the microgrid subject to the available energy and power
limits. In this study, the vehicle energy resource is represented by a battery–FC configura-
tion, allowing the battery and FC to provide complementary short- and sustained-power
support, respectively.

To make the model computationally tractable for system-level frequency-response anal-
ysis, several assumptions are adopted. First, the HEV fleet is represented by an aggregated
model, and individual vehicle-to-vehicle differences are not explicitly modeled. Second,
controllable vehicles are assumed to respond coherently to the frequency-control signal,
subject to the aggregate power and energy constraints. Third, the battery and FC models are
represented at the power system level, while detailed electrochemical, thermal, degradation,
and vehicle driving dynamics are neglected. Fourth, the availability of controllable vehicles
is represented through the defined number of adjustable vehicles and the corresponding
SOC-dependent energy limits. Finally, the converter is assumed to track the commanded
power within its rated charging/discharging limits. These assumptions allow the proposed
HEV resource to be integrated into the power system frequency-dynamics model while
retaining the key power and energy constraints relevant to frequency regulation.

3. Proposed Inertia-Damping Emulation Control Strategies-Based HESS
3.1. Conventional Inertia Emulation Concept

In conventional power systems, the inertial response is usually supplied by the kinetic
energy stored in SGs. In modern power grids, replacing SGs with RESs can lead to a
substantial reduction in overall system inertia due to the absence of rotating mass [1,37].
This ongoing decline in inertia poses a significant risk to the system’s stability and reliability,
especially for islanded MGs. Thus, the IE concept has been proposed in the literature to
improve the frequency stability of low-inertia MGs dominated by RESs. The core concept
of the IE is based on derivative control, which calculates the rate of change of frequency
(RoCoF) to deliver additional active power to the MG’s set point whenever a frequency
deviation occurs. Therefore, the active power injected or absorbed by the inverter-based
ESS is controlled using the IE concept and can be defined as follows [8]:

∆PIE = HIE
d(∆ f )

dt
(13)

where HIE is the inertia emulation constant, and ∆f represents the frequency deviation. A
typical IE system based on a single ESS is illustrated in Figure 4, which emulates the inertial
characteristics of a real SG. From Figure 4, the IE power when including ESS dynamics can
be expressed as follows:

∆PIE =
1

1 + sTESS

[
HIE

d(∆ f )
dt

]
(14)

where TESS stands for the time constant of the inverter-based ESS. Lately, it has been
noted that the absence of DE can significantly degrade the performance of the IE control
strategy in MGs characterized by low inertia and damping [38]. This issue becomes even
more severe when the MG has a low load-damping factor during periods of low power
consumption, potentially leading to system instability and collapse. Therefore, further
research [23,39,40] has explored the vital influence of DE on MG’s frequency dynamics,
which will be analyzed in the subsequent section. Hence, to fully imitate the swing equation
in (1), Equation (14) can be further modified to include the DE power term as follows:
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∆PIDE = HIE
d(∆ f )

dt︸ ︷︷ ︸
∆PIE

+ DDE ∆ f︸ ︷︷ ︸
∆PDE

(15)

where DDE is the DE constant.

HIE

Derivative term Virtual inertia

Saturation 
Limit

1

1 + sTESS

ESS

 f  PIE

 PESS-Max

 PESS-Min

 PESS-Inertia
d

dt

Figure 4. Dynamic structure of the conventional IE-based single ESS.

The improved dynamic structure of the conventional IE strategy is revealed in Figure 5,
and its relevant output power is presented in Equation (16). This model incorporates the
emulated damping part to achieve rapid settling or stabilization times by responding to
the system frequency deviation ∆f. This ensures quicker restoration of frequency during
disturbances. As evident from Figures 4 and 5, conventional IE or IDE techniques are mainly
dependent on a single ESS, which proves inadequate as it simultaneously responds to both
low- and high-frequency dynamics. To address this limitation, the proposed strategies
based on HESS will be introduced.

∆PIDE =
1

1 + sTESS

[(
HIE

d
dt

+ DDE

)
∆ f

]
(16)

HIE

Derivative term Virtual inertia

Virtual damping

DDE

Saturation 
Limit

1

1 + sTESS

ESS

+
+

 f  PIDE

 PESS-Max

 PESS-Min

 PESS-Inertia

d

dt

Figure 5. The dynamic structure of the conventional IDE-based single ESS.

3.2. Proposed Inertia-Damping Emulation Strategy

The fundamental objective behind the proposed IDE strategy-based HESS is to suitably
allocate each power support term to its complementary ESS. To fully understand the nature
of each component of either inertia or damping emulation, the block diagram of the studied
MG presented in Figure 1 can be expressed in transfer function form as follows:

∆ f =
R

GG(s)GRH(s) + RDeq + 2RHeqs
∆Pimb (17)

Equation (17) defines the MG frequency deviation caused by the power imbalance
(∆Pimb) in the MG, where Deq = D + DDE, Heq = H + HIE, and ∆Pimb = ∆PM + ∆PRESs − ∆PL.
The transfer functions of the reheat turbine and the speed governor are represented as GRH (s)
and GG (s), respectively. By defining GP→f (s) = ∆f (s)/∆Pimb, the time-domain expression for
the system frequency variation can be derived from Equation (17) to analyze the maximum
frequency deviation in the MG during frequency events. It is observed that the time constants
TG and TCH are significantly smaller compared to TRH. As a result, the influence of TG and
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TCH can be approximately neglected. Consequently, the transfer function relating the power
imbalance to the system frequency deviation can be simplified and expressed as:

GP→ f (s) =
∆ f

∆Pimb
≈ R(TRHs+1)

1+TRH FHPs+R(2Heqs+Deq)(TRHs+1)

= G0
s+z1

s2+2ζωns+ω2
n

(18)

where;

z1 =
1

TRH
, G0 =

1
2Heq

, ωn =

√
1 + DeqR
2HeqRTRH

ζ =
2HeqR + TRHDeqR + TRHFHP

4HeqRTRH
·
√

2HeqRTRH

1 + DeqR
(19)

The maximum frequency deviation (∆f max) can be represented in terms of the un-
damped natural frequency ωn and the damping ratio ζ as:

∆ fmax =
∆Pimb
2Heq

(
1

TRHω2
n
− e−ζωntmax M

√
1 − ζ2

)
(20)

where:

tmax = 1
ωn
√

1−ζ2

[
arctan

(√
1−ζ2

ζ

)
− β

]
,

β = arctan
[ √

1−ζ2

(ζ−TRHωn)

]
,

and M =

√(
1

TRHω2
n

)2
+

(
TRHωn−ζ

TRHω2
n
√

1−ζ2

)2

(21)

Moreover, by applying the initial-value theorem to Equation (18), the RoCoF following
a step power imbalance is quantified as

d∆ f (0)
dt

= lim
s→∞

s
[

GP→ f (s)
]
∆Pimb(s) =

1
2Heq

∆Pimb (22)

Similarly, the final-value theorem can be used to determine the system steady-state
frequency deviation ∆f (∞) as

∆ f (∞) = lim
s→0

s
[

GP→ f (s)
]
∆Pimb(s) =

R
RDeq + 1

∆Pimb (23)

Additionally, the settling time ts is often used to evaluate how quickly the system
responds during frequency regulation. Specifically, it refers to the time it takes for the
frequency deviation (∆f ) to stay within 2% of its final steady-state value. This settling time
can be calculated as follows:∣∣∣∆ f (ts)−∆ f (∞)

1−∆ f (∞)

∣∣∣ = 2% ⇒ ω2
n Me−tsζωn

1
TRH

= 2%

⇒ ts = − 1
ζωn

· ln
(

0.02
ω2

n MTRH

) (24)

According to (20)–(24), the following remarks can be attained: (1) improving the RoCoF
depends mainly on system inertia; (2) the system steady-state frequency deviation ∆f (∞)
affected by damping and does not influenced by inertia; (3) both damping and inertia
coefficients influence the enhancement of frequency deviation and settling time; (4) inertia
support is associated with fast-varying power deviation, as it depends on the derivative
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of frequency; (5) damping support is associated with slow-varying power deviation, as it
depends on the frequency variation. These analytical observations are validated by the 3D
plots depicted in Figure 6. Specifically, Figure 6a shows that an increase in HIE significantly
reduces the RoCoF, confirming its role in initial frequency stability. Furthermore, Figure 6b
indicates that increased inertia reduces the magnitude of frequency deviations; however, as
illustrated in Figure 6c, it simultaneously slows down the frequency regulation dynamics,
prolonging the frequency restoration period. This limitation is effectively mitigated by
incorporating the property of the DE alongside the IE property, as evidenced in Figure 6b,d.
Increasing DDE leads to reductions in frequency deviation and its steady-state value,
highlighting the damping’s critical role in improving system resilience.

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 6. Impact of various HIE and DDE values on the studied MG performance indices: (a) RoCoF,
(b) ∆f max, (c) ts, and (d) ∆f (∞).

Based on these insights, the proposed IDE strategy utilizes a HESS to allocate the
available resources according to the dynamic requirements of frequency regulation. The
SCs, characterized by their high power density and rapid response, are assigned to virtual
inertia support and therefore compensate for fast, short-term power imbalances. On the
other hand, the FC-BHEVs provide virtual damping support, offering a more sustained
power response to slower frequency variations. This coordinated allocation enables the
proposed HESS to reproduce the complementary inertia and damping characteristics of the
swing-equation dynamics while improving both the transient and steady-state frequency
response of low-inertia MGs.

To account for non-ideal signal transmission in the practical implementation of the
proposed control strategy, a communication time delay Td is considered in the measured
frequency signal, as illustrated in Figure 1. The delayed frequency deviation supplied to
the controller is therefore expressed as

∆ f d(s) = e−sTd ∆ f (s) (25)
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where ∆ f d(s) denotes the frequency deviation available to the controller after communi-
cation latency. A value of Td = 0.1 s is considered in the IDE loop throughout the study.
Accordingly, the inertia and damping support commands are generated from the delayed
frequency signal rather than assuming instantaneous signal transmission.

Figure 7 illustrates the dynamic framework of the proposed HESS-based IDE strategy,
in which the inertia and damping support functions are assigned to storage resources
according to their dynamic characteristics. The SCs provide the fast inertia response,
whereas the coordinated FC-BHEV provides the damping support required for sustained
frequency regulation. Since the measured frequency is subject to the communication delay
defined above, both control actions are derived from ∆ f d. The total power exchanged by
the HESS is constrained by its maximum charging and discharging capacities to ensure
that the commanded support remains within the allowable operating range of the storage
resources. During a frequency disturbance, the SC and FC-BHEV power contributions can
be expressed as follows:

∆PSCs = ∆PIE|SCs = HIE ∗ d(∆ fd)

dt
∗ (Id0∆Ed + ∆Ed∆Id)

PR
∗ 1

1 + 0.05s
(26)

∆PFC−BHEV = ∆PDE|FC−BHEV = DDE ∗ ∆ fd ∗
[

1
1 + sTe

+
1

1 + sTFC

]
(27)

Proposed  Inertia-damping Emulation strategy 

+
+

Derivative
Control

Virtual Inertia 
Gain

d

dt
HIE ESS-based SCs

FC-based BHEV 

Virtual Damping 
gain

DDE

 PIE

 PDE

 
P

ID
E

-H
E

S
S

Saturation 
Limit

 PHESS-Min

 PHESS-Max

Dead 
band

1

1 + 0.05s

 fd

 

Figure 7. A dynamic structure of the proposed IDE-based HESS.

As indicated in Equation (26), the SC branch includes its converter dynamics and is
responsible for the rapid inertia response following a frequency disturbance. In contrast,
the damping component in Equation (27) is provided through the parallel HEV battery
and FC dynamics. This arrangement allows the two resources to contribute jointly to the
sustained damping requirement, reducing reliance on the HEV batteries alone.

To avoid unnecessary HEV battery participation in small frequency fluctuations, a
deadband of |f dead|= 0.05 Hz is incorporated into the damping-control loop, as shown
in Figure 7. The FC-BHEV-based damping support is therefore activated only when the
frequency deviation exceeds the specified deadband, reducing frequent shallow charging
and discharging actions and the associated battery cycling. The FC operates in parallel with
the HEV battery and shares the damping-support requirement once the damping loop is
activated. Together with the SOC-dependent energy constraints and charging/discharging
power limits of the aggregated HEV model, this coordinated operation limits unnecessary
battery utilization while maintaining the required frequency-support capability. The overall
HESS power is also restricted to ±0.2 p.u. to ensure that the combined response remains
within its prescribed operating capacity.

In response to the suggested IDE strategy following a disturbance in an islanded MG,
the IE will take initial action and respond rapidly by delivering nearly instantaneous power
to mitigate the frequency drop. Subsequently, the DE will continue to supply power to the
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system in proportion to the frequency deviation, ensuring a stabilizing effect on the MG.
This response is comparable to the behavior of a real SG, which follows a similar process
but includes a secondary control mechanism responsible for restoring the frequency to
its nominal value after a disturbance. Building upon the established analogy between
damping characteristics of the VSG and the supplementary secondary control action of
conventional SG, and in alignment with the suggested strategy, a new controlled IDE-based
HESS is proposed. A supplementary integral control alongside the proposed IDE strategy is
incorporated to enhance the frequency stability of the low-inertia MGs. Thus, this research
also proposes a control strategy that coordinates the DE strategy with the supplementary
integral control, akin to secondary frequency control, to enhance operational conditions.
This coordination will be supported by FC-BHEV, taking advantage of their capability to
provide long-term frequency regulation, which results in the controlled IDE strategy-based
HESS as revealed in Figure 8. This new controlled strategy aims to enhance the frequency
stability of the studied MG, particularly under high RES penetration, by exploiting the
existing energy resources (i.e., FC-BHEVs), without a need for additional energy recovery
control to restore the system frequency to its nominal value, as required in [19,32]. To
further include the integral term with the proposed IDE strategy, Equation (27) will be
modified as follows:

∆PFC−BHEV ]Integral = [DDE + Ki I(s)] ∗ ∆ f ∗
[

1
1 + sTe

+
1

1 + sTFC

]
(28)

where Ki denotes the integral control gain. It should be noted that the integral term will
also be incorporated into the conventional IDE strategy based on ESS for comparison in the
following section and will be referred to as controlled IDE-based ESS.

Proposed  Controlled Inertia-damping Emulation strategy 

+
+

Derivative
Control

Virtual Inertia 
Gain

HIE ESS-based SCs

Supplementary 
Control-based 

Integral

Switch

FC-based BHEV Virtual Damping 
gain

DDE

 

+

+

 PIE

 PDE

d

dt

1

1 + 0.05s

Dead 
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Saturation 
Limit

 PHESS-Min

 PHESS-Max

 fd

 

Figure 8. A dynamic structure of the proposed controlled IDE-based HESS.

It should be emphasized that the supplementary integral control introduced in the
proposed controlled IDE strategy is not intended to replace conventional automatic gen-
eration control (AGC) or system-level secondary frequency control. Conventional AGC
generally operates at the system or control-area level, typically using the area control
error (ACE), which combines frequency deviation and tie-line power deviation to restore
the scheduled frequency and inter-area power exchange. In contrast, the integral ac-
tion proposed in this study is embedded within the HESS-based IDE controller and uses
the local frequency-deviation signal to generate an additional power-support command
through the vehicle-based energy resource. Its purpose is to provide frequency restoration
within the considered low-inertia microgrid while exploiting the available distributed
energy resource.

Accordingly, the proposed integral action should be regarded as a supplementary
local frequency-restoration mechanism rather than a replacement for AGC. In the islanded
microgrid considered, no conventional AGC/ACE loop is present; therefore, the proposed
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integral action provides the secondary-like restoration required to eliminate the residual
frequency deviation following disturbances. For the interconnected two-area system, the
proposed controller is evaluated as an additional distributed resource that supports local
frequency regulation and does not modify the fundamental area-level secondary-control
structure. In practical deployment, coordination with existing AGC would be required
through appropriate participation factors, power limits, and control-layer coordination to
prevent competing control actions or over-regulation.

3.3. System Stability Analysis with the Proposed Strategy

To further clarify and validate the previously observed deductions, this subsection
examines the stability trends through system pole-zero maps analysis under varying emu-
lated inertia, damping, and integral control parameters, as revealed in Figure 9. Figure 9a
shows that as inertia increases, the poles shift closer to the imaginary axis, becoming less
negative. This trend indicates that higher inertia significantly reduces the initial RoCoF,
providing improved initial stability during disturbances. However, the proximity to the
imaginary axis implies a slower dynamic response, which may result in extended settling
times and potentially reduced damping performance. At the extreme case (HIE = 0), the
poles are significantly further left in the complex plane, indicating a faster but potentially
less robust frequency response. In Figure 9b, the impact of changing the DDE is illustrated.
Increasing damping shifts poles leftward, further into the left half-plane, indicating im-
proved system stability. Enhanced damping results in faster suppression of frequency
oscillations and shorter settling times, reflecting improved dynamic stability.

 
(a) 

 
(b) 

 
(c) 

Figure 9. Pole-zero maps illustrating the influence of varying control parameters on the MG frequency
stability: (a) Effect of varying HIE; (b) Effect of varying DDE; (c) Effect of varying Ki.

Conversely, at lower damping values, the poles move closer to the imaginary axis,
potentially leading to sustained oscillations and slower system response. Notably, the
absence of damping (DDE = 0) positions the poles closer to the imaginary axis, emphasizing
the critical role damping plays in stabilizing frequency responses. Figure 9c demonstrates
the effect of varying Ki. As the integral gain increases, poles migrate further leftward in the
complex plane, improving long-term stability and significantly reducing the steady-state
frequency error. This leftward movement highlights the integral control’s effectiveness in
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achieving precise frequency regulation following disturbances, ensuring that the frequency
quickly returns to its nominal value after transient conditions are over.

It can be concluded that the sensitivity results in Figures 6 and 9 highlight the impor-
tance of selecting the virtual inertia and damping gains within an appropriate operating
range. Increasing HIE improves the initial inertial response, but an excessively large value
may slow the frequency dynamics and move the dominant poles closer to the imaginary
axis. Conversely, insufficient DDE weakens the damping of frequency oscillations and
brings the dominant poles closer to the stability boundary, whereas adequate damping
shifts them further into the left-half plane. Therefore, the control gains should be selected
as a coordinated set rather than independently, providing a suitable compromise between
RoCoF suppression, frequency-deviation mitigation, settling time, and closed-loop stability.

4. Simulation Results and Discussion
This study evaluates the proposed two strategies, i.e., the proposed IDE strategy-based

HESS and the proposed controlled IDE strategy, which incorporates supplementary integral
control alongside the proposed IDE strategy, for enhancing the frequency stability of the
investigated MG considering high RES penetration and HESS combining SCs and FC-
BHEVs. A communication time delay of Td = 0.1 s is maintained throughout all simulation
scenarios; hence, the reported frequency responses are obtained under non-ideal signal
transmission conditions. The comparison is rigorously conducted within the context of
MG frequency control, particularly considering the substantial integration of high levels of
RESs. A detailed MATLAB/SIMULINK model is employed to construct the MG model,
which integrates RESs, as illustrated in Figure 1. The frequency regulation of the considered
MG is rigorously validated across a range of diverse operating conditions through the
following scenarios.

4.1. Scenario A: Impact of the Proposed IDE Based on HESS on the System Performance

In this scenario, the proposed IDE strategy based on HESS (i.e., supporting the virtual
inertia by SCs and the virtual damping by FC-BHEVs) is compared with two established
strategies from the literature: the conventional IE based on traditional ESS [8] and the
conventional IDE based on HESS [39], providing a thorough evaluation of their relative
performance. Moreover, a 1.8% step change in load is applied at 1 s to mimic a sudden
load shedding or forced outage of the power station, while the system inertia is reduced
by 20% to model the effects of high RES penetration. Figure 10 illustrates the frequency of
the studied MG under various inertia/damping emulation strategies. The conventional
IDE strategy improves the transient response compared with the conventional IE approach,
while the proposed HESS-based IDE provides the smallest frequency excursion and a more
strongly damped response despite the incorporated communication delay. These results
confirm the benefit of coordinating the fast SC-based inertia support with the sustained
damping contribution of the FC-BHEVs.

4.2. Scenario B: Impact of Cascaded Load Disturbance on the Performance of the Proposed IDE
Based on HESS

In this scenario, a cascaded load disturbance is applied by incrementally changing the
load by 1.8% at 1 s and then incrementally changing the load by 3.6% at 15 s. Moreover,
a 25% reduction in the system inertia is applied, simulating a high penetration of RESs.
Figure 11 compares the frequency responses obtained with the proposed HESS-based IDE
using SCs for virtual inertia and FC-BHEVs for virtual damping, the conventional IDE
strategy, and the conventional IE strategy. The proposed IDE strategy exhibits smaller
frequency excursions and faster damping following both load disturbances, even with
the 0.1 s communication delay included in the control loop. Moreover, the results clearly
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show that primary frequency control alone is insufficient to fully restore the frequency to
its nominal value after a disturbance, as it operates based on local measurements without
accounting for system-wide conditions. As such, secondary (or supplementary) frequency
control becomes essential in bringing the frequency back to its nominal value, working in
tandem with the faster-acting primary control to ensure comprehensive system stabilization.
Therefore, this study proposes a controlled IDE strategy that incorporates supplementary
integral control, alongside the proposed IDE strategy based on HESS, as detailed in the
following scenarios.

 

Figure 10. The MG frequency response in the case of scenario A.

Figure 11. The MG frequency response in the case of scenario B.

4.3. Scenario C: Impact of the Proposed Controlled IDE Strategy Based on HESS
on the System Performance

In this scenario, the performance of the proposed controlled IDE strategy based on
HESS, which incorporates supplementary integral control, alongside the proposed IDE
strategy based on HESS, is examined under a 1.8% sudden load change at 1 s, a 3.6% sudden
load change at 15 s, and a 35% reduction in the system inertia. Figure 12 displays the
frequency response of the investigated MG with the proposed controlled IDE strategy
based on HESS, the controlled IDE strategy based on ESS (i.e., the supplementary integral
control is also added with the conventional IDE), and the conventional IE strategy. The
proposed controlled IDE provides the smallest transient frequency excursions following
both disturbances and restores the frequency close to its nominal value more rapidly.
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This response demonstrates the complementary roles of the HESS-based IDE support and
supplementary integral action in improving both transient regulation and post-disturbance
frequency restoration under communication latency.

 

Figure 12. The MG frequency response in the case of scenario C.

4.4. Scenario D: Evaluation of the System Performance with the Proposed Controlled IDE
Based on HESS Against High RESs

In this scenario, the performance of the proposed controlled IDE strategy based on
HESS is evaluated under a range of challenging conditions, including a sudden 3.6% load
change at t = 1 s, the connection of PV solar power (as shown in Figure 13) starting at
t = 10 s, the integration of wind power (as shown in Figure 13) at t = 30 s, a 35% reduction
in system inertia, and a 25% decrease in system damping. Figure 14 shows the frequency
response of the studied MG with the proposed controlled IDE strategy based on HESS, the
conventional controlled IDE strategy, and the conventional IE strategy. Figure 14 shows that
the conventional IE and controlled IDE strategies experience considerably larger frequency
excursions following the load and renewable power variations. In contrast, the proposed
controlled IDE-based HESS maintains the frequency much closer to its nominal value and
substantially suppresses the oscillations introduced by the variable RES power, despite the
35% inertia reduction, 25% damping reduction, and communication delay. To further assess
the practical operation of the proposed HESS, Figure 15 presents the power contributions of
the SCs and FC-BHEVs together with the resulting total HESS output under Scenario D. The
SCs provide rapid, short-duration power support during sudden disturbances, consistent
with their IE role, whereas the FC-BHEVs deliver a slower and more sustained response
for damping support. Their coordinated contributions from the total HESS response,
which remains within the prescribed ±0.2 p.u. power limit throughout the considered
disturbances. In addition, the FC-BHEV operation is constrained by the SOC-dependent
energy limits defined through the TEM, ensuring that the frequency support action remains
within the available power and energy capabilities of the coordinated resources.

Figure 13. The change in solar PV and wind power in scenario D.

https://doi.org/10.3390/su18179003

https://doi.org/10.3390/su18179003


Sustainability 2026, 18, 9003 20 of 28

 

Figure 14. The MG frequency response in the case of scenario D.

  
(a) (b) 

 
(c) 

Figure 15. Power responses of the coordinated HESS under Scenario D: (a) SC output power,
(b) FC-based BHEV output power, and (c) total HESS output power.

4.5. Simulation-Based Evaluation of Frequency Deviation Mitigation

Based on the theoretical analysis and simulation results presented in the previous
sections, the proposed IDE-based HESS strategy consistently demonstrates superior perfor-
mance in enhancing frequency regulation across all examined scenarios.

■ For Scenario A, the conventional IDE reduces the maximum frequency deviation by
approximately 38.6% compared to the conventional IE, while the proposed IDE-based
HESS achieves a further improvement of approximately 42.5%. In terms of steady-
state frequency deviation, the conventional and proposed IDE-based configurations
provide improvements of approximately 42.2% and 51.1%, respectively, compared
with the conventional IE.

■ In Scenario B, the conventional IDE and proposed IDE-based HESS strategies yield
reductions of approximately 35.62% and 73.97%, respectively, in the maximum fre-
quency deviation compared with the conventional IE. In terms of the steady-state
frequency deviation, the corresponding improvements are approximately 46.15% and
61.54%, respectively.
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■ For Scenario C, the controlled IDE achieves an approximately 43.6% reduction in max-
imum frequency deviation compared with the conventional IE, while the proposed
controlled IDE-based HESS provides a significantly higher reduction of approxi-
mately 82.1%. Regarding the steady-state frequency deviation, the controlled IDE
achieves an improvement of approximately 95%, whereas the proposed controlled
IDE-based HESS completely eliminates the steady-state deviation, corresponding to a
100% improvement.

■ Similarly, in Scenario D, the controlled IDE-based ESS reduces the maximum frequency
deviation by approximately 12.1% compared with the conventional IE, whereas the
proposed controlled IDE-based HESS achieves a significantly higher reduction of
approximately 72.5%. Regarding the steady-state frequency deviation, the proposed
controlled IDE-based HESS maintains the frequency much closer to the nominal value
of 50 Hz, providing a substantial improvement over both the conventional IE and
controlled IDE configurations. The proposed controlled IDE-based HESS achieves
approximately a 95% reduction in steady-state frequency deviation compared with
the conventional IE-based ESS.

These consistent and substantial improvements confirm the robustness and effec-
tiveness of the proposed IDE-based HESS in mitigating both transient and steady-state
frequency deviations under a wide range of operating conditions. To further support
the analysis, the simulation results are graphically presented in Figure 16 using a bar
chart format.
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Figure 16. (a) Maximum frequency deviation and (b) steady-state frequency deviation for Conven-
tional IE, Conventional IDE, and Proposed IDE-based HESS across all scenarios.
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5. Scalability and Dynamic Stability Evaluation of the Proposed
Controlled IDE in Interconnected Two-Area Power System

To validate the effectiveness of the proposed controlled IDE system, a two-area inter-
connected multi-source power system has been further examined under different operating
conditions. The considered interconnected power system has two identical areas, which
comprise conventional generation (reheat thermal, hydro, gas), RESs (wind, solar), aggre-
gated EVs, SCs, and loads. More details about system modeling and configuration can be
found in [41,42]. Figure 17 depicts the transfer function representation of the considered
two-area interconnected power system [43]. Communication latency is also incorporated
into the interconnected two-area model. In each area, a communication delay of Td,IE = 0.1 s
is included in the inertia support loop to represent the delay associated with frequency
measurement, signal transmission, and implementation of the fast frequency support com-
mand. In addition, a delay of Td,LFC = 0.2 s is introduced into the secondary LFC loop to
account for the communication involved in frequency restoration and inter-area power
regulation. The following are the three case studies that are tested in the studied system.
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Figure 17. Dynamic model of the investigated multi-sources power system including the proposed
controlled IDE strategy and communication delays.

5.1. Case 1

In this case, the system operates with nominal parameters, and two-step load distur-
bances are applied simultaneously at t = 2 s, where Area 1 experiences a load increase of
0.1 pu and Area 2 experiences 0.05 pu. As shown in Figure 18, the proposed controlled
IDE-based HESS provides a noticeably improved response despite the communication
delays included in both control layers. In Area 1, the maximum frequency deviation is
reduced from approximately 0.308 Hz with conventional IE and 0.172 Hz with controlled
IDE to about 0.081 Hz with the proposed strategy, corresponding to reductions of approxi-
mately 73.7% and 53.0%, respectively. A similar improvement is observed in Area 2, where
the maximum deviation decreases from approximately 0.274 Hz and 0.099 Hz to about
0.043 Hz. The proposed strategy also limits the maximum tie-line power deviation to
approximately 0.0058 p.u., compared with 0.0175 p.u. for controlled IDE and 0.0323 p.u.
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for conventional IE. These results demonstrate effective local frequency regulation and
inter-area coordination under the considered communication delays.

  

 

Figure 18. The two-area interconnected power system response for case 1.

5.2. Case 2

This case introduces more challenging operating conditions that combine load vari-
ability, reduced parameter values, and partial loss of generating units. Area 1 is subjected
to random load variations, as depicted in Figure 19, while Area 2 experiences a 0.1 pu step
disturbance at t = 2 s. In addition, the thermal unit in Area 1 and the gas unit in Area 2 are
disconnected, creating a substantial reduction in available inertial and primary frequency
support. To represent model uncertainties and degraded controller responsiveness, the
sensitivity coefficients Kps and Tps are reduced to 80% of their nominal values. Under
these conditions, Figure 20 shows that the maximum frequency deviation in Area 1 is
reduced from approximately 0.701 Hz with conventional IE and 0.266 Hz with controlled
IDE to about 0.116 Hz with the proposed controlled IDE-based HESS. This corresponds to
reductions of approximately 83.4% and 56.4%, respectively. In Area 2, the corresponding
maximum deviations are approximately 0.627, 0.167, and 0.084 Hz. The proposed strategy
also restricts the maximum absolute tie-line power deviation to approximately 0.017 p.u.,
compared with about 0.043 p.u. and 0.090 p.u. for the controlled IDE and conventional
IE strategies, respectively. The improved responses under simultaneous load variability,
generation outages, parameter uncertainty, and communication latency demonstrate the
stronger damping and inter-area regulation provided by the proposed strategy.

 
Figure 19. Random power load changes in area 1 for case 2.
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Figure 20. The two-area interconnected power system response for case 2.

5.3. Case 3

This case extends the analysis to deeper uncertainty conditions and incorporates
RESs into both areas. The same load pattern used in Case 2 is applied: a random load
variation in Area 1 and a 0.1 pu step increase in Area 2 at 2 s. All generation units remain
connected in this scenario to isolate the effects of uncertainty and RES integration. The
system parameters are intentionally stressed further by reducing Kps and Tps to 60% and
decreasing the droop coefficient R to 70% of its nominal value. Simultaneously, wind and
PV power injections are enabled as revealed in Figure 21, adding natural variability to
the dynamic response. Despite these severe operating conditions and the communication
delays in both the inertia-support and secondary LFC loops, the proposed controlled
IDE-based HESS limits the maximum frequency deviation to approximately 0.193 Hz in
Area 1 and 0.204 Hz in Area 2. In comparison, the controlled IDE reaches approximately
0.443 and 0.446 Hz, while the conventional IE reaches approximately 0.746 and 0.725 Hz in
Areas 1 and 2, respectively. The maximum absolute tie-line power deviation is also reduced
to approximately 0.0187 p.u., compared with 0.0427 p.u. for controlled IDE and 0.0669 p.u.
for conventional IE. These results confirm that the proposed strategy retains effective
frequency damping and inter-area power regulation under simultaneous RES variability,
parameter uncertainty, load variation, and non-ideal communication, as demonstrated by
the frequency and tie-line power responses in Figure 22.

Figure 21. The change in solar PV and wind power for case 3.
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Figure 22. The two-area interconnected power system response for case 3.

6. Conclusions
This paper suggested an advanced IDE strategy based on a coordinated HESS com-

posed of SCs and FC-BHEVs to enhance the frequency stability of renewable-dominated
power grids. In the proposed coordinated control, SCs are adopted to provide virtual inertia
because of their high power density and fast dynamic response, while the FC-BHEVs are
utilized to provide virtual damping owing to their complementary energy characteristics
and suitability for sustained power support. This coordinated allocation enables the HESS
to effectively address both short-term and long-term frequency regulation requirements.
To further improve frequency restoration, a supplementary integral control mechanism
was incorporated into the proposed IDE strategy, forming a controlled IDE-based HESS.
This enhanced strategy compensates for the limitations of primary frequency control and
restores the system frequency to its nominal value after disturbances without requiring
additional energy recovery control. By exploiting the FC-BHEVs as pre-existing distributed
energy resources, the proposed framework also reduces the need for dedicated long-term
storage devices while preserving reliable dynamic performance. The effectiveness of the
proposed strategies was validated in both islanded and interconnected power systems
under challenging operating conditions, including load disturbances, high RES penetration,
generation outages, parameter uncertainties, renewable power fluctuations, and commu-
nication delays. The consideration of communication delays and the power and energy
constraints of the HESS provides a more practical assessment of the proposed control frame-
work. Simulation results confirmed that the proposed IDE-based HESS and controlled
IDE-based HESS provide superior frequency regulation, reduced frequency deviations,
improved damping, faster recovery, and enhanced steady-state performance compared
with conventional IE and IDE strategies. Experimental or hardware-in-the-loop validation
of the proposed coordinated IDE framework, including the dynamic interaction of the SC
and battery–FC resources, will be considered in future work.
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