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ABSTRACT Due to the inherent slow response time of diesel generators within an islanded microgrid (MG),
their frequency and voltage control systems often struggle to effectively manage rapid load changes.
To mitigate this challenge, energy storage systems (ESSs) emerge as pivotal solutions. Flywheel energy
storage systems (FESSs) are well-suited for handling sudden power fluctuations because they can quickly
deliver or absorb large amounts of electricity. On the other hand, battery energy storage systems (BESSs)
excel at storing large amounts of energy for extended periods and can handle gradual changes in power
demand. This research introduces a coordinated control mechanism for a mixed energy storage setup that
combines BESS and FESS elements to manage the frequency of a standalone MG. A new frequency detection
method is employed to assign high, medium, and low-frequency deviations in power distribution to FESS,
BESS, and diesel generators, respectively. Simulations are carried out to determine the exact performance
of the proposed control method. The MATLAB/Simulink software platform is used to run these simulations.
Furthermore, dynamic load changes are precisely emulated using a programmable load emulator enhancing
the reliability and relevance of our analysis.

INDEX TERMS Microgrid, flywheel energy storage system, battery energy storage system, diesel generator
emulator, frequency regulation.

NOMENCLATURE FESS FlyWhCel Energy Storage System.
BESS Battery Energy Storage System. FIR Finite Impulse Response.
BPF  Band pass filter. FOC Flleld Oriented Control.
HE High energy.
HESS  Hybrid energy storage system.
HP High power.
HPF High pass filter.

DG Distributed generation.
DGE  Diesel generator emulator.
DER  Distributed Energy Resources.

LE Load emulator.
LPF Low pass filter.
The associate editor coordinating the review of this manuscript and MG Microgrid.
approving it for publication was Lei Wang. MPPT Maximum power point tracking.
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PSO Particle swarm optimization.

PWM

Pulse width modulation.

SLD Single line diagram.

SMES

THD
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Super-conducting magnetic energy storage Sys-
tems.
Total harmonic distortion.

Transfer function of FIR filter.

Passband Ripple.

Stopband Attenuation.

Lower Stopband Attenuation.

Upper Stopband Attenuation.

filter coefficients.

Damper coefficient.

Stored energy in the FESS.

Cutoff frequency of FIR filter.

Max and min cutoff frequency of filter.
Actual and Nominal frequency of MG.
Passband Frequency.

Lower Passband Frequency.

Upper Passband Frequency.

Sampling Frequency.

Stopband Frequency.

Lower Stopband Frequency.

Upper Stopband Frequency.

D-axis output currents of DGE, LE and
BESS.

D-axis output currents of G-side and M-
side converters of FESS.

Q-axis output currents of DGE, LE and
BESS.

Q-axis output currents of G-side and M-
side converters of FESS.

Maximum current along q-axis.

Flywheel momentum of inertia.

Index for the number of delays.
Proportional and Integra gain.

Stator, rotor and mutual inductance.

Time.

Order of the filter (number of delays).
Number of poles of induction machine.
Injected power of FESS.

LE active and reactive power.

Stator and rotor resistancees.

Electrical and mechanical torque of FESS.
Electrical torque and Flux of induction
machine.

Input signal of dq0 to abc converter on the
daxis.

Input signal of dq0 to abc converter on the
qaxis.

D-axis output voltages of DGE, LE and
BESS.

Q-axis output voltages of DGE, LE and
BESS.

Vsd, Isd» Asd ~ Voltage, current and flux of stator in d-axis.

Vsg» Isq> Asq ~ Voltage, current and flux of stator in g-axis.

Vid, Ird, Arg  Voltage, current and flux of rotor in d-axis.

Vrgs irg, Arg ~ Voltage, current and flux of rotor in g-axis.

Vbe DC link voltage.

ws, Wy Electrical angular speed of stator and rotor
flux.

WOmech Mechanical speed of rotor.

WM Speed of induction machine.

Wmax » Omin

Measured and rated flywheel speeds.
Max and min of safe operation speed of
FESS.

X(n—k) Input to the filter at time n-k.
Y|[n] Output of the filter at time n.
z=" Delay of the input at time n.

I. INTRODUCTION

Microgrids (MGs) are self-contained power systems that
combine distributed generation (DG) sources, energy storage,
and various power-consuming devices. They offer a host
of advantages to both consumers and power system opera-
tors. Among these benefits are decreased transmission losses,
enhanced power quality and reliability, and improved overall
system efficiency. A control system manages MGs, allowing
them to operate both independently from and connected to
the main power grid [1]. For consumers, MGs provide a
more reliable energy supply. By generating and storing power
locally, MGs can maintain electricity availability even when
the main grid experiences outages or disruptions. Power grid
operators see MGs as a way to improve the efficiency and
reliability of the overall power system. They help reduce
transmission losses by generating electricity closer to where it
is used, which means less energy is wasted during transporta-
tion. The enhanced power quality provided by MGs ensures
that the electricity supplied meets higher standards, reducing
the risk of damage to sensitive equipment [2]. These advan-
tages make MGs a valuable component of modern power
systems. Diesel generators are among the cost-effective DG
units utilized in MGs. Usually equipped with a governor sys-
tem to regulate frequency, they face a limitation arising from
the extended time constant of their fuel injection system. Con-
sequently, they are unable to have fast respond to rapid load
changes leading to sudden drops in MG frequency [3], [4].
Therefore, frequency as well as voltage control in MGs
are considered as a challenging task. Presently, ESSs are
used to overcome these problems. These systems boast rapid
response times and are integrated into MGs via power elec-
tronic converters to stabilize the grid by absorbing and
injecting power as required [5], [6]. Nowadays, ESSs with
high power injection capability, like supercapacitors, super-
conducting magnetic energy storage systems (SMESs), and
FESSs, can quickly and frequently charge and discharge with
high efficiency. They are suitable for enhancing stability
and load levelling in power systems, managing pulse loads,
and facilitating transportation [7]. Conversely, BESSs boast
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high energy injection density but exhibit limited charging
and discharging capabilities. By combining the features of
both BESS and FESS, it becomes feasible to mitigate harsh
dynamics associated with BESSs and improve battery lifes-
pan [8]. A study by [9], have made a comparison regarding
the impact of FESS and BESS over future power systems.

A two-level hierarchical strategy is proposed in [10] for
energy management and control. This approach aims to
reduce peak demand in electricity distribution networks by
using FESS. The proposed plan creates active management
in distribution networks and increases load demand growth
and the hosting capacity of PV facilities. One of the critical
parameters in FESS is its power and energy rating, which
has an essential effect on dynamic performance in frequency
control applications. Due to its quick response time and
ability to handle large amounts of power, a FESS is effective
in maintaining stable electricity frequency in power systems
with low inertia. A new adaptive droop controller designed
for a FESS is presented in [11]. This controller balances the
benefits and drawbacks of the storage technology for real-
world use. The new controller enhances the FESS’s role in
providing frequency support at the beginning of a distur-
bance but decreases its output as the frequency stabilizes.
A nonlinear controller for FESS, utilizing model predic-
tive control, is suggested in [12]. This method allows for
managing limitations on system conditions and operations.
Furthermore, the algorithm presented minimizes variations
in DC link voltage and can regulate flywheel rotation speed.
Due to the uncertainty in power generation of wind farms,
the use of FESS in wind farms causes energy balance and
frequency regulation [13], [14]. In [15], the authors devel-
oped and applied a coordinated control system for distributed
BESSs. This system was designed to improve the stability and
reliability of the Korean power grid by reducing fluctuations
in frequency and voltage within the distribution network.
A combined approach to managing solar power systems with
maximum power point tracking (MPPT) and BESS is out-
lined in [16]. This method is intended to maintain stable
voltage and frequency (V-f) levels in an isolated MG. The
aim is to improve the isolated energy system’s stability and
dependability. In addition, the study offers recommendations
for managing active and reactive power flow when connected
to the main power grid. These guidelines apply to both solar
panels and batteries.

The authors of study [17] utilized a hybrid energy storage
system (HESS) capable of delivering high power and energy
to extend battery life and boost charging capacity. To fulfil
this objective, a hybrid battery configuration, comprising
both high-power (HP) and high-energy (HE) battery cells, has
been implemented to cater to a wider spectrum of customer
requirements. The focus in [18] is on managing the energy
flow between batteries and ultracapacitors within a HESS.
The system uses a filter that adjusts its filtering range based
on how much charge is left in the ultracapacitor. A real-
time control strategy has been adopted for managing power
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distribution in this hybrid system. Its objectives are to safe-
guard the battery from damage and prolong its life, while also
boosting efficiency through the power supplied by the ultraca-
pacitor. The fundamental challenge in vehicle electrification
is choosing the best ESS [19], [20]. The cost-effectiveness
of fast charging stations for electric vehicles enhanced with
battery-flywheel energy storage is examined in [21]. Further-
more, [22] investigates a hybrid energy system that integrates
flywheels and lithium batteries to tackle efficiency reduc-
tions in lithium battery systems due to significant current
fluctuations from abrupt changes in vehicle load. In [23] the
authors employed a combined storage solution featuring both
a lithium battery and a supercapacitor to enhance the engine’s
performance in a military hybrid vehicle. Likewise, the par-
ticle swarm optimization (PSO) technique is used to refine
design parameters and adjust controllers. The researchers
in [24] and [25] have used FESS for MG transient responses
and BESS to respond to long-term load changes.

In [26] and [27], the management of frequency control in
MGs involves incorporating DGs and ESSs. Each DG unit is
fitted with a hierarchical control system, utilizing the droop
method for primary control. Additionally, the system facili-
tates easy integration of DGs with plug-and-play capabilities.

The coordination between diesel generator and FESS to
participate in the frequency control of a university cam-
pus MG has been investigated in [28]. Using the Finite
Impulse Response (FIR) filter instead of the Butterworth
filter improves the frequency drop in moments of sudden
load application by the load emulator. However, in this
article, to enhance frequency stability, a combination of
FESS and BESS is utilized for frequency control. Addi-
tionally, using FESS along with BESS will increase the
lifespan of BESS.

This study introduces a coordinated control system for both
BESS and FESS to regulate the frequency of a standalone
MG. In [25], the control systems for FESS and BESS are not
discussed, while this study introduces precise control systems
for the correct operation of FESS, BESS, DGE and LE.

Control strategies in MGs, as outlined in [29], are cat-
egorized into four main approaches: centralized control,
decentralized control, distributed control, and hierarchical
structure-based control. Each method offers unique advan-
tages and challenges, depending on the specific requirements
and configurations of the MG. Centralized control provides a
unified decision-making process, ensuring global optimiza-
tion, while decentralized control emphasizes local autonomy
and flexibility. Distributed control strikes a balance between
centralized and decentralized methods, promoting scalability
and resilience. Finally, hierarchical control integrates multi-
ple layers of control to achieve coordination and adaptability.
These strategies collectively enhance the efficiency and reli-
ability of MG operations. The hierarchical control system
consists of three main sub-layers: primary layer, secondary
layer, and tertiary layer [30]. Each of these sub-layers is
assigned distinct tasks, with separate controllers employed to

VOLUME 13, 2025



M. Faraji et al.: Coordinated Control of Flywheel and BESSs for Frequency Regulation

IEEE Access

execute them. A comparable structure is also adopted for the
MG under investigation.

The innovation of this research lies in the development of
a coordinated control strategy for HESS including FESS and
BESS, to improve frequency regulation in diesel generator-
based MGs. The main contributions of this research are as
follows:

o Development of an advanced coordinated control
approach that optimally combines the fast response
capability of the FESS with the long-term energy sup-
port of the BESS. This approach reduces the pressure on
the diesel generator while improving the frequency sta-
bility of the MG. Additionally, this coordinated control
method helps prevent sudden and unexpected frequency
fluctuations and enhances the voltage oscillations of the
DC link.

o The integration of the FESS with the BESS contributes
to extending the overall lifespan of the energy stor-
age system. FESS has a higher ability to charge and
discharge more frequently, so using a hybrid storage
system reduces the pressure on BESS, thus extending
the overall energy storage system’s lifespan. This feature
contributes to lowering maintenance costs and increas-
ing the system’s longevity.

o Using an FIR filter instead of a Butterworth filter
for frequency control improves the system’s accuracy
and stability in detecting frequency changes and pro-
vides better control over frequency deviations. This
feature is particularly beneficial under conditions of
rapid load changes, enabling the system to respond more
effectively.

« Validation is performed using a programmable load sim-
ulator to test the performance of the proposed method
under dynamic load variations in real-world conditions.
The simulator accurately replicates dynamic loads and
evaluates the system’s ability to handle various load
changes, ensuring the operational feasibility of the pro-
posed method in practical applications.

The remainder of this paper is organized as follows:
Section II describes the laboratory-scaled MG. Section III
details the proposed control system for coordinated frequency
regulation. Section IV presents the simulation results to
evaluate the effectiveness of the proposed method. Finally,
Section V provides the conclusion of the study.

Il. IABORATORY-SCALED MG

In this study, we introduce the MG at laboratory-scaled,
and present and employ the proposed control system
for frequency regulation within this MG. Fig. 1 depicts
the single-line diagram (SLD) for the Autonomous MG.
An Autonomous MG is a self-sufficient energy system that
functions independently or partially independently from the
main electrical grid. It features its own energy generation
sources, which may consist of renewable options such as
solar panels, wind turbines, or small hydroelectric systems,
as well as conventional generators powered by diesel or

VOLUME 13, 2025
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FIGURE 1. Laboratory-scaled MG schematic diagram.

natural gas. Additionally, these MGs typically incorporate
energy storage solutions like batteries or flywheels. Energy
storage helps to balance supply and demand within the MG,
ensuring stability and reliability. One of the defining features
of an autonomous MG is its ability to operate in island mode.
This means that if there is a disruption or outage in the
main electrical grid, the MG can continue to supply power
to its local area independently. This capability is crucial for
ensuring continuous power supply, especially in remote or
critical locations. This model comprises five distinct com-
ponents: (A) Diesel Generator Emulator (DGE), (B) Load
Emulator, (C) FESS, (D) BESS and constant resistive loads.
Table 1 lists the parameters of the lines that connect the
MG elements.

A. DIESEL GENERATOR EMULATOR (DGE)

The most crucial player determining the frequency of MGs
is distributed generation units based on synchronous gen-
erators such as diesel generators. The higher inertia of the
diesel generator compared to other distributed generation
units increases the frequency stability of an MG.

Using actual diesel generators in laboratory settings
may pose certain limitations [31]. Hence, within the
laboratory-scaled MG setup, a diesel generator emulator
capable of replicating the performance of an actual diesel
generator has been incorporated. The DGE is a controllable
emulator constructed at a laboratory scale, designed utilizing
power electronic converters. It is intended for stability studies
and for controlling frequency and voltage in MGs. Fig. 2
shows the DGE structure used in laboratory-scaled MG.
Also, Fig. 3 shows the control system used in this DGE.
It includes power electronic converters (three-phase rectifier/
inverter), a DC link capacitor, and LC filters [32], [33].
The input parameters of the block are calculated using
Equations (1) and (2). These parameters, V" and qu"",
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TABLE 1. Parameters of the lines connected to the MG.

Line
Attribute Line Resistance Line Impedance Length
FESS 0.082 Q 500e-6 H 200 m
BESS 0.075 Q 400e-6 H 240 m
LE 0.078 Q 430e-6 H 50m
DGE 0.063 Q 520e-6 H 50 m
Resistive 0.056 @ 510e-6 H 250 m
Load

serve as the inputs to the dq0-to-abc frame transformation,
respectively [34].

Ve =k, (ity — i1a) +/ki (ifg —i1a) — oL ilg+ Via
(H

ven — g, (iTq — ilq) +/k,- (iTq - ilq) + wLilg — Vig
(2

Information about the diesel generator under study is pro-
vided in Table 2, while Table 3 contains details about its
emulator.

B. LOAD EMUULATOR (LE)
Load emulator is an effective solution to implement the
behaviour of different loads in laboratory scale studies in the
field of MGs. The LE models the dynamic behaviour of a
load using selected equations and facilitates the study of these
dynamics. It relies on power electronic converters, enabling
rapid and dynamic adjustments to emulate load behaviour.
Fig. 4 shows the LE topology used in laboratory-
scaled MG. Fig. 5 also shows the LE control system. The LE
comprises three components: a buck converter, resistive load,
and a grid-side converter functioning as a rectifier [35]. The
grid-side converter is linked to the MG via an LC filter, while
its DC side is connected to the buck converter through the
DC link capacitor [36], [37]. The characteristics and details
used in the design and implementation of this LE can be
found in Table 4. The variables, i;‘, and iz, are calculated by
Equations (3) and (4).

) 3P

ij =L 3)
Vad

a 2 V3,

The input parameters of the block dqO to abc are calculated
by Equations (5) and (6).

VS =k, (i, — ind) + / ki (54 — i2da) — wLizg + Vag
Q)

Ve = k, (iﬁq — i q) + / ki (iﬁq - i2q) + wLizg + Va4
©)
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TABLE 2. Selection of operating conditions and parameters for the diesel
generator.

Characteristic Value Unit
Rating (for diesel) 3000 w
Synchronous speed (for diesel) 1500 r/min
Maximum torque (for diesel) 230 N.m
Inertia constant (for diesel) 2 S
Momentum of inertia (for diesel) 0.3 Kg.m
Rating (for generator) 3000 VA
Terminal voltage (for generator) 400 Vv
Number of poles (for generator) 4 -
Synchronous inertia moment (for ol Kam2
generator)
Synchronous speed 1500 vmin
(for generator)
Frequency 50 Hz
Fuel injection time constant 35 ms
Noise level 70 db
Running time 10 s
Power factor 1 -
Colling method Air cooled -
. Single
Engine Type cylinder -
Chassis Enclosure Open -
Excitation Self- -
Excited
Electric
Starter system -
start

TABLE 3. Selection of operating conditions and parameters for the diesel
generator emulator.

Characteristic Value Unit
Voltage (DC Link) 700 vV
Grid line voltage 400 14
Resistance of the filtering 500 no
component
inductance of the filtering ) mH
component
capacitor of the filtering 2 uF
component
Capacitor used in the DC bus 1200 uF
system
Rate of switching 10 kHz
Network operating frequency 50 Hz
Droop slope 0.005 Hz/W
Droop Y-intercept 50 Hz

C. FLYWHEEL ENERGY STORAGE SYSTEM (FESS)

A FESS operates as an electromechanical device that retains
energy by spinning a flywheel. Electricity is turned into
rotational energy as the flywheel spins faster, and this stored
energy can be changed back into electricity as the flywheel
slows down. FESSs are prized for their rapid energy dis-
charge and recharge capabilities, making them ideal for
situations requiring quick power delivery or grid stabilization.

VOLUME 13, 2025
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FIGURE 4. Load emulator topology.

They are highly efficient, have a long operational life, and
need minimal maintenance due to the absence of chemical
components. Fig. 6 illustrates the structure of the FESS used
in a laboratory-scaled MG. The electric circuit comprises
five main components: an inertia disc coupled with an asyn-
chronous AC machine, a machine-side converter, a grid-side
converter, an LC filter, and a DC link capacitor. This con-
figuration ensures efficient energy conversion and storage,
supporting stable MG operation. The integration of these
components enables precise control and dynamic response,
making the FESS a reliable solution for enhancing MG per-
formance under various operational scenarios.

The FESS has an electric machine, and its shaft is con-
nected to a body with a cylindrical moment of inertia called
a flywheel. Two varieties of FESS exist: high-speed and
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TABLE 4. Selection of operating conditions and parameters for the load
emulator.

Characteristic Value Unit
LE Rated power (PLE) 3000 w
DC-bus Voltage (VDC) 700 14
AC source Voltage (es) 400 14
Chopper output voltage range 300 y
(VCH)
filter Resistance (R) 480 me
filter Inductance (L) 12 mH
Filter capacitor 22 ul’
AC source Inductance (L1) 2 mH
Leakage Inductance (L2) 2 mH
Buck converter switching 20 frea
Frequency (fs)
AC source frequency (f) 50 Hz
Buck converter Inductance (LB) 3 mH

DC link Capacitor and Buck

converter output capacitor (CB) 1200 ut
Variable resistive load (R) 30 mQ
. TMS320F28
Microcontroller type 135 -

Current
Controller

dq0
> PWM
abc
Vg - iZq lZda)L
Current
Controller

FIGURE 5. Load emulator control system.

low-speed. The high-speed version incorporates a disk with
minimal inertia, whereas the low-speed variant utilizes a disk
with substantial inertia [38], [39]. To connect the FESS to
an AC MG, two power converters are needed to control the
charging and discharging of the flywheel [24]. The amount
of energy stored in the FESS as rotational energy is shown in
Equation (7).

E=11e? 7
==-Jw
2
In this case, w stands for the flywheel’s rotational speed,
and J represents its resistance to change in rotation (moment
of inertia). Equation (8) presents the mathematical for-
mula for determining the amount of energy stored within
the FESS.
1
DE = (02, — ®>.) 8)

2 max min
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where wy,qx and i, represent the highest and lowest speeds
of the FESS, respectively.

1) INDUCTION MACHINE MODEL
The equations concerning induction motor modeling utilized
in FESS are displayed in Equations (9) and (10) [3].

d Asd Vsd Isd 0 -1 Asd
— = — R . — 9
dt [Asq} ["sq Lisg ] L1 0 [ A ®
i Ard _ |V | _ R ird —w 0-1 Ard
dt )\.rq qu r irq r 1 O )\rq

(10)

The following equation can be used to calculate the rotor’s
electrical angular speed (w,) and the stator flux (wy).

P
Wy = Wy — Ewmech (1)

In this equation, wmech denotes the rotor’s mechanical
speed. The interactions between fluxes and currents are
characterized by the rotor, stator, and mutual inductances
(Ly, Ly, and L,,, respectively), as detailed in Equation (12).

Asd Ly 0 Ly, 0 isd
Asg | | O Ly 0 Ly, Isq
Aed || Lm 0 Ly 0 ird (12)
Arg 0 Ly, 0 Ly irg

The electrical torque applied to the shaft is determined as
shown in Equation (13).

p . .
T, = g(qulrd - )\rdqu) (13)
In Equation (13), p is the number of poles. Finally, Newton’s

law is written as shown in Equation (14).

dwmech
dt
where D represents the coefficient of the damper.

J

+ Dawyech = Te — Tinech (14)

D. BATTERY ENERGY STORAGE SYSTEM (BESS)

A BESS captures and retains electrical energy for future use
through rechargeable batteries such as lithium-ion or lead-
acid. It manages energy supply and demand by storing surplus
power from renewable sources or the grid and discharging
it during high-demand periods. BESSs enhance grid reliabil-
ity, reduce energy expenses, and enable better integration of
fluctuating renewable energy sources. Its applications range
from residential and commercial uses to large-scale utility
operations. As seen in Fig. 7, the BESS includes a battery
bank, bidirectional DC/DC converter, grid side converter,
and LC filter. Lead-acid batteries are used with the energy
capacity of 3.5 kWh and nominal voltage of 250 V.

Ill. PROPOSED CONTROL SYSTEM

The primary aim is to introduce the suggested control mech-
anism for incorporating the BESS into the laboratory-scaled
MG, particularly to manage frequency. In the next step, the
proposed method will be discussed for frequency control
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using FESS, and finally, a hierarchical control system is
explained for frequency control of laboratory-scaled MG with
the participation of FESS and BESS.

A. PROPOSED CONTROL SYSTEM FOR BESS

The BESS-generated power is delivered to the DC link
by the bi-directional DC/DC converter and then transferred
to the MG through the grid-side converter. The DC/DC con-
verter is responsible for keeping the DC link voltage steady.
The frequency control system for the BESS is configured
along the d-axis and consists of a frequency controller and
a Butterworth high-pass filter (HPF). The frequency output
from the Distributed Generation Unit (DGE) is measured
against the MG’s reference frequency, which is established
at 50 Hz. The output of the PI controller, after passing through
the HPF, sets the reference current for the d-axis current (i:B)
controller. The voltage for the d-axis (v43) is created. Mean-
while, a controller adjusts the current on the g-axis (v43)
to produce the corresponding voltage. The output from the
current controllers is converted into a three-phase (abc) sys-
tem. Subsequently, the pulse width modulation (PWM) unit
produces the necessary switching signals for the grid-side
converter of the BESS. Fig. 8 depicts the control system for
the grid-side converter of the BESS.

LC Filter Gride Side Converter Machine Side Converter
GGG b0
T ammi 1 swi [sw fswsi | §SwiE swal” SWS
g T80 — /AM ||
g T (5%} SW6 T \
: 1
Lo GGG GGG
L1 swa_ sws SW4 | SWS ) SW6

FIGURE 6. Flywheel energy storage system topology.

...............
! Bidirectional |

:
E converter |
H .

Microgrid

FIGURE 7. Battery energy storage system topology.

B. PROPOSED CONTROL SYSTEM FOR FESS

The FESS has two operation modes: startup mode and fre-
quency compensation mode. In startup mode, the FESS is
considered as a consumer in laboratory-scaled MG. The fly-
wheel receives power from the MG and is charged by the
electric motor up to the reference speed 3000 rpm. Once the
rated speed is reached, the control mode will transition to
the frequency compensation mode. We will first explore the

VOLUME 13, 2025



M. Faraji et al.: Coordinated Control of Flywheel and BESSs for Frequency Regulation

IEEE Access

Frequency Current
Controller Controller

i o Vi3

ﬂ»PI HPFH—>® ®

_ -1 3 -l.qng —>
Y —» PWM
. abc

'y @ P[>

- i 3 -iﬂwL
Current
Controller

FIGURE 8. Grid side converter control system of BESS.

details of the suggested control system for the grid-side con-
verter. Afterward, we will offer a comprehensive overview of
the proposed control system for the machine-side converter.

1) GRID SIDE CONVERTER CONTROL SYSTEM

The control system for the grid-side converter employs cas-
caded PI controllers implemented within the dq frame. Two
controllers are used on the d-axis: one to regulate the DC link
voltage and another to control the electrical current flowing
through the stator in the same direction. The value of ifi 4
which serves as the reference for d the axis current, is derived
from the DC link voltage controller’s output. The desired cur-
rent is compared to the actual current (iy4), and the difference
is used as input for the PI current controller. Within the g-axis,
you’ll find both the reactive power controller and the current
controller (i 4) (representing stator current in the g-axis). The
reference current flow on the g-axis (i;‘; 4) is determined by the
output of the reactive power controller. Then, it is compared
with the reactive power measured in the induction machine,
serving as the input for the PI current controller. The reference
voltage level (V) for controlling the PWM on the d and q
axes are determined by the output of the current controllers
on the respective axes. The control system for the grid-side
converter is shown in Fig. 9.

Pivrar Ly
Gref(@OIM) = ——— (15)
o pM Lsq max WIM

2) MACHINE SIDE CONVERTER CONTROL SYSTEM

Fig. 10 illustrates the control system used for the machine-
side converter in the FESS. Upon receiving power from
the MG, the flywheel undergoes charging until it reaches
its nominal speed of 3000 rpm. This charging process takes
approximately 22 s. However, for simulation purposes and
due to presentation constraints, an initial speed of 2800 rpm
is assumed for the flywheel. Subsequently, it transitions into
frequency compensation mode. Upon the application of a
step load to the MG, the Frequency-Regulation System FESS
machine-side converter for frequency control is engaged.
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FIGURE 9. Grid side converter control system of FESS.

On the d-axis, the frequency generated by the DGE is
measured against the reference frequency (f*). It is then
processed by the frequency controller. To manage the sud-
den injection of high power from the FESS, A Butterworth
HPF is used to respond to the high frequency components
in the MG power. Furthermore, low power frequency terms
are compensated by the DGE. The nominal speed of the
flywheel is subtracted from the output of the HPF, and this
result is then supplied to the speed control layer as a refer-
ence speed. Within the speed controller, the reference speed
(w*) undergoes comparison with the speed recorded by the
encoder attached to the induction machine’s shaft The induc-
tion machine is controlled using a Field Oriented Control
system (FOC). The FOC in d-axis consists of torque and
current controllers. The torque reference (7};) is generated
by the speed controller. The FOC on the g-axis includes flux
and current controllers arranged in cascade. The reference
flux (®},) in the FOC method is calculated by Equation (15).
In this Equation, Py is the power that the flywheel
injects into the MG. L, represents the rotor’s inductance,
M stands for the mutual inductance, izgmqx indicates the
maximum current along the g-axis, and wpy denotes the
induction machine’s speed. The stator voltages (vsz and vgg)
produced by the present controllers in the d and q axes
are transformed back to the three-phase system (abc)
through reverse Park transformation. Finally, the switch-
ing pulses are sent by the PWM unit to the machine-side
converter.

3) PROPOSED CONTROL STRATEGY FOR COORDINATION
OF FESS AND BESS

In standalone MGs, the main-secondary control method des-
ignates the FESS with primary control duties and the BESS
with secondary control functions [40]. As discussed ear-
lier, the FESS provides substantial power density and is
employed to handle power fluctuations during brief events,
while the BESS, with its greater energy density, is used to
manage prolonged changes in load. In this section, a hierar-
chical control system for HESS including FESS and BESS,
for frequency control of off-grid laboratory-scaled MG,
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FIGURE 10. Machine side converter control system of FESS.

is presented. A new algorithm that leverages frequency dis-
tribution allocates high, medium, and low power frequencies
to the FESS, BESS, and DGE, respectively, through the
use of high-pass, band-pass (BPF), and low-pass (LPF)
filters.

To find the best settings for the PI controllers, we created a
goal based on how much and how long the frequency changes.
This is explained in more detail below in Equation (16).

1
0f=/lfMG —fnl.1dt (16)
0

where, fsc is the actual frequency of the MG, fy denotes the
nominal frequency and ¢ presents the time. The Butterworth
filter, despite its widespread applications, has several notable
disadvantages. These include a long-time delay, overshoot,
and oscillations in the step response at certain orders, as well
as reduced accuracy as the filter degree increases. These
drawbacks can limit its effectiveness in scenarios requir-
ing rapid response and high precision. Therefore, to solve
the above issues, FIR filter is used instead of Butterworth
filter. The specifications for the constructed HPF and BFP
filters can be found in Tables 5 and 6, respectively. The
control system of the DGE incorporates a LPF. According
to Equation (17), the cutoff frequency of the FIR filter (f,)
is constrained between two parameters, f; uqc and fe pin-
As detailed in Equation (17), the FIR filter’s cutoff frequency
is restricted by two values: f. max and f; ,;,. Decreasing
fe results in increased power fluctuations compensated by
both FESS and BESS. On the other hand, the maximum
cutoff frequency f. (f¢ max) is limited by the flywheel’s
moment of inertia and the battery’s chemical constraints.
Equation (18) describes the FIR filter of causal Nth order
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with transfer function A(z). Equation (19) describes how the
FIR filter performs with respect to variations in the time
domain. The transposed structure of the FIR filter is depicted
in Fig. 11.

fcmin ffc ffcmax (17)
N
AR =D alnl™" (18)
n=0
N
yinl =Y alklx(n — k) (19)
k=0

FIGURE 11. Transposed FIR filter.

TABLE 5. Parameters of the FIR HPF.

characteristic Value (Unit)
Fs 48000 (Hz)
Fstop 2000 (Hz)
Fpass 12000 (Hz)
Astop 80
Apass 1

The advantages of FIR filters over Butterworth filters in
frequency control and coordination between FESS, BESS,
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TABLE 6. Parameters of the FIR BPF.

characteristic Value (Unit)
Fs 48000 (Hz)
Fstopl 7200 (Hz)
Fpassl 9600 (Hz)
Fpass2 12000 (Hz)
Fstop2 14400 (Hz)
Astop 1 60
Apass 1
Astopl 80

and DGE are significant. First, FIR filters provide a linear and
stable response because they only include coefficients based
on the signal inputs. This feature is crucial in MG energy
systems that require precise and undistorted responses. Addi-
tionally, unlike Butterworth filters, which require specific
conditions for stability, FIR filters ensure more reliable sta-
bility under all conditions, reducing the risk of issues caused
by severe frequency fluctuations. FIR filters also allow for
more precise design according to the system’s needs, which
is especially important when managing frequency changes
between FESS, BESS, and diesel generators. Furthermore,
due to their precise design, FIR filters can control frequency
fluctuations more effectively than Butterworth filters, partic-
ularly in situations where rapid frequency changes demand
a quick response. Finally, the design and implementation of
FIR filters in software like MATLAB/Simulink are simpler
than with Butterworth filters, and they can be easily adapted
to different systems. These advantages make FIR filters a
suitable choice for improving frequency coordination and
managing fluctuations in diesel generator-based MG systems
using FESS and BESS.

IV. SIMULATION RESULT

In this part, we will thoroughly assess the suggested control
system’s effectiveness by providing simulation results for
the models and systems previously examined. These results
are presented across four scenarios utilizing MATLAB/
SIMULINK software.

In the first scenario, the DGE and LE along with resis-
tive loads are linked to the MG, excluding any ESS within
the MG. Additionally, the LE impose a step load change on
the MG. In scenario 2, the BESS is linked to the MG, incor-
porating DGE, LE, and resistive loads. A Butterworth HPF
is used to direct high-frequency power components to the
BESS. Additionally, the LE introduces a step load variation
to the MG. In scenario 3, the FESS is linked to the MG,
comprising the DGE, LE, and resistive loads. A Butterworth
HPF is applied to direct high-frequency power components
to the FESS. Additionally, the LE impose a step load change
on the MG. In scenario 4, both the FESS and BESS are
connected to the MG, including DGE, LE, and resistive loads.
A hierarchical control system is implemented to manage
the power contribution from the FESS, BESS, and DGE.
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FIGURE 12. LE input power and DGE output power in first scenario.

Once more, the LE cause a step load change on the MG.
Also, FIR high-pass and FIR band-pass filters are used to
control the MG frequency during load changes.

A. SCENARIO 1

Initially, the resistive load uses 1000 W of active power, while
the load emulator’s active and reactive power settings are
both zero. At t = 2.5 s, a step load is applied to increase
the LE’s active power reference to 2000 W. As shown
in Fig. 12, the DGE adjusts to changes in load through
its governor system. Fig. 13 indicates that the frequency
decreases to 49.02 Hz.

B. SCENARIO 2

In this scenario, the first scenario is augmented with the
inclusion of the BESS, which operates under the specified
control system employing a Butterworth high-pass filter.
Initially, the load emulator’s active and reactive power ref-
erences are adjusted to zero. At t = 2.5 s, the LE’s active
power reference is changed to 2000 W. As shown in Fig. 14,
the BESS responds to high-frequency power demands within
7.8 s due to its faster power injection rate compared to the
DGE, leading to its output power falling to zero. Afterwards,
the DGE smoothly adjusts to the low-frequency requirements
of the power needed. As depicted in Fig. 15, the frequency
decreases to 49.65 Hz. The coordination of the BESS with
DGE causes less frequency drop when a sudden load is
applied to the MG compared to scenario 1. Fig. 16 shows
the BESS DC link voltage variation curve. Atz=2.5s,
due to load changes, the DC link voltage decreases to
682.55 V and returns to the reference voltage (700 V) in a
short time period. Fig. 17 illustrates the voltage and current
waveform delivered by the BESS to the MG in the time
interval of 2 s to 2.35 s.

C. SCENARIO 3
In the third scenario, the inclusion of the FESS into sce-
nario 1 entails its operation based on the control system
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second scenario.

employing a Butterworth high pass filter Initially, the load
emulator’s active and reactive power setpoints are configured
to zero. The active power setting for the LE is switched to
2000 W at time equals t = 2.5 5. As depicted in Fig. 18, the
FESS rapidly reacts to high-frequency power requirements,
achieving zero output power within 2.7 s. Subsequently, the
DGE adjusts seamlessly to the lower frequency components
of the needed power. Fig. 19 illustrates a frequency reduc-
tion to 49.81 Hz. The collaboration between the FESS and
DGE leads to a smaller frequency decrease under sudden
load conditions in the MG, as opposed to what is observed
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FIGURE 19. Changes in frequency during third scenario.

in scenario 1. The fluctuations in the DC link voltage are illus-
trated in Fig. 20. The machine-side converter sends electrical
power to the DC link, which then forwards it to the grid-side
converter. Power injection in the DC link causes transient
over-voltages. The DC link voltage controller, situated in
the grid-side converter, maintains the DC link voltage at a
steady 700 V. The maximum allowed fluctuation in the DC
link voltage is 11.36 V. Fig. 21 shows the current and voltage
of the three phases of the FESS output in the time interval of
2.65sto3s.
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D. SCENARIO 4

In this scenario, FESS and BESS are added to the MG
including, DGE, LE, and resistive loads (scenario 1). Initially,
the LE’s settings for active and reactive power are set to
zero, and the MG only provides power to resistive loads. The
desired active power output of the LE is adjusted to 2000 W
at t = 2.5 s, as depicted in Fig. 22. Since the BESS is an
electrochemical storage, it takes some time to reach its peak
power; on the other hand, the FESS can inject high power
in this short time period. In fact, in this hierarchical control
system, the FESS compensates for the initial fluctuations of
the required power. The BESS is used in secondary control
level. When the FESS and BESS deliver power for high and
medium-frequency needs and are in discharge mode, the DGE
takes over by supplying the low-frequency power require-
ments and handling the tertiary control functions. Fig. 23
illustrates that the joint contribution of FESS and BESS to
the MG’s frequency regulation causes the MG’s frequency
to decrease to 49.961 Hz. Fig. 24 shows that the changes in
DC link voltage for both the BESS and FESS confirm that
the proposed control system operates correctly when a load
is introduced to the MG. Fig.s 25 and 26 show the curve
of voltage and current injected by BESS and FESS to MG,
respectively, at the moment of step load application.

E. MG PERFORMANCE UIDER PLUG-AND-PLAY
CONDITIONS

Fig. 27 shows the MG performance curve under plug-and-
play conditions. At # = I s, BESS is connected to the MG but
does not inject power. At t = 2.5 s, an active load (2000 W)
is applied to the MG, and FESS, BESS, and DGE participate
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fourth scenario.

in frequency control. At t = 4 s, the BESS is disconnected,
and its output power becomes zero, leading to a decrease
in MG frequency. At t+ = 5 s, the FESS is disconnected,
causing an increase in MG frequency as the FESS enters
startup mode. The transient response of the MG during these
events demonstrates the dynamic interactions between the
energy storage units and the diesel generator. The impact of
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FIGURE 26. Voltage and current waveforms of the FESS resulting from a
sudden load change in fourth scenario.

each component’s disconnection on the frequency deviation
highlights the need for coordinated control strategies. Fig. 28
shows that the frequency eventually stabilizes at its nominal
value of 50 Hz, confirming the effectiveness of the proposed
control approach. These results emphasize the importance
of seamless energy storage integration to ensure stable and
reliable MG operation.

F. COMPARISON OF THD IN DIFFERENT SCENARIOS OF
MG FREQUENCY CONTROL

In this section of the paper, the impact of coordinated control
of BESS and FESS energy storage systems on reducing total
harmonic distortion (THD) in MGs is examined. Harmonic
distortion is a major challenge in electrical systems, as it can
damage equipment and reduce power quality. According to
IEEE 519 standard, the allowable level of THD in electrical
systems must be less than 3% [41]. In this study, the THD
levels in four different scenarios are simulated, and the results
are presented in Table 7. The different scenarios include
various combinations of diesel generators, load emulators,
BESS, FESS, and resistive loads for MG frequency control.
The simulation results indicate that the BESS and FESS
energy storage systems, especially when combined, are capa-
ble of maintaining THD levels below 3%, in accordance with
IEEE 519 standards. This performance is particularly effec-
tive under dynamic load conditions and rapid load variations,
demonstrating the proposed control method’s effectiveness
in improving power quality and MG stability. In the control
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plug-and-play study case.
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system of the MG converters, the THD level is set to be
below 3% [42], [43].

G. COMPARISON BETWEEN FOUR SCENARIOS

Table 7 presents the frequency drop of the MG and the maxi-
mum DC link voltage deviation across four studied scenarios.
In Scenario 1, the DGE alone is responsible for frequency
control, and no ESS is used. As a result, the frequency drop
during the application of a sudden load is 0.98 Hz. To improve
frequency drop and oscillations, Scenario 2 utilizes a BESS.
With the integration of this ESS, the frequency drop is
reduced to 0.35 Hz, indicating the positive impact of using
an ESS. In Scenario 3, due to the higher power injection
speed of the FESS compared to BESS, the frequency drop is
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TABLE 7. Comparison among 4 scenarios.

Scenarios Maximum Maximum DC link THD

Frequency Drop Voltage Variation
Scenariol 0.98 Hz - 1.56%
Scenario 2 0.35 Hz 1745V 2.34%
Scenario 3 0.19 Hz 1136 V 2.54%
Scenario 4 0.039 Hz 387V |543 V1V 2.68%

further reduced to 0.19 Hz, demonstrating the effectiveness of
FESS in frequency control compared to BESS. In Scenario 4,
to reduce frequency oscillations and also enhance the lifespan
of ESSs, a HESS consisting of both BESS and FESS is used
simultaneously. As a result, the frequency drop is minimized
to 0.039 Hz. As observed in the final scenario, the combined
use of FESS and BESS for frequency control improves the
frequency drop compared to Scenarios 1, 2, and 3 by 96.02%,
88.86%, and 79.47%, respectively.

H. COMPARISON WITH OTHER REFERENCES

A coordination between a diesel generator and a FESS for
frequency control in a MG is presented in [28], where a FIR
filter is utilized for frequency regulation within the system.
The advantage of this study lies in the proposal of a hybrid
energy storage system, where frequency coordination among
FESS, BESS, and DGE is implemented to improve frequency
and voltage fluctuations. In [44], a frequency control system
is used to mitigate fluctuations in a MG consisting of FESS,
DGE, and LE. This paper employs Butterworth filters of vary-
ing orders to establish frequency coordination between FESS
and DGE. The use of FIR filters in the studied paper leads
to better frequency and voltage stability compared to [44].
Moreover, the application of HESS contributes to extending
the lifespan of the energy storage system. In [45], a FESS
system combined with fuzzy PI controllers is employed to
improve frequency fluctuations in a diesel generator-based
MG. Due to the absence of filters for frequency coordi-
nation between FESS and the diesel generator, frequency
fluctuations are higher, a gap addressed in the current study.
To enhance the reliability of the energy storage system com-
pared to [46], a hybrid energy storage system is used in the
current study, resulting in better voltage and frequency regu-
lation. Another advantage is the use of FIR filters to establish
a coordinated frequency control system among FESS, BESS,
and DGE.

Table 8 shows that the proposed method outperforms
other approaches in maintaining both frequency stabil-
ity and DC link voltage consistency, based on maximum
deviation metrics. The enhanced DC link voltage perfor-
mance is primarily attributed to the implementation of
an FIR filter in the control strategy. Owing to its lin-
ear phase response and precise time-domain characteris-
tics, the FIR filter enables more accurate detection of
voltage fluctuations and supports faster corrective actions.
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TABLE 8. Comparison with other references.

Scenarios Maximum Maximum DC link
Frequency Drop Voltage Variation
[44] 0.38 Hz 22V
[28] 021 Hz 13V
[45] 0.18 Hz 60V
[46] 0.12 Hz 1nv
Proposed 0.039 Hz 387V|543V

Consequently, DC link voltage oscillations during transient
events are more effectively damped, resulting in improved
overall stability and reliability of the MG.

V. CONCLUSION
In this research, an analysis of the control system for fre-
quency coordination among the FESS, BESS, and DGE was
provided. Furthermore, a comprehensive examination of the
structural components and control systems employed in the
DGE, LE, FESS, and BESS was conducted. The combination
of FESS and BESS technologies yielded a hybrid system
that excels at handling rapidly changing energy consumption
patterns. The power needs of the MG were divided into
different frequency ranges. A control system then assigned
the high, medium, and low frequency portions to the FESS,
BESS, and DGE, respectively. Due to high power injection
speed, primary control was performed by FESS. This prop-
erty serves as the main contributing factor to the absence of
frequency drop during the initial moments of load applica-
tion. Due to its high energy injection capability, the BESS
undertakes secondary control, and subsequently, the diesel
generator, characterized by the slower fuel injection sys-
tem, implements tertiary control. It was also discussed that
using FIR filter instead of Butterworth filter will improve
frequency fluctuations. Besides, using this method will
reduce DC link voltage fluctuations. The voltage and current
harmonics stayed very low, as the control system in the
converters maintained a Total Harmonic Distortion (THD)
below 3%.

In this study, several limitations may affect the accuracy
and applicability of the results:

o Use of Diesel Generator Emulator: Due to laboratory
constraints, an emulator was used in place of a real
diesel generator, which may have introduced differences
in system behavior.

o Environmental and Operational Conditions: The study
does not consider the impact of environmental factors
like temperature and humidity, or operational system
limitations.

o Long-term Effects and Equipment Degradation: The
paper does not address long-term effects such as battery
degradation and flywheel wear, which could affect per-
formance over time.
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At the continuation of this research, several approaches

are

proposed to expand and advance the studies on the

use of ESSs for improving the stability of microgrids.
These suggestions can contribute to the development and
optimization of the performance of these systems and play
a significant role in enhancing the quality and efficiency of
microgrids:

o Implementation of Predictive and Robust Control Sys-

tems for FESS and BESS to Enhance MG Resilience to
Disturbances

Technical-Economic Studies for Optimizing the Sizing
of FESS and BESS

o Exploring Alternative Energy Storage Systems, such

as Superconductors, and Combining Them with FESS
and BESS

« Expanding the Microgrid and Incorporating More Dis-

tributed Energy Resources (DERs) and Dynamic and
Static Loads
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