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Abstract— Optimal operation of distributed energy resources 

(DERs) becomes one of the most critical aspects in the planning of 

microgrid systems as a result of energy policies aimed at increasing 

the integration of renewable energies, lowering fossil fuel use, and 

reducing the environmental effect. Due to the integration of a 

significant amount of renewable energy sources (RESs), the system 

inertia in such microgrids is reduced, which negatively affects 

frequency and voltage stability and weakens the microgrid. The 

use of Energy Storage Systems (ESSs) significantly lowers voltage 

and frequency variations. One of the most popular energy storage 

devices is the Flywheel Energy Storage System (FESS) which is 

used in this study to tackle the voltage and frequency variations. 

Among the benefits of FESS over other ESSs are its low 

maintenance costs, lengthy service life, lack of pollutants, high 

energy storage, quick charging, and limitless charge/discharge 

times. FESS has been controlled using a developed fuzzy logic 

controller that improves microgrid voltage and frequency. The 

studied power system model is implemented by the 

MATLAB/Simulink platform. The impacts of wind speed and load 

variations are examined in this study where voltage and frequency 

responses are compared in several scenarios. The proposed 

method displays a significant improvement in the voltage and 

frequency of the microgrid system. The obtained outcomes show 

that the fuzzy-controlled FESS is effective in reducing the voltage 

and frequency fluctuations of the studied microgrid system and 

keeping their values within the acceptable international standard 

limitation. 

Keywords: Flywheel energy storage, fuzzy logic control, isolated 

microgrids, wind energy. Introduction  

Abbreviations:  

DERs Distributed Energy Resources 

DFIG Doubly Fed Induction Generator 

DFIM Doubly Fed Induction Machine 

DG Diesel Generator 

ESSs Energy Storage Systems 

FESS Flywheel Energy Storage System 

FLC Fuzzy Logic Control 

GSC Grid Side Converter 

MF Membership Function 

PMSG  Permanent Magnet Synchronous Generator  

RESs Renewable Energy Sources 

RSC Rotor Side Converter 

SMES Superconducting Magnetic Energy Storage 

VSC Voltage Source Converter 

WECSs Wind Energy Conversion Systems 

I. INTRODUCTION 

Over the past few decades, the impacts of global warming, 
the need to minimize pollution, and the heavy dependence on 
fossil fuels have helped in the development of alternative energy 
sources based on renewable technologies [1]. In fact, renewable 
energies, such as wind, sun, bioenergy, and hydropower, provide 
the best solution for energy sources due to their long-term 
sustainability and diversity [2].  

Among all renewable energy sources (RESs), wind energy is 
currently the fastest-growing economical energy source in the 
world [3], [4]. On the other hand, power generated by wind 
turbines is highly unpredictable, so it is subjected to fluctuations 
due to wind speed variations. This fluctuating power can 
produce voltage and frequency variations and reduce the grid’s 
reliability therefore, its inclusion in power networks can cause 
issues with system operation and planning [5]. In recent years, 
renewable energy has been used to supply the need for power, 
particularly in remote locations that may be cut off from the 
power grid [6]. 

In remote areas, power generation, which is based on the 
microgrid's concept using DERs such as wind power generation 
is a very useful alternative to deliver electric energy [7] [8]. 
Recently, several methods have been suggested to enhance the 
quality of the power produced by wind power systems including 
the use of (ESSs). When the amount of power generated is 
greater than the demand, the surplus is stored in the ESSs 
whereas, if the amount of power generated is lower than the 
demand, the system uses the stored power to cover the deficit. 
The ESSs can also be adjusted to provide load voltage control 
and power regulation [9][10][11]. Batteries, fuel cells, 
superconducting magnetic energy storage (SMES), FESSs, and 
supercapacitors are examples of energy storage technologies that 
can be combined in a wind system for power smoothing [12]. 
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Compared to other energy storage techniques, FESS offers the 
benefits of being pollution-free, having a long lifespan, being 
highly efficient and simple to install and maintain, etc. Recently, 
it has received extensive study and applied in the field of power 
systems [10]. 

Several studies have been conducted on the integration of 
FESS grid-connected and isolated modes of microgrid 
operation. Authors in [13] created coordinated control strategies 
for a DFIG and a FESS. It has been suggested to use a fuzzy 
logic control (FLC) to maintain the FESS operating within its 
limits. In [14], the authors presented a voltage and frequency 
comparison in different scenarios of combinations between 
diesel, dump load, and FESS and they proposed a solution for 
the active power surpluses in a wind-diesel power 
system utilizing FESS and dump load using a proportional-
integral controller. To regulate the power entering into the grid, 
it has been examined in [9] to combine a squirrel cage induction 
machine-based FESS with a Permanent Magnet Synchronous 
Generator (PMSG)-based wind generator. 

A high-speed FESS has been carefully modeled and 
continuously simulated in [15]. The grid voltage and frequency 
can be supported quickly and effectively by the high-speed 
FESS during unexpected events. For primary frequency control 
studies, a FESS practical model has been proposed in [16]. The 
results of the proposed FESS's implementation showed that the 
FESS was suitable for primary frequency control and voltage 
regulation. 

A detailed model of the FESS structure and the application 
of two control strategies (V/f and PQ control) were shown in 
[17]. Additionally, two complimentary controllers conventional 
PI and fuzzy controllers were suggested for the V/f control 
method to improve the microgrid frequency and voltage 
stability. A typical low-voltage network with FESS was 

simulated for four different scenarios. It has been demonstrated 
that in an islanded microgrid, fuzzy controllers perform better 
than traditional PI controllers. In[18], the authors provided a 
comprehensive model for FESS and used MATLAB Simulink 
to investigate various scenarios. The simulation findings showed 
that FESS can produce power even in the event of a utility grid 
interruption and can tolerate fluctuations in load, PVs, and wind. 

The contributions made by this paper are summarized as 
follows: (1) Managing the frequency and voltage on a 14-bus 
isolated microgrid using FESS under various load curves and 
different wind speeds. (2) Designing the modeling and control 
architecture for fuzzy-controlled FESS. (3) FESS allows isolated 
microgrids to reduce their reliance on diesel generators when 
demand or wind conditions vary. The remaining portions of the 
paper are structured as follows: The problem description and 
solution process are covered in Section 2. The modeling of the 
microgrid components under study and the control strategy of 
the proposed FESS are described in Section 3. In Section 4, the 
simulation findings are examined and commented on. The 
study's general conclusion and future work are presented in 
Section 5 and Section 6, respectively. 

II. PROBLEM DESCRIPTION AND SOLUTION PROCESS 

Microgrids have demonstrated their effectiveness in a wide 
range of applications with different RESs. However, microgrid 
control in islanded mode is so difficult compared with a grid-
connected mode due to the systems' susceptibility to voltage as 
well as frequency deviations, less equivalent inertia, higher 
complexity, and weaker grid compared to conventional utility 
power grid, in addition to the intermittent nature of the RESs. A 
robust control mechanism is consequently required 
to stabilize the grid's frequency and voltage. Because of this, 
WECSs require ESSs to solve these issues, particularly those 
involving voltage and frequency stability [19]. In this study, 

 

Fig. 1 Flowchart for the solution process 
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FESS is utilized to mitigate voltage and frequency fluctuations 
resulting from load or generation variations. 

Fig. 1 displays the solution process. the initial stage of 
recording wind and load power measurements. The wind's active 
power is compared to the active power of the load. FESS will 
operate in standby mode if they are equal. In the event that the 
flywheel speed is higher than its minimal value and the load 
power is larger than the wind power, FESS will come in to make 
up the difference. In the absence of this, diesel will step in to 
make up the difference in power. In contrast, if wind power 
exceeds load power, FESS will intervene to absorb the extra 
power as long as its speed is below the maximum value; 
otherwise, a dump load will do the same. The reactive power of 
the load and the wind are again compared. If they are equivalent, 
FESS will operate in a unity power factor mode. FESS will make 
up for any discrepancy if the value of either of them differs from 
the other. 

III. CONFIGURATION OF THE STUDIED MICROGRID SYSTEM 

The studied system, shown in Fig. 2, is a 14-bus distribution 
system consisting of the wind energy system as the main power 
source with FESS and a Diesel Generator (DG) unit with a dump 
load for emergency events. MATLAB Simulink package is used 
to simulate the studied system and Table 1 shows the studied 
system parameters. 

A. Modeling of Wind Power Generation System  

Wind energy is defined as the kinetic energy of a moving air 
mass, where a wind turbine converts this kinetic energy into 
mechanical motion that may be utilized to operate the machine 
directly or to operate a generator to generate electricity directly 
[20]. 

The mechanical power, 𝑃𝑚 of the wind turbine can be 
represented by (1) [21]. 

where 𝜌, 𝑅, 𝑣, 𝐶𝑝, 𝛽, and 𝜆 are air density, rotor radius, wind 
speed, power coefficient, pitch angle, and tip speed ratio. The tip 
speed ratio, λ is given by (2). 

where Ω  is the angular speed of the turbine. 

The power coefficient, Cp specifies the percentage of wind 
power that may be transformed into mechanical power by the 
wind turbine. Cp can be specified as a function of pitch angle, β 
and the tip speed ratio, λ by (3) and (4) [22][23]. 

where 𝐶1 to 𝐶6are constants and given by 0.5176, 116, 0.4, 5, 21, 
and 0.0068, respectively [24], [25]. 

A doubly fed induction generator (DFIG) is a variable-

speed wind generator that can respond to a broad variety of 

wind speeds.  

TABLE.1 Parameter of the studied power system 

System voltage     25 kV 

System frequency     60 Hz 

Wind turbine:  

Nominal mechanical input 61.5 MW 

Rated wind speed 15 m/s 

Air density 1.22 Kg/m3 

Number of blades  3 

Maximum power factor Cp max 0.42 

optimal tip speed ratio 7.3 

Wind generator:  

Rated power Pwind 61.5/0.9 MW 

Stator resistance Rs 0.023 pu 

Stator Inductance Ls 0.18 pu 

Rotor resistance Rr 0.016 s 

Rotor Inductance Lr 0.16 pu 

Mutual Inductance M 2.9 pu 

Pole pair  3 

Emergency diesel  

Rated power 10 MVA 

Parameters of each FESS unit 

(10 Units are used) 

 

Rated power 1 MVA 

Rated Energy 60 MJ 

Inertia Constant 705 Kg.m2 

Rated speed Ω𝒏𝒐𝒎𝒊𝒏𝒂𝒍 377 rad/s 

DC-bus capacitance 80 mF 

Load   

Rated power 8.98MW/2.55MVAR 

Dump load   

Rated power 0-4.5 MW 

𝑃𝑚 =
1

2
 𝜌𝜋𝑅2𝑣3𝐶𝑝 (𝜆 , 𝛽) (1) 

𝜆 =  
Ω 𝑅

𝑣
 (2) 

𝐶𝑃(𝜆,𝛽) =  𝐶1 (
𝐶2

𝜆𝑖

− 𝐶3𝛽 − 𝐶4) 𝑒
−𝐶5

𝜆𝑖 + 𝐶6𝜆 (3) 

1

𝜆𝑖
 = 

1

𝜆+0.08𝛽
−

0.035

𝛽3+1
 (4) 

 
Fig.2 The studied microgrid system 
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To enhance energy conversion efficiency, DFIG may 
continually adjust its rotational speed in response to wind speed. 
The stator of DFIG is directly linked to the grid. However, the 
rotor of the DFIG is connected to the grid independently via a 
partial scale converter system that runs at 30 percent of the rated 
power of the DFIG to reduce the size and cost of the converter 
system. The converter system is made up of two voltage source 
converters, a Rotor Side Converter (RSC) and a Grid Side 
Converter (GSC), which are linked together by a DC link 
capacitor. This converter system expands the speed range of the 
DFIG and regulates the generator speed to catch the maximum 
power extracted from the wind turbines [26]. A typical 
schematic diagram of the DFIG wind turbine is shown in          
Fig. 3. 

As shown in Fig. 4 [27], the voltages of DFIG can be 
obtained, in direct (d) and quadrature (q) axis references, by 
equations (5) – (8)[28]:  

where 𝜈, 𝑖, 𝑅, and ∅ are the voltage, current, resistance, and flux. 
And 𝑠, 𝑟 are subscripts for stator and rotor, respectively. 𝑑, 𝑞 are 
subscripts for the d and q components, respectively. 

The active and reactive powers of the stator and rotor can 

be expressed by (9) – (12) [29]. 

 

where 𝑃 and 𝑄 are the active and reactive powers, respectively. 

The total output active and reactive powers are given by (13) and 
(14) and the electromagnetic torque, 𝑇𝑒𝑚 can be obtained by (15)  
[28].  

where 𝑝 is the total number of pole pair 

𝑣𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 +
𝑑

𝑑𝑡
 ∅𝑑𝑠 − 𝜔𝑠∅𝑞𝑠 (5) 

𝑣𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 +
𝑑

𝑑𝑡
 ∅𝑞𝑠 + 𝜔𝑠∅𝑑𝑠 (6) 

𝑣𝑑𝑟 = 𝑅𝑟𝑖𝑑𝑟 +
𝑑

𝑑𝑡
 ∅𝑑𝑟 − (𝜔𝑠 − 𝜔)∅𝑞𝑟 (7) 

𝑣𝑞𝑟 = 𝑅𝑟𝑖𝑞𝑟 +
𝑑

𝑑𝑡
 ∅𝑞𝑟 + (𝜔𝑠 − 𝜔)∅𝑑𝑟  (8) 

𝑃𝑠 =
3

2
(𝑣𝑑𝑠𝑖𝑑𝑠 + 𝑣𝑞𝑠𝑖𝑞𝑠) (9) 

𝑄𝑠 =
3

2
(𝑣𝑞𝑠𝑖𝑑𝑠 − 𝑣𝑑𝑠𝑖𝑞𝑠) (10) 

𝑃𝑟 =
3

2
(𝑣𝑑𝑟𝑖𝑑𝑟 + 𝑣𝑞𝑟𝑖𝑞𝑟) (11) 

𝑄𝑟 =
3

2
(𝑣𝑞𝑟𝑖𝑑𝑟 − 𝑣𝑑𝑟𝑖𝑞𝑟) (12) 

𝑃 = 𝑃𝑠 + 𝑃𝑟 (13) 

𝑄 = 𝑄𝑠 + 𝑄𝑟  (14) 

𝑇𝑒𝑚 = 𝑝. (∅𝑑𝑠𝑖𝑞𝑠 − ∅𝑞𝑠𝑖𝑑𝑠) (15) 

 
(a) 

 
(b) 

Fig. 4 Dynamic d-q equivalent circuit of DFIG: (a) the d-axis equivalent 

circuit; (b) the q-axis equivalent circuit 

 

 

 

Fig. 5 Schematic diagram of FESS

 
Fig.3 Typical schematic diagram of DFIG 

 

 

Faculty of Energy Engineering - Aswan University - Aswan - Egypt

15



B. Modeling and Control of FESS  

 A flywheel is an electromechanical device that stores kinetic 
energy. It consists of a rotating disk connected to an electrical 
machine having two operating modes, a motor and a generator 
mode of operation. When the machine works as a motor, energy 
flows from the network to the flywheel which increases flywheel 
speed and stores mechanical energy. It works as a generator by 
flowing the energy from the flywheel to the network causing a 
decrease in the flywheel speed and its stored energy [30]–[32]. 

1) Flywheel Model Configuration 

 A schematic diagram of FESS is shown in Fig. 5. Flywheel 
stored energy, 𝐸 can be expressed by (16) [11]. 

𝐸 =
1

2
 𝐽 Ω𝑓

2 (16) 

where 𝐽 and Ω𝑓 are the inertia and speed of the flywheel, 

respectively.  

Only a portion of the flywheel's energy can be utilized, and this 

energy 𝐸𝑢  can be calculated from the permitted speed 

variations by (17) [11]. 

where Ω_max and Ω_min are the flywheel maximum and 
minimum speeds, respectively. In this study, Ω_max and 
Ω_min, have values of 1.3 and 0.7 of rated flywheel speed  Ω𝑓    
respectively [33]. 

 As previously stated, the primary component of the flywheel 
is the electrical machine. The induction machine, permanent 
magnet machine, and variable reluctant machine are all familiar 
electrical machines used in FESS [31][34]. Among these types, 
the doubly fed induction machine (DFIM) has currently been 
utilized in FESS due to its flexible control and reduced power 
converter rating [34]. DFIM modeling was previously expressed 
in (5) – (8). 

2) Flywheel Control System  

The DFIM vector control is activated to manage the energy 
exchanged between the FESS and the grid [23].  

a) Rotor Side Converter Control 

 The RSC controller individually manages the active and 
reactive powers of DFIM by independently manipulating the 
rotor currents [35].   

By choosing a d-q reference frame related to the stator field and 
synchronizing it with the stator flux, ∅𝑠𝑓, DFIM stator voltages 

and flux can be simplified by (18) – (21), when the stator 
resistance is neglected.  

where 𝑣𝑓, 𝑖𝑓, ∅𝑓, 𝐿 and 𝑀 are the voltage, current, flux, self-

inductance, and mutual inductance, respectively. 

The stator powers, 𝑃𝑓𝑠 and 𝑄𝑓𝑠, electromagnetic torque, 𝑇𝑓𝑒𝑚 

and rotor voltages, 𝑉𝑓𝑑𝑟  and 𝑉𝑓𝑞𝑟 are expressed by (22) – (27) 

[36]. 

𝑃𝑓𝑠 =  −
3

2
𝑉𝑓𝑠

𝑀𝑓

𝐿𝑓𝑠

. 𝑖𝑓𝑞𝑟  (22) 

𝑄𝑓𝑠 =
3

2
(𝑉𝑓𝑠

∅𝑓𝑠

𝐿𝑓𝑠
− 𝑉𝑓𝑠

𝑀𝑓

𝐿𝑓𝑠
. 𝑖𝑓𝑑𝑟) (23) 

𝑇𝑓𝑚 =  −
3

2
𝑃𝑓

𝑀𝑓

𝐿𝑓𝑠

∅𝑓𝑠. 𝑖𝑓𝑞𝑟  (24) 

𝑣𝑓𝑑𝑟 = 𝑅𝑓𝑟𝑖𝑓𝑑𝑟 + 𝜎𝐿𝑓𝑟

𝑑

𝑑𝑡
 𝑖𝑓𝑑𝑟 − 𝑠𝑓𝜔𝑓𝑠𝜎𝐿𝑓𝑟𝑖𝑓𝑞𝑟  (25) 

𝑣𝑓𝑞𝑟 = 𝑅𝑓𝑟𝑖𝑓𝑞𝑟 + 𝜎𝐿𝑓𝑟

𝑑

𝑑𝑡
 𝑖𝑓𝑞𝑟 + 𝑠𝑓𝜔𝑓𝑠𝜎𝐿𝑓𝑟𝑖𝑓𝑑𝑟

+ 𝑠𝑓

𝑀𝑓. ∅𝑓𝑠

𝐿𝑓𝑠
 

(26) 

𝜎 = 1 −
𝑀𝑓

2

𝐿𝑠𝑓 . 𝐿𝑟𝑓

 (27) 

where 𝜔𝑓𝑠, 𝜎, 𝑃𝑓 and 𝑠 are the synchronous electrical speed, 

leakage coefficient, number of pole pairs, and generator slip, 
respectively.  

 From (22) and (23), the reference rotor currents 𝑖𝑓𝑑𝑟_𝑟𝑒𝑓 and 

𝑖𝑓𝑞𝑟_𝑟𝑒𝑓 are obtained as a function of the active power reference 

𝑃𝑓𝑠_𝑟𝑒𝑓 and reactive power reference 𝑄𝑓𝑠_𝑟𝑒𝑓 [35]. The complete 

rotor side controller is shown in Fig. 6. 

b) Grid Side Converter Control 

 The GSC controller is used to keep constant power on the 
grid by adjusting the DC link voltage and can also be used to 
control the system power factor [35].  

𝐸𝑢 =
1

2
 𝐽 (Ω𝑚𝑎𝑥 − Ω𝑚𝑖𝑛)2 (17) 

𝑣𝑓𝑑𝑠 = 0 (18) 

𝑣𝑓𝑞𝑠 = 𝜔𝑠∅𝑓𝑑𝑠 = 𝑣𝑓𝑠 (19) 

∅𝑓𝑑𝑠 = ∅𝑓𝑠 = 𝐿𝑠𝑖𝑓𝑑𝑠 + 𝑀𝑖𝑓𝑑𝑟 (20) 

∅𝑓𝑞𝑠 = 0 = 𝐿𝑠𝑖𝑓𝑞𝑠 + 𝑀𝑖𝑓𝑞𝑟 (21) 
 

Fig. 6 Rotor side converter controller 

 

International Journal of Applied Energy Systems, Vol. 6, No. 1, January 2024

16



A complete grid converter and its controller are shown in Fig. 7 
[3]. The GSC is connected to the grid through an RL filter to 
reduce the current harmonics. The d-q voltage equations can be 
expressed by (28) and (29)[13]. 

𝑣𝑓𝑠𝑑 = 𝑅𝑓𝑖𝑓𝑑 + 𝐿𝑓

𝑑𝑖𝑓𝑑

𝑑𝑡
 − 𝜔𝑠𝐿𝑓𝑖𝑓𝑞 + 𝑣𝑓𝑑 (28) 

𝑣𝑠𝑞 = 𝑅𝑓𝑖𝑓𝑞 + 𝐿𝑓

𝑑𝑖𝑓𝑞

𝑑𝑡
+ 𝜔𝑠𝐿𝑓𝑖𝑓𝑑 + 𝑣𝑓𝑞 (29) 

where 𝑖𝑓, 𝑅𝑓, 𝐿𝑓 are the stator current, filter resistance, and filter 

inductance, respectively.  

 By modifying the grid, voltage is to be oriented along the d-
axis direction, so the q-axis component equals zero. Equations 
(9) and (10), can be set as follows [21]: 

 Based on the power balance theory on both sides of the GSC, 
the DC link voltage control loop is created, and the q-axis 
component equals zero. This is expressed in (32) and (33).  

 Based on (33), 𝑉𝑑𝑐 can be controlled by 𝐼𝑑𝑠. The difference 
between DC-link voltage and DC-link voltage reference is 
applied to the PI controller to get the reference value of  𝐼𝑑𝑠. 
However, 𝐼𝑞𝑠 may be used to control the reactive power transfer 

to/from the source side converter. Reactive power through the 
source side converter is typically set to zero for unity power 
factor operation [37]. 

c) Fuzzy Logic Controller (FLC) to Control FESS Power  

FLC is a formal framework for representing, manipulating, 
and executing human knowledge about system control without 
the necessity for a full system mathematical model [38]. A fuzzy 
controller's basic idea is to enable input-output interactions 
based on fuzzy rules.  

The first step in designing FLC is to determine the inputs and 
outputs of the controller. Essentially, it is needed to ensure that 
the controller has access to the necessary data to make 
appropriate decisions as well as achieve high-performance 
operations. Once the controller inputs and outputs have been 
determined, the reference inputs must be determined. After all 
fuzzy inputs and outputs are well-defined, the fuzzification 
process uses a lookup in one or more membership functions to 
transform each input set of data into a degree of membership that 
creates fuzzy inputs by combining a crisp input with a stored 
membership function [39]. There are several commonly used 
membership functions (triangular, normal distribution, and 
trapezoidal membership functions) [40]. In this study, FLC is 
built by a Gaussian membership function (MF). Equation (34) 
expresses the Gaussian MF curve. 

𝜇𝐴(𝑥) = 𝑒−(
𝑥−𝑎

𝑏
)2

,                  𝑏 > 𝑎  (34) 

where 𝑎, 𝑏 are parameters representing the center of the curve 
peak and the width of the curve, respectively.  

After that, a set of IF-THEN rules make up a fuzzy rule base, 
which serves as the brain of the fuzzy system. The process, 
known as the fuzzy inference mechanism, uses the rule base to 
determine the fuzzy output. The final step in FLC is called the 
defuzzification process. The control rule is related to a physical 
plant, which needs to be controlled by a defuzzification module. 
The defuzzification module functions as a transformer to change 
the fuzzy controller output to values that the plant can accept. 
So, the defuzzification process is the reverse of the fuzzification 
process [41]. 

FLC is used in this study to control the power transfer 
between FESS and the microgrid system. FLC of FESS has two 
inputs and one output. The first input (dP) can be calculated as 
the difference between wind power and load power. and that 
input has a minimum and maximum value of (-10, 10 MW) 
which is system capacity. The load power can be estimated by 
measuring the change in diesel output power in case of a change 
in the value of wind output power due to the climate conditions 
The second input is 𝑑Ω, which shows the amount of change of 
FESS current speed from the rated speed. 𝑑Ω can be expressed 
by (35): 

𝑑Ω = 1 −  
Ω𝑓

Ω𝑛𝑜𝑚𝑖𝑛𝑎𝑙

                 (35) 

where Ω𝑓 and Ω𝑛𝑜𝑚𝑖𝑛𝑎𝑙  are flywheel current speed and flywheel 

rated speed, respectively. In this study, 𝑑Ω have a minimum and 
maximum value of (-0.3, 0.3) which is the minimum and 
maximum allowable flywheel speed ± 0.3 of rated speed. 

The output of FLC is the reference power entering the voltage 
source converter (VSC) of the flywheel and it takes a value 
between (-10 and 10 MW). 

𝑃𝑓𝑠 =
3

2
(𝑣𝑓𝑑𝑠𝑖𝑓𝑑𝑠) (30) 

                𝑄𝑓𝑠 = −
3

2
(𝑣𝑓𝑑𝑠𝑖𝑓𝑞𝑠) (31) 

𝑉𝑑𝑐𝐼𝑑𝑐 = 𝑉𝑓𝑑𝑠𝐼𝑓𝑑𝑠 + 𝑉𝑓𝑞𝑠𝐼𝑓𝑞𝑠  (32) 

𝑉𝑑𝑐𝐼𝑑𝑐 = 𝑉𝑓𝑑𝑠𝐼𝑓𝑑𝑠 (33) 

 
Fig. 7 Grid side converter controller 
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Both input and output variables are represented by a set of seven 
Gaussian MFs, as shown in Fig. 8. According to the rule base 
shown in Table 2, FLC manages fuzzy inference. 

C. Diesel Modeling 

A DG is a reliable backup source to keep regular operations 
continuing if the needed load power demand cannot be satisfied 
by the available renewable energy sources and energy storage 
systems. It is a source that can meet power requirements up to 
rated power while maintaining a steady frequency. 

A DG typically consists of a synchronous generator, an 
excitation system, and a diesel engine with a governor [42]. 
Speed governors regulate the diesel engine's speed in order to 
regulate the system frequency. An actuator plus a speed 
regulator makes up the speed governor.  The actuator operates a 
fuel valve by transforming the output of the speed regulator into 
the appropriate signal. As a result, the diesel engine's fuel 
incoming rate is modified to manage its mechanical power to the 
necessary value to achieve the desired speed. The synchronous 
machine supplies reactive power to the whole system in response 
to the automatic voltage regulator's signals, which is required to 
maintain the system voltage within acceptable limits [43]. The 
diesel model is shown in Fig. 9, and it is modeled in MATLAB 
Simulink using the SimScape toolbox. The Simpowersystem 
blockset provides this model [44]. 

D. Dump Load Modeling 

When generation from renewable energy sources outpaces 
consumption, a dump load is employed to dissipate the excess 
energy. In renewable energy sources like the wind, extra power 
is generated during periods of high wind velocity. These days, a 
dump load is used to disperse this power. The surplus energy is 
wasted in renewable energy plants [45], [46].  In this study, a 
bank of resistors and a group of semiconductor power switches 
make up the dump load. The dump load's active power 
consumption can be managed by closing or opening those power 
switches, acting as a controlled source of active power. Eight 
three-phase resistors are used as the dump load in this study, and 
each one is linked in series with semiconductor switches (one 
switch in each phase). The appropriate three-phase resistor is 
attached to/disconnected from the microgrid by closing/opening 
a set of three switches [47]. The dump load model is shown in 
Fig. 10, and it is modeled in MATLAB Simulink using the 
SimScape toolbox. The SymPowerSystem blockset provides 
this model [44].  

 

 

 
Fig. 8 MFs for inputs and output of FLC Input1 (dP), Input2 (𝑑Ω) 

and Output (Pref). 

NL(Negative Large), NM(Negative Medium), NS(Negative Small), 

Z(Zero), PL(Positive Large), PM(Positive Medium), PS(Positive Small), 

VB(Very Big), B(Big), BM(BigMedium), SM (Small Medium), 

S(Small), VS(Very Small) 

 

TABLE.2 Rule-based look-up table for FLC 

dp 

 

𝑑Ω 

NL NM NS Z PS PM PL 

VB NL NM NS Z Z Z Z 

B NL NM NS Z PS PS PM 

BM NL NM NS Z PS PM PL 

M NL NM NS Z PS PM PL 

SM NL NM NS Z PS PM PL 

S NM NS NS Z PS PM PL 

VS Z Z Z Z PS PM PL 
 

Fig. 9 Emergency Diesel Model 
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IV. RESULTS AND DISCUSSION 

 In this study, FESS is controlled to mitigate frequency and 
voltage oscillation in the microgrid system. The total system 
loads approximately equal 10 MVA and it’s fed from a wind 
turbine (100% penetration). FESS is utilized to balance the 
generated and absorbed power with a backup 10 MVA 
emergency DG with a dump load. FESS is applied to overcome 
the abovementioned problem. 

 The variations of wind speed and load conditions are studied 
in two scenarios: wind variations only and load variations only. 
The results for both scenarios show an improvement in voltage 
and frequency. For each scenario, there are three configurations, 
and every voltage and frequency finding of the three 
configurations is compared to each other. The first 
configuration, referred to as "only diesel" consists of a 
standalone microgrid system that is entirely powered by wind 
energy and has a DG as a backup source. The second 
arrangement, known as "diesel dump load," is similar to the first 
configuration but includes a dump load. The final arrangement, 
named "FESS" consists of an isolated microgrid system 
connected to FESS whose operation is totally powered by wind 
energy. 

A. Variable Loads – Constant Generation 

 The studied system, shown in Fig. 2, is tested in this scenario 
with variable loads and constant wind speed. The output active 
and reactive power of the wind turbine and system load, in this 
scenario, are shown in Fig. 11. The voltage and frequency of the 
microgrid system for the three examined configurations (only 
diesel/ diesel dump load/ FESS) are discussed in Fig. 12 and    
Fig. 13. 

 Fig. 12 shows voltage variation in all three configurations. 
The maximum and minimum allowable voltages in a typical 
system should not deviate from the nominal voltage of the 
system by more than 5% and -10%, respectively[42]. When 
FESS is applied, voltage fluctuations are smaller compared with 
the other two configurations although the voltage deviation is 
acceptable for the three cases.  

Moreover, Fig. 13 shows that the frequency variation in the 
case of FESS is considered the least one. The percentages of 
minimum and maximum overshoot values of frequency in the 
case of diesel dump load are 0.58% and 0.62%, respectively. 
However, in the case of FESS, these values are 0.15% and 
0.18%, respectively. This indicates the superiority of applying 
FESS. 

 

 
Fig. 10 Dump Load Model 

 
Fig. 11 Wind and load powers for Scenario 1    

 

 
Fig. 12 System voltage for Scenario 1      

 

 

 

Fig. 13 System frequency for Scenario 1   
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 Fig. 14 shows the active and reactive powers of FESS for 
scenario 1. It is clear that the FESS active and reactive powers 
compensate for the power difference between generation and 
demand powers, which indicates that FESS was able to handle 
load power fluctuations in this scenario. Flywheel speed is 
shown in Fig. 15. Also, it is within the permitted range (±30% 
of the rated flywheel speed value). 

B. Constant Loads – Variable Generation 

 In this scenario, the studied system is tested with constant 
load values and short variations in wind speed, as presented in 
Fig. 16. The output active and reactive powers of the wind 
turbine and system load in this scenario are shown in Fig. 17. 

The response of voltage and frequency for the three 
examined cases are discussed in Fig. 18 and Fig. 19, 
respectively. Fig. 18 shows that the voltage deviations for the 
cases are within the acceptable standard limitations, although the 
deviation is the smallest one when FESS is applied. Fig. 19 
shows that the frequency deviation, when FESS is applied is the 
smallest one. When a diesel dump load is applied, the minimum 
and maximum values of frequency are 59.86 Hz and 60.17 Hz, 
respectively. However, the minimum and maximum values of 
frequency are 59.91 Hz and 60.13 Hz, respectively, when FESS 
is applied. This shows that the proposed method can 
significantly reduce the minimum and maximum overshoots by 
34.8% and 21.4%, respectively. 
 

 
Fig. 14 Active/reactive power of FESS for Scenario 1 

 

Fig. 15 Flywheel speed for Scenario 1     

 
 Fig. 16 wind speed variation for Scenario 2 

 

 
Fig. 17 Wind and load powers for Scenario 2 

 
Fig. 18 System voltage for Scenario 2 

 
Fig. 19 System frequency for Scenario 2       
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 Fig.20 presents the output active and reactive powers of 
FESS, which shows that FESS can provide the microgrid with 
the necessary power to handle wind power fluctuations. Fig. 21 
shows the flywheel speed, which is within the permitted range 
of operation (±30 % of the rated speed value). 

V. CONCLUSION 

 In this study, a proposed control strategy is presented to 
reduce the voltage and frequency fluctuations caused by loads 
and wind speed variations in isolated microgrid systems. IEEE 
14-bus system is reconstructed for being a microgrid for the 
present study, which included wind power generation and a 
backup synchronous diesel generator with dump load.  The 
impact of wind speed and load variations are examined under 
two different scenarios, namely, the variation in wind speed with 
constant load and load variation with constant wind speed. FLC 
is designed to control the charge and discharge of both active 
and reactive powers of the FESS. Three cases were examined in 
this study (i.e., diesel generator alone, diesel generator with 
dump load, and fuzzy-controlled FESS in the presence of the 
diesel generator-dump load as a backup). To compensate for 
voltage and frequency variations, the voltage deviations for the 
first scenario's fluctuating load and constant generation are all 
within the permitted standard limits, even though the usage of 
FESS results in the smallest deviation. Furthermore, when it 
comes to frequency, FESS appears to have the least frequency 
variation. In the case of diesel dump load, the percentages of 
lowest and maximum overshoot values of frequency are, 
respectively, 0.58% and 0.62%. These values are, however, 
0.15% and 0.18%, respectively, for FESS. For the second 
scenario's constant load and variable generation, all three 

findings of voltage fall within the permitted standard limits. 
Additionally, when it comes to frequency, FESS is thought to 
have the least frequency variation. Diesel dump load frequency 
has percentages for minimum and maximum values of 0.23% 
and 0.28%, respectively. However, the values are, respectively, 
0.15% and 0.21% in the case of FESS. The obtained results 
demonstrated that the proposed fuzzy-controlled FESS 
successfully minimized the voltage and frequency fluctuations 
of the studied microgrid system in both scenarios and maintained 
their variations within the permitted limitations. 

VI.  FUTURE WORK 

Through additional research, there is still room for the work 
to be expanded or improved. The suggested FESS makes use of 
controllers based on FLC and PI control. The effectiveness can 
be contrasted with that of other advanced controllers, such as 
neural networks, predictive control, etc. Comparisons between 
FESS and other well-known storage devices can also be made in 
various scenarios and with various power systems to ascertain 
the advantages and disadvantages of each energy storage device. 
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