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Overview of Control System Topology of Flywheel Energy 
Storage System in Renewable Energy Application for Alternative 

Power Plant 
 
 

Abstract. Flywheel energy storage system (FESS) technologies play an important role in power quality improvement. The demand for FESS will 
increase as FESS can provide numerous benefits as an energy storage solution, including a long cycle life, high power density, high round-trip 
efficiency, and environment friendly. A high-efficiency system is a necessity and a significant element of the overall system in this application. This is 
because the system determines the size, cost, efficiency, and reliability of the FESS for any application. As a result, choosing an acceptable system 
topology is a crucial and fundamental part of developing a FESS for portable or residential applications, and it has a big impact on the system's 
overall performance. This paper presents an overview of all types of power electronic and controlled system application in FESS, contain numerous 
topology combinations of DC converters and AC inverters, that are generally employed in FESS for portable or home applications. The switching and 
controlled system strategies in power conditioning or motor generator synchronisation for FESS are also discussed in this study. Finally, the current 
problem with FESS is addressed in this study, which comprises a regulated system for system synchronisation with a DC converter and an AC 
inverter. 
 
Streszczenie. Technologie systemów magazynowania energii w postaci koła zamachowego (FESS) odgrywają ważną rolę w poprawie jakości 
energii. Zapotrzebowanie na FESS wzrośnie, ponieważ FESS może zapewnić liczne korzyści jako rozwiązanie do przechowywania energii, w tym 
długi cykl życia, wysoką gęstość mocy, wysoką wydajność w obie strony i przyjazność dla środowiska. W tej aplikacji system o wysokiej sprawności 
jest koniecznością i istotnym elementem całego systemu. Dzieje się tak, ponieważ system określa rozmiar, koszt, wydajność i niezawodność FESS 
dla każdego zastosowania. W rezultacie wybór akceptowalnej topologii systemu jest kluczową i fundamentalną częścią opracowywania FESS do 
zastosowań przenośnych lub domowych i ma duży wpływ na ogólną wydajność systemu. W artykule przedstawiono przegląd wszystkich rodzajów 
aplikacji energoelektronicznych i systemów sterowanych w FESS, zawierających liczne kombinacje topologii przekształtników DC i falowników AC, 
które są powszechnie stosowane w FESS do zastosowań przenośnych lub domowych. W niniejszym opracowaniu omówiono również strategie 
przełączania i sterowania systemowego w kondycjonowaniu mocy lub synchronizacji generatora silnika dla FESS. Na koniec w niniejszym 
opracowaniu poruszono aktualny problem z FESS, który obejmuje regulowany system synchronizacji systemu z przetwornicą DC i falownikiem AC. 
(Przegląd topologii systemu sterowania systemu magazynowania energii w postaci koła zamachowego w zastosowaniach energii 
odnawialnej dla alternatywnych elektrowni) 
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Introduction 
In recent years, energy storage systems have become 

increasingly essential, and the flywheel is one of the oldest 
storage devices with numerous advantages [1]. Flywheel 
energy storage systems (FESS) offer environmental and 
economic advantages in power quality improvement which 
can be utilized to stability electrical energy supply and 
demand compared with other energy storage system. 
Energy storage can be in the form of mechanical, thermal, 
chemical, or magnetic. FESS stores mechanical energy in a 
rotating flywheel, which is transformed into electrical energy 
by a generator and an electrical machine, which drives the 
flywheel to transfer electrical energy to mechanical energy. 
Among all types of energy storage system, FESS is the 
most popular because they can offer many advantages 
such as a long cycle life, a long operational life, a high 
round-trip efficiency, a high power density, a low 
environmental effect, and the ability to store data high level 
of energy without limitation. In additional of FESS in power 
system can improve the logistic and dynamic operation of 
the power quality [2][3][4]. Besides that, FESS can fulfil the 
requirement of the microgrid operation by providing 
supplementary services such as frequency and voltage 
management and smoothing the intermittency of renewable 
resources [5]. However, the existing system used either in 
EV or power quality system still facing with many issues 
and challenges in storing energy. The issues consist of 
charging/discharging period, protection, consistency, life 
cycle, size, cost, and power management. FESS become 
high demand power stability solution because of its ability to 

store energy during off-peak hours and supply energy 
during peak hours [6].    

There are two types of FESS normally refer to their 
physical structure and application which is operated in low-
speed and high-speed. High speed FESS consists of 
magnetic bearings, vacuum enclose, and composite disk. 
Whereby low-speed only usage mechanical bearing and 
steel flywheel. FESS is an electromechanical energy 
storage system that comprises of an electrical machine, a 
back-to-back converter, a DC link capacitor, and a large 
disc that can interchange electrical power with the electric 
network. FESS provides an ecologically friendly short or 
medium-term energy storage system that may be used for a 
variety of applications in the power system, including power 
quality enhancement, power smoothing, renewable energy 
integration support, and system stability enhancement [7].   

The study in [8] shows the basic FESS structures 
commonly used in EVs and power application which is 
combination between two-machine system or one-machine 
system with bidirectional power converter. The concept of 
flywheel energy storage is to store the electrical energy in 
the form of kinetic energy by rotating a flywheel which is 
connected mechanically between motor and generator. The 
electrical power is applied to the motor causing the flywheel 
spinning high speed, and this spinning mass has kinetic 
energy is converted back to electrical energy by driven the 
generator when electrical energy no more applied to the 
motor [9]. Here, flywheel as a storage of mechanical energy 
react as a mechanical battery in the system. Normal design 
of flywheel used in energy storage system is shaped as 
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solid cylinder [2][10]. In [11], the author applied multi criteria 
decision making  approach to choose and validate the 
material for a flywheel design with appropriate weight 
selection. This method of optimization is used for non-
classical design algorithm and the result of the design 
followed the specified set of constraints. There are three 
main functions of FESS. First, it able to reduce price of 
electricity. Seconds, it prevents power fluctuation to improve 
power quality. Third, it helps to achieve the balance 
between the proper amounts of the generated power with 
varying demand of load power [12][13].   

Due to its limited capability and potency in terms of 
lifespan, cost, energy and power density, and dynamics 
response, implementing a hybrid energy storage system 
that combines two or more energy storage systems is a 
solution to achieve the desired performance of the power 
resources and fulfil the desired operation [5]. The flywheels' 
strong characteristics make them ideal for limiting the depth 
of discharge during short-duration discharges and providing 
fast reaction with a high daily cycle [14]. In [15], the authors 
analysed a hybrid energy performance using solar (PV) and 
diesel systems as energy sources, with a flywheel to store 
excess PV energy. The study looked at the influence of 
using flywheel energy on power generation, energy costs, 
and net present cost for a specific hybrid system design. 
HOMER is a piece of software that allows you to create. 
Due to its low environmental impact and great efficiency, 
flywheel energy storage is a nearly mature technology that 
is being implemented in a variety of sectors and with a 
variety of innovative systems [16].     
 
Current technology behind the main topology of hybrid 
flywheel motor generator system 
Electrical machines 

Electrical machinery such as an induction machine, a 
permanent magnet machine, and a variable reluctant 
machine are commonly employed in FESS. An induction 
motor such a squirrel cage type is used due to low cost, its 
ruggedness, higher torque and can be used for high power 
application. On the other side, the variable reluctant 
machine offered a wide speed range with simple control 
mechanism with low idling losses and very robust, but it has 
low power density and power factor with high torque ripple. 
The permanent magnet machine, on the other hand, has a 
high power efficiency, high power density, and low rotor 
losses, but it is expensive, has low tensile strength, and has 
idling losses due to stator eddy current losses [17]. Table 1 
shows that the comparison of electrical machine proper 
utilize in FESS [18][2].    
 
Table 1. The comparison of electrical machine proper utilize in 
FESS. 
Instrument Asynchronous Adjustable 

Reluctance 
Stable 
Electromagnet 
Synchronous 

Max. Rpm  Standard(>3)  High(>4)  Low(<2)  
Torque 
ripple  

Standard (7.3%)  High (24%)  Medium 
(10%)  

 Low cost Temperature 
overheat 
resistance  

Small loss, 
large 
efficiency  

 Simple 
construction  

Overcurrent 
protection  

High-density 
power  

Advantages  Technology has 
progressed 

The 
adjustment of 
the excitation 
coil can be 
repeated  

The load 
density is high 

 Power factor 
that can be 
changed  

Lower torque 
loss during 
startup 

Torque 
density is high 

 There will be no 
demagnetization  

Heat 
dissipation is 
simple  

Small volume, 
light quality  

 High energy 
storage  

Lower loss, 
higher 
efficiency 

Rotor 
resistance 
loss is 
minimal  

 There will be no 
running losses  

High-density 
power  

There is no 
field winding 
loss  

 The motor has a 
high slip ratio  

Structure that 
is complicated 

Temperature 
stability is 
poor 

 Speed is 
restricted   

Manufacturing 
is difficult  

Gourmandizat
ion  

Disadvanta
ges  

Larger volume  Power factor 
is low  

Large cost  

 Low quality to 
power ratio 

Noise, 
vibration, and 
torque ripple  

Material 
delicate 

 Low efficiency 
and high losses 

Regulating 
speed is 
difficult  

Difficult air 
gap flux  

 
In [19], the authors investigated the nonlinear dynamics 

of a turbine generator with a squeeze film damper under the 
action of rub-impact in the oil film rupture. When the rotor 
speed ratio is minimal, the system performs period-one 
motion, but the periodic motion abruptly transforms into 
aperiodic motion with no transition. The squeeze film 
damper, on the other hand, fails to support the rotor within a 
given speed range.  
 In [20], the authors indicated the performance and 
control strategy of synchronous and induction machines 
that are employed in FESS. The performance of FESS is 
heavily dependent on the type of motor/generator (MG) 
combination, which is the primary component for generating 
or absorbing power from the grid and is made up of three 
categories of electrical machines: synchronous, induction, 
and switching reluctant machines. Induction machines are 
typically utilized for high-power applications, synchronous 
machines are used for high-speed applications, and 
switched reluctant machines are used less frequently 
because to large current ripples.  
 
Magnetic FESS development 
 The study in [21] designed an unique flywheel energy 
storage device that relied on hybrid mechanical-magnetic 
bearings for assistance. The suggested design uses active 
magnetic bearings and an axial flux permanent magnet 
synchronous machine to allow the rotor-flywheel to spin 
while remaining in magnetic levitation in a vertical 
configuration. The axial-flux permanent magnet motor has a 
rotor and stator, with the rotor positioned between two disc-
type stators and able to move along the sliding bar. 
However, its movement is limited to half of the air-gap 
length, with a 0.5mm departure from the middle point 
between the two stators. From experimental result show 
that the flywheel velocity increase from 0 to the rated speed 
in the charging stage and keep constant in energy 
maintenance stage to store energy. The speed decrease 
10% in discharge stage to release energy. As a result, the 
proposed conceptual FESS with a compact flywheel energy 
storage system supported by an axial flux partially self-
bearing permanent magnet machine has been proven as 
possible in experimental implementation. 
 In [22], the authors demonstrated that a fully integrated 
flywheel energy storage system with a high-temperature 
superconducting magnet suspension allows for stable 
flywheel levitation. The thrust bearing forces are regulated 
by permanent magnets, and the initial centre of the flywheel 
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is located in a vacuum chamber, which improves system 
efficiency and reduces losses. To meet the need of 
spacecraft altitude control accuracy, the authors presented 
an instantaneous torque control of a magnetically hung 
reaction flywheel in [23]. To increase the torque-output 
precision of the magnetically hung reaction flywheel, a new 
torque control approach is proposed. To minimise diode 
freewheeling of the inactive phase in the conduction zone 
and modulate the switching-in phase during the high-speed 
region, a novel PWM pattern is used. To eliminate 
microscopic vibration, Qiang et al. [24] built a novel 
repeatable launch locking/unlocking device for a 
magnetically suspended momentum flywheel.  
In [25], the authors suggested an active vibration control 
unit with a flywheel inertial actuator for reducing distributed 
structural flexural vibration. To operate this actuator, the 
moving components of the actuator work together with a 
traditional coil-magnet transducer and flywheel element to 
generate the rotating inertia effect. This proposed actuator 
able to implement feedback control units which robust to 
shock, improve stability and vibration control effects.  
 In [26], the authors analysed a superconducting 
levitation of the flywheel system based on the H-formulation 
to provide a guideline for electromagnetic behaviours in the 
flywheel system design. Levitation forces are created by 
independent interactions between axial and radial bearings. 
The proposed design, which uses a single ring-shaped 
superconductor and more permanent magnets, will provide 
a higher stiffness characteristic. This concept comprised the 
multi-surface levitation by instrumentation up to 125.6% 
axial force and provided high force density in improvement 
of the flywheel system. In [27], the authors designed a 
stabilised flywheel unit for efficient energy storage by 
developing a unit with revolving flywheel for storing energy 
and therefore decreasing the supply-demand gap. This 
design aims to extract the least amount of energy from the 
flywheel while maintaining all five degrees of freedom.  
 Energy storage flywheel supported with active magnetic 
bearing become popular in academic or industry due to 
their offer many advantages such as short charging time, 
high specific energy, long life span and no pollution. The 
study in [28] constructed a rotor-AMB test rig to emulate the 
operation of such flywheel. In [29], the author developed 
REBCO high temperature superconducting magnet bearing 
for large capacity FESS which consist of a high temperature 
superconducting bulk and double-pancake coils used 
second generation REBCO wires. The study in [30] 
developed of superconducting magnetic bearing for FESS 
that consist of high temperature superconducting coil and 
bulks. This proposed design has capability of 300kW and 
storage capability of 100kWh by implement high inertia 
flywheel with diameter 2m and 4000kg weight.  In [31], the 
authors designed an active magnetic bearing system with 
off-board power supply system to keep the suspension 
stable of the flywheel rotor at the equilibrium point. The on-
board power supply cannot operate when equilibrium point 
cause the magnetically suspended FESS suffers fatal 
damage. The dynamic displacement of the flywheel rotor at 
equilibrium status always occurs when the dynamic braking 
of flywheel rotor is realized by discharge of the magnetically 
suspended FESS. The results show that by discharging 
magnetically suspended FESS and increasing the energy 
storage of magnetically suspended FESS with constant 
flywheel rotor speed, the off-board power source can 
maintain the mechanism of an active magnetic bearing. 
This mechanism also can avoid collision between unstable 
rotors at high rotation speed with stator.    
 
 

Hybrid topologies     
 Sebastian et al. proposed a model of low-cost low-
speed FESS (LS-FESS) to increase the power quality of the 
hybrid diesel and wind generator for isolated micro grid. An 
asynchronous machine used to drive a steel flywheel as LS-
FESS to provide low cost and simple maintenance which is 
important for remote location of the wind diesel power 
system. An asynchronous machine is chosen because its 
offer cheaper, high torque, suitable for many application, 
and robust. The power quality improvement proposed in this 
micro grid shown as a simulation model. In [32], the authors 
designed control strategy to manage between FESS and 
wind turbines by using frequency control to maintain the 
level of power reserves adjusted by network operator 
according to the wind turbines operation. This work focusing 
to design control strategy for wind turbine to fulfil the 
requirement of power reserves and to manage the system 
between this hybrid power sources by regulating the 
frequency controller. This controlling method by adjusting 
rating of variable-speed wind turbine make improvement of 
power margin of all wind speed range either below or above 
rated of wind speed. This frequency control can provide 
kinetic energy due to the variation of rotation speed of 
turbine exchanged with the network. Application of the 
flywheel in this system can reduce the need of wind turbine 
power generation by reloading extra power to the network. 

The study in [33], presented a power converting system 
hybrid energy storage and wind turbine by introducing two 
techniques of directions which are torque control and power 
control. This system links each other between flywheel, 
induction machine and power converters to the wind power 
generator via provided DC network. These direct controls 
which give faster response by eliminate the loop of variable 
regulation controlled and block of pulse width modulation. 
The implementation of this direct torque controlled to the 
double fed induction generator hybrid with FESS will 
increase the accuracy of the system. Fig 1 shows the 
overall system under study that proposed by the authors 
[33].  
 

 
Fig. 1. System under study.   
 
 In [34], the authors applied flywheel to support the 
hybrid system of renewable energy  with power 
management system. This power management system 
presents a control technique to manage the hybrid system 
between FESS and stand-alone wind-diesel generator. In 
this topology, application of FESS make improvement to the 
dynamic performance of the overall system in various 
situations such as load increasing, low operation of wind 
turbine and diesel engine. In this system, flywheel and 
induction motor controlled by machine power controller 
which is FES will deliver to the load during low power 
generated by other power sources. In [35], the study 
proposed a flywheel hybridization in energy storage system 



148                                                                               PRZEGLĄD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 98 NR 7/2022 

in renewable energy sources to improve battery life. This 
work purposely to verified the advantages of hybrid energy 
storage system between solar and FESS used for 
residential micro-grid. It is proved that the flywheel applied 
in the system make large improvement of the battery 
duration almost triple. Fig 2 shows the micro-grid layout for 
this proposed system, which is consists of solar panel, PV 
converter, battery converter, battery, flywheel converter, 
FESS, bidirectional inverter, user load and grid [35].  
 

    
 
Fig. 2. Micro-grid layout.    
 

In [36], the authors presented a study of hybrid flywheel 
with reversible Solid Oxide Cell in micro-grid to improve 
capabilities of the peak-shaving and fast-ramping in power 
quality for renewable power sources. The limitation of the 
reversible Solid Oxide Cell which poor load-following 
capability that required hybridization to provide regulation in 
short time interval. This power management topology 
introduces two types of storages which are short-term and 
long-term storage to handle the power peaks and to extend 
storage capacity. The investigation shows that this 
hybridization make improvement in increasing of self-
consumption efficiency up to 58.04%. Fig 3 shows the 
overall system architecture, which included of solar panel, 
PV converter, battery converter, reversible Solid Oxide Cell, 
Hydrogen storage, flywheel converter, FESS, bidirectional 
inverter, load, and grid [36].   
 

 
 
Fig. 3. Hybrid Energy Storage System architecture scheme. 
 

The testing circuit diagram as shown in Fig 3 is used to 
analysis the system. From this testing circuit, the effect of 
the flywheel with different sizes and weights can be 
analyzed [37]. From this testing circuit also, the 
synchronization of the motor and generator can be 
measure. All the data measurements of the motor and 
generator such as stator current, torque, speed, input, and 
output voltage are being measured as shown in this figure. 
All measurements consist of a multi-meter to display the 
root mean square (RMS) value and the scope to plot the 
graph. The voltage supply also can be set according to the 
motor specification by changing the parameter of the supply 
relay three-phase.   

 
Application of FESS 
 In [38], the authors applied flywheel energy storage to 
maintain current and efficiency in the modern resistance 
spot welding system. This system approach gives better 
result with high efficiency more than 80% compare with 

capacitor storage system. The motor-generator combination 
in this system purposely to boost the voltage and reduce 
electrical frequency. Fig 4 shows the proposed system 
topology that consist of 3-phases inverter, motor, generator, 
flywheel, and welding power supply [38].   

 
 

Fig. 4. Proposed system topology.  
 

The study in [39] designed geared transmission for 
hybrid vehicles to optimise the flywheel energy storage by 
coupling a FESS to the gear system which can recover the 
energy when braking and boost more energy for 
acceleration. Rupp et al. [36] analysed a FESS for light rail 
transit train to reduce operating cost by reducing energy 
used in the system. The result of the analysis show that 
cost saving up to 11% can be obtained with 1.2kWh and 
360kW. In [40], the suthors resolved the limitation of the fuel 
cell by integrating the magnetic flywheel as a hybrid system 
control. This system hired two type of control method which 
known as particle swarm optimization and multiple adaptive 
neuro-fuzzy interface [41]. Fig 5 shows the magnetic 
flywheel system architecture proposed by the author [40]. In 
[42], the authors developed Kinetic Driven Flywheel by 
coupling the flywheel to the crankshaft to reduce 
mechanical vibration in this part. A new design of gearbox 
with double-crank which can adjustable the length and 
cycloidal shape. In [43], the authors found the optimize 
number and the best capability of the flywheel rotor that can 
be used to minimize the used of power in light metro trains 
by introducing a new design of multi-ring flywheel rotor. The 
result shows that this design can be handled about 1620-
3420kW of the power needed in the system.    
 

 
 
Fig. 5. Magnetic flywheel system architecture. 

 
In [44], the authors studied how to reduce load 

fluctuations in ship electrical system by adding hybrid 
energy storages between battery and flywheel. In the ship 
development either for commercial or military recently are 
focusing on ship electrification but there are challenges for 
electric-ship propulsion system which facing with large 
propulsion-load fluctuations. The power sources from the 
battery and flywheel become a buffer to separate load 
fluctuations from the all-electric ship system.  
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In [45], the authors studied how to maintain the rate of 
energy stored in the form of moment inertia and angular 
frequency connected directly the grid. This approach not 
required power electronic as interface and capable to 
connect directly to grid. A prototype developed in this study 
able to generate high power for charging and discharging 
ability in several second in one period. However, the 
efficiency of this system controller need improvement to 
obtain a feasible fixed-speed FESS in regulating moment of 
inertia.   

A satellite power system required solar panel to provide 
energy and orientation but in the dark region in orbital path 
required FESS. The study in [46] implemented a FESS for 
the space application. Fig 6 shows the current reference 
method (CRM) and FESS in the proposed system that 
consist of solar pane, inverter to converter DC to AC 3-
phases, LC filter to stabilize the voltage, brushless DC 
motor and flywheel [46]. In [47], the authors designed a 
model of flywheel micro vibration isolation system to isolate 
the micro vibrations generated by high speed operating 
flywheel induce to unstable spacecraft payload and network 
bus. In [48], the authors studied about the effect of 
supercapacitors to the satellite power system by using 
torque flywheel whereby the traditional satellite power 
system has limitation on the battery capacity and space to 
meet the requirement of the high torque flywheel. The study 
in [49] tested the flywheel micro vibration with six 
component test benches to study the impact of flywheel 
micro vibration that produce high-resolution optical satellite 
with space-borne integrated. This impact of this vibration 
can be resolve by applying flywheel vibration isolator on the 
camera. The study in [50] designed vibration reduction for 
the flywheel system to study about nonlinear energy sink. 
This system should be able to meet requirement of 
structural strength, amplification of resonance peak and 
other performance needed in aerospace engineering. In 
[51], studied about the advancement flywheel motor 
powered by human has been applied at rural area. The 
investigation on the various research proved that the 
flywheel motor powered by human can produce until 5hp 
that can be utilized in rural area for different types of 
motorized machines application.  
 

 
 

Fig. 6. CRM and flywheel energy storage system. 
 
Limitations of FESS  
 Flywheel can be dangerous element in machine system, 
caused catastrophic and explosion when any failure 
happened to their body structure due to the stored kinetic 
energy can be released in the fast respond. Any failure 
occurs in the FESS required high level of expertise when 
the traditional approach by using human engineered 
features applied to detect a fault. In [52], the authors 
proposed a solution to detect fault in the FESS by using 
vibration-based fault detection method to monitor the 
flywheel condition. This experiment proved that the vibration 
signal can be detected by using data-driven method to 

observe faulty operation at the end of flywheel life with high 
accuracy. 
 Induction machines (IM), permanent magnet machines 
(PM), and variable reluctance machines (VRM) are 
common electrical machinery used in FESS [53][54]. 
Because of its ruggedness, increased torque, and low cost, 
an IM is employed in high-power applications [55]. The 
main issues with IMs are speed restrictions, difficult control, 
and increased maintenance requirements [56]. Because of 
its better efficiency, high power density, and reduced rotor 
losses, the PM is the most widely utilised machine for FESS 
[57]. Due to the speed restrictions of IMs and the torque 
ripple, vibration, and noise of VRMs, it is commonly utilised 
in high-speed applications. The issue with a PM is its high 
price, limited tensile strength, and idling losses due to stator 
eddy current losses [17]. Hybrid PM reluctance machines 
have been developed to alleviate these drawbacks. 
 
Recent development in FESS  
 In study in [58] presented a new digital technique of 
pulse width modulation (PWM) to control six pulse three-
phase inverter for brushless direct current (BLDC) motor 
drive controlled by using Spartan 3AN field programmable 
gate array (FPGA). The advantage of this control technique 
is low cost and able for high speed performance. Fig 7 
shows the system topology of the control technique 
proposed by the author [58]. 
 

 
 
Fig. 7. System topology of digital PWM control technique for BLDC 
motor.            
  
 The study in [59] presented a novel of Input-Output 
Linearization AC voltage controlled for Dynamics Voltage 
Restores with proportional integral (PI) controller. The 
flywheel in the shape of cylinder with vertical axis from 
seamless steel hollow is driven by AC-AC matrix converter 
presented higher response speeds [60][61]. 
 In [62], the authors designed an integrated system 
between flywheel and triboelectric nanogenerator with spiral 
spring to store energy in the form of a continues rotational 
energy of a flywheel and the potential energy of a spiral 
spring that can improve energy harvesting of intermittent 
excitations. In [63], the study proposed a magnet coil power 
supply for a small tokamak by using a self-excited induction 
generator couple with flywheel which is tokamak devices 
required large amount of pulse power consumption when 
the power grid is not robust enough. This proposes system 
succeed to achieve a peak power at 117kW and 55kW 
rated induction motor/generator in 0.25s flattop period. Fig 8 
shows the main topology of the proposed system of self-
excited induction generator [63].  

In [64], the authors designed FESS to improve quality of 
electrical energy by using three-phase induction machine to 
drive high inertial loads of flywheel applied to synchronized 
grid generator system. This proposed system shows how to 
connect a high inertial cylindrical flywheel to the induction 
machine to improve stability in the grid. The result of this 
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experiment shows that application of the cylindrical flywheel 
into the grid make improvement in power quality by 
increasing energy conservation efficiency.  

 
 
Fig. 8. Main circuit diagram of the flywheel energy storage system. 
 

In [65], the authors solved the limitation of the wind 
power due to the intermittent nature of power generation 
depending to the weather by adding flywheel energy 
storage technology to the system. This application of FES in 
the system can improve the power stability supply to the 
load at constant value. However, the output power to grid 
still unstable when FESS reaches at its limit and the power 
of wind turbine fluctuate.  

The study in [66] proposed a control system that consist 
of fuzzy controller to create regulating speed of wind 
generator that used permanent magnetic synchronous 
generator and coupling to the FESS. The FESS in this 
proposed system purposely used to vary the power supply 
connected to DC bus stage. The extra power stored in the 
FESS and will use when needed. The FESS in this system 
consists of squirrel-cage induction motor and flywheel.   

In [67], the authors used synchronous reluctance motor 
supported with permanent magnet in the FESS with vector 
digital controller which consist of offset and dead zone 
measurement error ability. This control system able to 
handle unstable speed of the motor. In [68] make 
improvement to the power frequency stability with 
hierarchical control for DC micro-grid in Electrical vehicle 
(EV) charging station with hybrid power source between 
FESS, solar and battery. Fig 9 shows the micro-grid 
topology EV charging station with hybrid power source 
proposed by the author [68]. 

The study in [69] applied flywheel to the robot motion by 
supporting two point rough plane with regulating internal 
friction and mass. This proposed design of flywheel with an 
eccentric mass and control algorithm is purposely to solve 
the problem of the planar motion caused by friction in the 
robot mechanism.  

 

      
 
Fig. 9. Micro-grid topology for EV charging station with hybrid 
energy storage. 

 

Issues and Challenges  
 The first issue is to increase the duration of electrical 
power generation from the existing flywheel energy storage 
system by increasing the efficiency of the system [70][71]. 
Due to bearing friction and air resistance causes the 
flywheel to stop rotating. In order to increase the generation 
period to occur without interruption then the energy loss 
caused by friction and air resistance must be reduced or 
eliminated. With a view to obtaining a longer period of 
electricity generation while improving the efficiency of 
existing systems, various efforts have been undertaken. 
Typically, magnetic bearings and vacuum housings have 
been used to solve this problem. Normally, steel flywheels 
commonly used in energy storage systems are dependent 
on mechanical energy caused by inertia [72]. The presence 
of friction and air resistance on the mechanical system 
causes the mechanical energy stored in the flywheel to be 
reduced and depleted.  
 The second issue is to overcome the problem of starting 
the rotation of the flywheel at the beginning of operation 
which requires high torque as well as low power 
consumption to improve the efficiency of the system [73]. 
For systems that are on the grid, high-powered motors can 
be used without any problems. The disadvantage of using a 
high-powered motor is that it will result in high power 
consumption and maintenance costs. After the system has 
already achieved synchronous speed at the set point, the 
torque required to maintain the speed already low then only 
needs a low-power motor for this purpose. For conventional 
systems, the operator will use a manual method to assist 
the motor to rotate the generator and flywheel at the start of 
operation [74]. This method is not suitable for automated 
systems used for emergency operations or backup power 
supplies. High torque is required for starting of operation to 
gain resistance forces resulting from the weight of the 
flywheel, bearing friction, and air resistance. For off-grid 
systems applications, the use of high-powered motors 
becomes a challenge that needs to be overcome. The 
energy produced from solar, or wind energy is non-
continuous energy. So, a motor that uses low power is more 
suitable to be used to drive the flywheel at the start of 
operation. Typically, electrical power generated from solar, 
or wind energy is direct current [75]. Direct current energy 
will be stored in the battery for further use. Here a single-
phase inverter will be used to convert direct current to 
alternating current. The use of high-powered motors also 
will increase the cost of system development and 
maintenance.  
 This flywheel energy storage system also requires motor 
speed control at the nominal speed level required by the 
generator to produce the optimal output voltage [76][77]. A 
high-efficiency control system is required to ensure that the 
motor can drive the generator at the required speed. 
However, the speed of a motor that is changed by using a 
frequency inverter requires a control system that can keep 
the system moving at the desired speed constantly. The 
motor speed cannot be automatically determined to be at 
the desired speed level if no closed-loop control system is 
applied in the system.   
 Non-stop electrical power generation is becoming a new 
challenge in the world of flywheel power generation system 
technology research [63][78]. Ongoing research has been 
conducted so that a non-stop continuous energy generation 
system becomes a reality. The importance of producing 
something new for this study provides a new idea and 
discovery that benefits the industry and even the world of 
research. To date, an electric power generation system with 
a non-stop continuous flywheel energy storage system is 
still unrealistic, but it has not become impossible to find. 
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Studies are still ongoing to achieve this dream and this 
system is also known as a free energy generator [79].         
    
Conclusions and Recommendations    
 The FESS with various topologies gives many benefits 
in renewable energy application for alternative power plant, 
especially for micro-grid. A review on FESS application 
shows that they can be used in various field of technology 
from vehicle until to space. Application of FESS with 
automated system and power electronic make the power 
plant or micro-grid produce more efficient energy 
conversion of the power from renewable energy to the load. 
Using of FESS equipped with converters and inverters can 
address the limitation of Flywheel system drive, which 
include high starting torque, low voltage supply, unregulated 
voltage, and unstable power. A hybrid flywheel with solar 
panel, wind turbine or battery or other source can stabilize 
the power conditioning to balance and fulfil the excess and 
insufficient power condition in the micro-grid. This review 
also shows that the development of magnetic technology 
with various technique use for FESS improvement. 
Application of permanent magnet motor, hybrid mechanical 
and magnetic bearing in FESS introduces improvements in 
terms of increased efficiency of the system. The topology of 
the hybrid micro-grid technology can be divided into three 
stage which are renewable energy power source such solar 
or wind generator, storage energy system such battery 
charging system or flywheel storage system, and power 
electronic such a converter or inverter to control the power 
to the load.  
 In conclusion, the design of control systems and power 
electronic topologies is considered important in FESS to 
increase the reliability of the system can be used anywhere 
and anytime. Therefore, more research on the development 
of new topologies for FESS with new switching technique 
control for power electronic or improve the existing 
technology in the flywheel system drive to create a more 
robust application. Currently, there are many improvements 
focused on mechanical friction and air resistance due to the 
power loss in the system but not in control and power 
electronics. FESS with improved power electronic 
technologies and intelligent control systems can be 
considered as promising alternative energy storage for the 
micro-grid application.  
• For future recommendations, the approach taken are with 
the addition of hybrid flywheels to the flywheel energy 
storage system has been made. With the addition of hybrid 
flywheels consisting of steel flywheels and magnetic 
flywheels, this storage system no longer relies on inertia 
alone. With these improvements, the friction and resistance 
that reduce the energy stored in the flywheel can be 
overcome. Therefore, the duration of electric power 
generation will increase, and the efficiency of the system 
will be higher. 
• Here, the frequency inverter is the best choice to control 
the speed of the squirrel cage motor. This is because the 
frequency inverter controls the motor speed by simply 
changing the frequency of the three-phase power supply 
resulting from the three-phase full-bridge inverter method 
with six IGBT as the switch without using the resistance 
control method which will cause high power loss and energy 
waste.    
• Pulse width modulation used to control the frequency of 
the inverter does not cause power loss when a power 
change occurs. In addition, a frequency inverter can be 
used only connecting to a single-phase power supply to run 
a three-phase motor. This is because a frequency inverter 
will produce a three-phase power supply as its output 
voltage. Just by changing the frequency of the inverter. The 

motor speed will change without changing the supply 
voltage. By increasing the frequency of the inverter, the 
motor will rotate faster.  
• The star and delta connection method with a combination 
of low-power motors can provide improvements to the 
system by providing sufficient torque for the high-inertia 
flywheel drive motor at the start of operation. This hybrid 
method of double star and delta connection can produce 
high torque and driving force at highly efficient speeds. The 
double delta connection can be used to drive the flywheel at 
the beginning of the operation and after reaching the 
desired speed synchronously with the motor, flywheel, and 
generator are at the same speed, and then the system can 
change the double star connection to continue operation. 
The use of a lower current will increase the efficiency of the 
system and reduce power consumption.            
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