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ARTICLE INFO ABSTRACT

Flywheel Energy Storage System (FESS) is an electromechanical energy storage system which can exchange
electrical power with the electric network. It consists of an electrical machine, back-to-back converter, DC link
capacitor and a massive disk. Unlike other storage systems such as the Battery Energy Storage System (BESS),
FESS is an environmentally-friendly short- or medium-term energy storage system, which has the capability of
numerous charge and discharge cycles. These characteristics make the FESS a suitable choice for different
applications in the power system such as power quality improvement, power smoothing, renewable energies
integration support, stability improvement, etc. This paper presents an overview on the structures and
applications of FESS in power system and Microgrid (MG) and also challenges, problems and future works
discussed. It can be a driver for development of FESS applications and also recommends suggestions to use its
advantages in other areas. Investigation of different studies shows that FESS, as a developing technology, can
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play an effective role in the operation of the present and future power system and MG.

1. Introduction

Nowadays, the electric power system is quickly developing and
needs more power generation units and transmission lines. This fact
increases the complexity of the control and management of the power
system. On the other hand, growth in new types of electric demand
leads to different problems such as power quality issues for system
operators [1-3]. In addition, by the expansion of the power system
area, the protections of these systems will be more complex [4].

Growth of energy consumption, recent advances in generation
technologies and environmental considerations lead to application of
renewable energies such as solar and wind turbine units, and new
small-scale electrical energy systems such as fuel cells. These types of
energy resources, which are usually dispersed in network, are called
distributed generations (DGs) [5]. By increasing the penetration of
these units, due to the small capacity and stochastic nature of these
DGs, many problems such as power quality or imbalance between
supply and demand may occurred in Microgrids (MGs) [6,7]. To
overcome these drawbacks of DGs, the Energy Storage System (ESS)
can be applied as a common solution. ESS can inject or store energy in
power systems and MGs when it is required. The ESSs can be used in
Flexible AC Transmission Systems (FACTS) devices [8] to increase the
transfer limit of transmission lines or improve the power quality in

* Corresponding author.
E-mail address: a.a.khodadoost@aut.ac.ir (A.A.K. Arani).

http://dx.doi.org/10.1016/j.rser.2016.11.166

MGs and power systems [9]. Large ESS can supply electrical power for
several hours in power systems. Moreover, ESS can release huge energy
in a few seconds for applications used in military [4,10-12].

Flywheel Energy Storage System (FESS), as one of the popular
ESSs, is a rapid response ESS and among early commercialized
technologies to solve many problems in MGs and power systems
[12]. This technology, as a clean power resource, has been applied in
different applications because of its special characteristics such as high
power density, no requirement for periodic maintenance, no pollution,
long lifetime, high cycle efficiency (about 85%), etc [13—15].. Although
this energy storage system has relatively high capital cost (5000
$/kWh), it has low annual operation and maintenance cost (19
$/kW-year) [12]. The main characteristic of the FESS is its low energy
density and high power density, which makes it suitable for short-term
applications [16]. In addition, while other energy storage, such as BESS
or FC, may require temperature control system, this ESS do not any
controlled temperature environment. Fig. 1 shows an example of the
FESS application in a MG.

The FESS, as a fast response ESS, can provide a large power in
fraction of second. In addition, its long lifetime and high efficiency (90—
95%) are two of the main advantages of this ESS [18]. In addition, it
has a low stand-by losses (over several minute to several hours)
compared to other ESS. Todays, the application of this ESS has been
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Fig. 1. MG and application of FESS [17].

increased in different aspects of man life. Electrical vehicle, space
projects, military equipment and power system applications are some
cases of different applications of it. Different review works have been
written in ESS area which have been focused on different aspects,
characteristics and applications of BESS, thermal ESS and other ESS
[19,20]. However, a comprehensive review on the FESS and its
application has not presented. Due to the mentioned advantages of
the FESS, a review on its applications can be useful for future studies
and researchers to know different aspects of FESS. It can be a driver for
development of FESS applications and also recommends suggestions to
use its advantages in other areas. In this paper, a comprehensive review
on different structures and applications of the FESS in power system
and MG has been presented. The advantages, challenges and future
work in this area have been discussed.
The main contributions of the paper are summarized as follows:

1) This paper presents the first comprehensive review on the FESS
structure. Two types of FESSs exist: low-speed and high-speed
FESSs. The usage of the magnetic bearings, vacuum enclose, and
composite disk are some characteristics of high-speed FESS and in
a low-speed structure, mechanical bearings and steel flywheel are
used where vacuum enclose is not required. These differences
results in different applications of them which are investigated in
this paper.

The FESS application in MG is comprehensively presented and
reviewed in this paper. Also, its application in power system is
discussed.

3) A discussion on future and challenges of this subject is presented.

2)

The rest of the paper is as follows:

A review of FESS structures is carried out in the next section from
mechanical as well as electrical points of view. In Section 3, different
applications of this storage system are studied and reviewed. Finally, a
conclusion of the paper is presented in the last section.

2. Flywheel Energy Storage System Structure
2.1. Physical structure

2.1.1. Flywheel

Flywheel, as the main component of FESS, is a rotating disk that
has been used as a mechanical energy storage device. For several years,
as its primary application, flywheel has been used for smooth running
of machines. Two kinds of materials have been used in the flywheel
disks [21]. Before 20th century, steel was used in its structure.
However, due to advances, composite materials have been tested in
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Fig. 2. High speed FESS [12].

the flywheel structure. The difference between steel and composite
materials is their rotational stress limitations. The composite-based
flywheel can support higher speeds and rotational stress threshold than
the steel-based ones [22]. Therefore, composite materials can be used
in high-speed flywheels (up to 100,000 rpm) with lower weight and
steel, which has more weight, can be applied in lower speed ones (up to
10,000 rpm) [8,13,23]. The main problem of composite material is its
cost, which is expected to be decreased in future. This material provide
a high power density in low occupied volume.

As shown in Fig. 2, FESS as an electromechanical storage system,
can store the electrical energy in kinetic energy form in its rotating
mass. The stored energy in the flywheel can be calculated as follows
[24]:

EFW = l J(Uz
2 1)

Where, Ery is the stored energy in the flywheel and J and w are
moment of inertia and angular velocity of rotor, respectively. As it can
be seen in (1), in order to increase stored energy of flywheel, two
solutions exist: increasing in flywheel speed or its inertia. The moment
of the inertia depends on shape and mass of the flywheel. Generally,
rotor is a solid cylindrical object. So, for a mass of m, radius of r, length
of a and mass density of p, J can be calculated as follows:
J=lmr2 = l/Jazrr4

2 2 @

By increasing disk radius or using high density material, it is
feasible to store more energy. Flywheel operation can be formulated by
using a simplified mechanical equation as follows:

do

=Tm — fo
dt £

(3)
Where, Te, is the electromechanical torque and f is the friction
coefficient.

2.1.2. Bearings

One of the most important mechanical components of FESS is its
bearings. Two possible types of bearings can be used in FESS structure:
a) mechanical bearings and b) magnetic bearings. Mechanical bearings
have been usually used for low-speed flywheels and have some
disadvantages such as high friction, high losses, need of lubrication
and maintenance and low lifetime. Magnetic bearings levitate around
the moving rotor shaft in the FEES without any physical contact, as
shown in Fig. 2. Due to their low friction, these bearings decrease losses
and support the system to reach high speeds [25,26]. There are two
types of magnetic bearings: passive and active. Passive bearings are
made of permanent magnets, while another type consists of a coil and
feedback system, which makes it more stable than passive bearings as
well as more expensive [27,28].

As a result of using magnetic bearing, the speed of the disk can be
increased. Therefore, aerodynamic friction is increased which causes
aerodynamic losses. To overcome this problem, disk and magnetic
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Fig. 3. Detailed electrical diagram of FESS.

bearing are confined in the enclosure that has low pressure air or
helium [29]. This section increases the costs as well. Although the
magnetic bearings are already expensive, it is expected in future their
costs will be reduced and their application for FESS become more
economical.

2.2. Electrical aspects of FESS

Fig. 3 shows detailed electrical diagram of FESS. As shown in Fig. 3,
the FESS has a massive disk, an electrical machine, a large capacitor in
DC link, LC filter in its input, control system of FESS and two Voltage
Source Converters (VSCs), which are interconnected back to back. In
the following, the role of different electrical components are described.

2.2.1. Electrical machine

An electrical machine is a requisite component of the FESS. The
machine can be controlled to convert the electrical energy to kinetic
energy and vice versa as described in next section. Different types of
electrical machines have been used in the FESS structure such as
Induction Machine (IM) [30-33], Permanent Magnet Synchronous
Machine (PMSM) [34—-37], Synchronous Homopolar Machine (SHM)
[38,39] and Switched Reluctance Machine (SRM) [40,41].

In [30], an IM-based FESS with Direct Torque Control (DTC) and
Field Oriented Control (FOC), has been implemented. In [31], DTC has
been used to control both DC link voltage and IM flux. A complete
description of DTC and its application for IM has been presented in
[32]. Due to the application of IM with at least one pair of poles, the
FESS has low speed (about 3000 rpm) in these studies. The speed can
be increased to almost twice of its nominal speed by operating in the
flux weakening region using DTC method [30]. IM can be established
with low-cost and high-strength material. In addition the linear and
nonlinear model of the IM based FESS have been carried out in [42]
and some simplifications for the FESS model has been done in this
study.

PMSM is usually used for high-speed applications. In [34] and [35],
design considerations of PMSM for FESS application have been
investigated and it is shown that the PMSM has high efficiency (about
95%) [34] and low losses [35], even for high speed (about 50000 rpm).
By the application of the PMSM, ultra-high-speed FESS can be built. A
PMSM-based FESS and its experimental results at 32000 rpm speed
has been presented in [36]. The results of this study show that the
proposed design is able to operate in the range of 150,000—
300,000 rpm. PMSM need no excitation and no winding for its rotor
leading to a decrease in its complexity. These types of machines have
been used in FESS with high power density [37].

SHMs have low rotor losses and are constructed from robust
materials resulting in high—performance FESS [38]. The rotor of these
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machines can be used as energy storage device of FESS. SHM with high
power factor and high efficiency can be used for high-speed FESS. The
SHM-based FESS can operate in 30,000—-60,000 rpm range and has an
average efficiency of 83% [39].

By using SRM, we can achieve high-speed operational range.
Similar to IM, the SRMs are more robust and have less production
cost than PMSM [41]. Although SRM is very robust and has no idle
losses, it needs excitation and has a low power factor and high rotor
eddy current losses [43]. Moreover, there are other types of electrical
machines that are similar to PMSM such as the Axial-Flux Permanent
Magnet (AFPM) [13,44] and brushless DC machine [45] that have been
used in FESS.

As mentioned, different machines can be used in the FESS
structure, which is related to its application. The IM is applied for
low speed FESS while other machines usually can be used for high
speed FESS.

2.2.2. Electrical interface

The electrical machine is connected to the power system or MG by a
power converter as the electrical interface. If energy flows from the
main grid to the FESS, the electrical machine will be accelerated and
this leads to an increase in stored energy. If the electrical machine (or
disk) speed decreases, the FESS will be discharged. The converters help
to exchange power between FESS and the main grid by controlling the
electrical machine.

The converter may be an AC to AC converter such as a matrix
converter which is used in [46,47]. This type of converter leads to an
increases the reliability [46] and power density [48]. An experimental
prototype of FESS with matrix converter has been presented in [47].
Generally, back-to-back converters are used in the FESS structure [49—
51]. This type of power converter includes two VSCs which are
connected back-to-back using DC link capacitor. The converter, which
is near to the electrical machine, controls its speed and flux for active
power control of the FESS. By using another converter, DC link voltage
is controlled [49]. If the energy is stored in the FESS, the machine-side
and grid-side converters operate in rectifier and inverter operational
mode and vice versa [50]. Recently, the optimization of power
electronics interface has been attended; In [52], a high efficiency
electrical interface for the FESS by Zero Voltage Transition (ZVT)
and Zero Current Transition (ZCT), has been proposed which leads to
improvement of energy saving from 2.5% to 3.5%. A low speed FESS
using DC machine, has been modeled which has a buck-boost convertor
[53]. A controller has been designed to determine the charging and
discharging rates of the FESS by regulating the DC voltage of the
machine terminal. Some characteristics of low speed and high speed
FESSs have been listed in Table 1.
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Table 1
Comparison between low and high speed FESSs [13,58—60].

Property Low speed FESS High speed FESS
Disk material Steel Composite
Electrical machine IM, PMSM, SRM PMSM, SRM
Bearing Mechanical or mixed (magnetic Magnetic

and mechanical)

Main application Power quality Traction and aerospace
industry

Cost Low High

3. FESS applications

In different researches, FESS has been used for many applications
and different purposes such as: Flexible AC Transmission System
(FACTS), power quality improvement, Uninterruptable Power Supply
(UPS) systems, power smoothing, stability improvement, aircrafts and
military projects, hybrid vehicles and renewable energy resources
integration. Fig. 4 shows diagram of FESS applications in the power
systems and MGs.

In the following subsections, a review of these applications and
their details are presented. There are several industrial and govern-
mental companies which have used the FESS in their facilities such as
NASA Glenn research center (for aerospace projects), Piller power
system Ltd. and Active Power Company (as backup source), Japan
Atomic Energy Center (for pulsed power generation), Boeing Phantom
Works (for peak shaving) and Beacon Power Company (for frequency
stability) [54—57].

3.1. Aircraft application

The FESS can be established in the space aircrafts, satellite and
International Space Station (ISS) as attitude control, momentum
management, primary electrical energy storage and backup energy
storage system [61—71]. The FESS for the ISS application has served as
a flight experiment in [62,63]. The main purpose of that project was to
upgrade the storage system and evaluation of replacing Battery Energy
Storage System (BESS) with FESS. The evaluations have shown that
BESS has a 3-5 year lifetime while FESS has at least a 20-year lifetime.
In addition, this chemical ESS has the problem of pollution of
environment while the FESS is environmental friendly and can
discharge in a few seconds without heat generation. Furthermore, the
FESS has not the stand-by loss that the BESSs have. Therefore, the
FESS application was more efficient. Researches showed that this
application is cost saving for ISS [67]. The FESS has been used to
control the satellite attitude in [71].

The FESS efficiency is a key parameter and the total efficiency of the
FESS includes charge, discharge and inverter efficiency. A comparison
between BESS and FESS shows that FESS efficiency is 98.5% and BESS
has efficiency of 91% [63]. Another important parameter in FESS is its
mass and volume [68]. The FESS has less volume and mass compared
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with chemical energy storage systems. In addition, thermal limitation
is wider for FESS [66]. In [64], high speed (70 krpm) FESS has been
used beside BESS for its charging control. They reduce the size of
photovoltaic (PV) panels, help the attitude control system and increase
reliability. The high power capacity FESS can store more solar energy
achieved by the PV panels to provide it for the night of spacecraft orbit.

In spacecraft and aircraft applications, more than 40,000 charge/
discharge cycles are usually required. BESS can only support about
10,000 charge/discharge cycles. These high charge/discharge cycles of
FESSs indicate a longer lifetime of at least 10—20 years. In addition, the
High-Temperature Superconductor (HTS) magnet flywheel has
100,000-150,000 charge/discharge cycles [65]. Small bearing losses,
high rotor speed and low weight and mass are some of the high-speed
FESS characteristics. In addition, the high efficiency of the FESS and
good life-time have attract many researches for future space project by
countries.

3.2. High power density applications

As mentioned before, FESS can provide high power density (1000—
2000 W/L). Also, other complex and expensive technologies such as
supercapacitor and Superconducting Magnetic Energy Storage (SMES)
can provide this power density [18]. Among these ESSs, the FESS can
full charge state to full discharge state within several seconds.

In [72], by increasing the FESS rotor mass, a pulsed power
application for the aircraft launch system has been produced. In this
application, FESS speed was 5,600 rpm in which stored energy and
peak phase current were 126 MJ and 6400 A, respectively. In addition,
FESS has been used in navy ships for its startup or power quality
improvement [73]. A HSM-based FESS with high performance power
control method has been proposed for high power pulsed system in
[74] and analytical analyses for a high speed FESS in such applications
have been presented in [75]. The fast response and high power density
of the FESS made it as a suitable ESS for pulsed power generator.

3.3. In FACTS devices

Some FACTS devices have a DC link in their structures combined
with an energy storage system such as supercapacitor, FESS or BESS.
Static Synchronous Compensator (STATCOM) [76,77] and Dynamic
Voltage Restorer (DVRs) [46,78] are two important types of these
devices. Connection of FESS in the DC link of FACTS devices has been
investigated in some works [65,66]. Fig. 5 shows two examples of such
applications [76].

In [76], to alleviate the problems of wind generation such as
fluctuations in the distribution network, DSTATCOM equipped by
FESS has been used. A fast-response DC voltage source should be
used in DSTATCOM to mitigate these problems. FESS can be a proper
candidate in this application.

The Voltage sag, as an important power quality problem in the
power system, can be mitigated by DVR. The DC link in the DVR
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Fig. 4. General diagram of FESS applications in the power system and MG.
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Fig. 5. FESS applications in FACTS devices [77].

structure can be fed by an electrical energy storage system such as
FESS. An application of FESS coupled with DVR has been presented in
[78]. A DVR is connected in series with the load and is used to
compensate voltage sag, which might have occurred due to a fault in
the power system or load changes such as motor starting [79].
Moreover, using FESS for compensation of voltage sag has been
implemented in [79,80]. To increase the survivability of the shipboard
power system that is vulnerable to voltage dips, a FESS has been used
in [80].

In [81], to compensate unbalance in grid generation and load
voltage, a new FACTS device based on FESS, called flexible power
conditioner, has been presented. Due to FESS characteristics such as
its fast response, it can quickly exchange active and reactive power and
enhance power system stability [82]. Table 2 listed a brief review on
these applications.

FACTS devices due to many advantages such as improvement in
performance of long distance AC transmission line and power flow
control, are developing. One of the main components which can affect
FACTS devices performance is ESS. The FESS due to high speed
response is one of the best candidates for these applications in future.

3.4. Uninterruptible power supplies (UPSs)

In some researches, FESS has been used in the UPSs [83-90]. A
hybrid system, including a low-speed FESS and a generator, has been
used as UPS to limit voltage fluctuations lower than 2% [88]. BESS and
the bulky capacitor have been substituted with FESS in 1996 [83],
which makes the size and weight of the UPS system smaller and lighter.
A single phase FESS-based UPS with overall efficiency of 80% has been
presented in [84]. To increase the efficiency of FESS-based UPS, a new
FESS structure using helium in the enclosure, has been proposed in
[85], to compensate the momentary voltage drops. In [86], Fuel Cell
(FC) as a green energy resource that can store energy has been
compared with FESS as a short-term and clean energy storage system.
As shown in [73], although FESS can permit only a short ride through,
it is reliable and can provide huge power in a few seconds. As shown in
[87], due to the fast response of FESS, the electrolyte capacitor, filter
reactor and battery can be eliminated in the previous UPS structure. In
addition, application of the FESS combined by other storage systems
such as BESS, has been proposed to mitigate the DC voltage ripple [91].

FESS has been used in [89] to support loads in emergency
conditions after main AC system disconnection. Longer lifetime and
no pollution lead researchers to use of FESS instead of BESS in the UPS
structure. In [92], an integrated MG laboratory including DGs, FESS

Table 2
A Brief review on different application of the FESS in FACTS devices.

Type Application Related references
FACTS devices flexible power conditioner [81,82]
Custom power devices (CUPs) DSTATCOM [76,77]

DVR [46,78]
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and diesel generator has been investigated. FESS alongside diesel
generator play UPS role for fast balancing of power in MG. Fig. 6 shows
FESS application in the UPS structure as described in [90].

3.5. Power smoothing (power leveling)

Some energy resources in the power system or MG have a
fluctuating nature. This decreases system reliability. Renewable energy
resources such as wind generation, have an intermittent and unpre-
dictable nature. Fig. 7 shows the effect of the FESS in smoothing output
power of wind generation units [93]. It has been implied that ESS,
which has a small energy density and fast ramp rate such as FESS, can
be used as a power smoothing and peak shaving device. The localiza-
tion of the FESS is very important to achieve optimal operation for the
system. A scheme for capacity allocation of hybrid ESSs has been
investigated in [93].

In [41,94-100], the application of the FESS in wind conversion
units has been studied. In [101], it has been concluded that among all
storage systems, FESS is a good solution for power smoothing of wind
generation units, considering its rapid response to output power
variations. In [41], a high-speed SRM-based FESS has been investi-
gated for power smoothing. The active power of wind generation units
can be controlled more efficiently by coupling a DSTATCOM with FESS
as expressed in [95]. In [96,97], rotor current decoupling of DFIG-
based FESS has been realized by using the artificial neural network to
control its injected power and for power leveling.

A hybrid system including adiabatic compressed air energy storage
system and FESS, has been proposed in [102] to overcome the problem
of wind generation units. In this application, due to unbalance of wind
generation and load requirement, the compressed air energy storage
system compensates low frequencies and high amplitude oscillations,
where FESS deals with high frequencies and low amplitude oscillations.
In [100], a new V/f control method has been proposed and the dynamic
response of the FESS, which leads to better grid power leveling, has
been improved.

3.6. Vehicles

Many researches in traction and vehicular applications are used the
FESS as a storage system, which can store large amounts of energy in
its rotating mass [11,103—109]. The application of the FESS reduces
pollution [103] and losses [105], increases efficiency [104] and has
faster response, lower weight, higher capacity and shorter charging
time in vehicles and trains compared with batteries [106]. FESS has
been usually used in large vehicles such as buses [11]. The effect of
FESS characteristics on vehicle operation and optimization of vehicle
power and FESS torque has been presented in [108,109]. A diesel-
electric plant can be replaced by FESS in a heavy haul locomotive
[110]. Although this application requires an intelligent energy manage-
ment system, it can decrease fuel consumption and pollution emission.
Recently, the application of the FESS in commercial and industrial
devices has been employed [107]. The FESS can provide high specific
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Fig. 7. Output power of wind generation units with and without using FESS [93].

power and energy for instantaneous load variations. The FESS has been
used along with other energy resources such as BESS in vehicles, called
hybrid vehicles [107]. This leads to an increase in BESS lifetime. As
mentioned before, the FESS has high specific power while BESS has
high specific energy. In [111], the application of the FESS in light rail
transit, reduces the whole cost about 11%.

3.7. Stability improvement and maintenance

Unbalance between generated power and consumer requirements
may occur and leads to instability. ESSs can help voltage stability by
storing or consuming electrical energy and improve voltage in different
areas of the power system. In this field, the FESS due to its
characteristics is an alternative device for BESS and other storage
devices. As investigated in [30,81,112—-123], the FESS application can
be used for stability improvement (dynamic or transient) and enhances
voltage and frequency variations in power systems and MGs.

In [112], the FESS has been used to enhance dynamic stability of an
offshore wind farm and reduce its power fluctuations. The control
strategy of the proposed IM-based FESS, which used a back to back
converter, has been described in [112]. In addition, the FESS can be
used for transient stability improvement of power systems [121]
because of its ability to inject or absorb large amounts of electrical
energy in a few seconds. The obtained results presented in [96,124],
show that the FESS with fuzzy controller tuned by a neural network,
has significant impact on stability improvement.

The application of the FESS for frequency regulation has been
discussed in many works [116,117,124]. In [117], the FESS has been
used to stabilize voltage and frequency of the islanded power system
including diesel generator, hydro and wind units. This scheme can
improve the dynamic performance of the power system and reduce the
fuel cost of the diesel generator.
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In addition, the FESS can be used for the frequency stabilization of
the power system. In [116], a small power system of wind farms
equipped by FESS has been investigated. The wind farms have output
power fluctuations that influence the power system frequency. A FESS
and its control strategy have been presented by the authors in
[116,117] to improve frequency behavior of the power system. In
[125,126], 200 units of FESS with a total capacity of 20 MW (large-
scale), established by the Beacon power company, have been intro-
duced to regulate frequency of a power system in 15 min. The FESS
and Fuel Cell (FC) have been used for frequency regulation in a MG and
it has been shown that the frequency in MG has been improved by
these devices. During low load period, the power as mechanical energy,
in the FESS and as hydrogen gas, in FC can be stored. During high load
period, this procedure can be reversed [127].

In [128,129], a cooperative control strategy consisting of primary
and secondary control has been proposed, for all micro-sources and
storage systems. Storage systems such as FESS due to their fast
response, participate in the primary control and other resources, such
as FC and Micro Turbine (MT), participate in the secondary control of
frequency. Another classification of operation modes of storage systems
has been expressed in [114]. Three control strategies for FESS in
islanded MG, including PQ control, droop control and V/f control, have
been investigated. Three mentioned strategies have been applied and
the effects of each method on the stability of the MG have been
investigated in [114]. The PQ control is the flywheel control strategy
only in the grid-connected mode of the MG. During islanded mode, the
PQ control has to be switched to droop control or V/f control methods.
Fig. 8 shows these three control strategies.

It is expected in future, development in the FESS area by increasing
its energy density and investigating the feasibility of its modular
application, will improve the power system stability.

3.8. Application of FESS for renewable energy resources integration

Although fossil fuel based power plants are the major types of
electrical energy providers usually, several problems such as environ-
mental pollutions, fuel cost and increasing demand of electrical energy,
lead to an increase in renewable energy usages [10,130-132]. Wind
turbines and PV solar systems are two major types of renewable energy
resources. As a power generation unit, the unpredictable nature of solar
radiations and wind speeds cause fluctuation and unreliable genera-
tion. These characteristics limit their applications in stand-alone
systems. To solve this problem, using a storage system such as FESS
or BESS, has been studied in [115,132—134]. The ESSs can capture the
produced power by renewable energy resources and inject it to power
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Fig. 8. a) FESS control strategies and b) Primary and secondary frequency control.

system or MG when it is necessary.

Power systems comprising these storage systems, can provide
sufficient power when a sudden deficiency in the generation of wind
or solar generation units occurs. Variations in their output power
usually occur for a short period of time and a short term ESS such as
FESS is suitable for these situations compared to BESS. In [132], a
supervisory control for a MG including FESS, PV and wind, has been
presented. The goal of the proposed dynamic power control is feeding
all the loads and preventing black-out occurrence in the system, when
Maximum Power Point Tracking (MPPT) strategy has been run for
both renewable energy resources.

3.8.1. FESS with wind generation units

Fig. 9 shows the FESS application alongside the wind turbine in two
sample structures. It has been discussed in different literatures
[30,31,76,77,95,135—141]. In [136], the control of the wind turbine
including Doubly Fed Induction Generator (DFIG) and IM-based
FESS, has been studied and FOC has been described and applied to
the machine side converter. As mentioned in [30], the FESS with the
new Direct Torque Control (DTC) method has been used for variable-
speed wind generators to improve the dynamic behavior of the FESS.
In [76,77], due to intermittency of wind, the FESS is used along with
DSTATCOM. The FESS active power has been controlled by using a
fuzzy logic controller to smooth the output active power of the wind
turbine in [95]. Distributed control scheme for the FESS and wind
generation units has been proposed in [142] which has been improved
dispatch problem by using local information.

In [135,137], active power smoothing of wind fluctuations has been
provided by using a fuzzy logic controller for the FESS. In [136,138],
the operation and control of the DFIG-based wind turbine, which has a
matrix converter associated with IM-based FESS, has been presented
and it has been shown that this solution is technically feasible. The
application of the FESS for wind farms with HVDC links, has been
presented in [143]. The FESS has improved both transient and steady
state behavior of system including wind farm due to surge power
absorption of FESS. The low maintenance requirements and high
initial cost are some characteristics of the proposed structure.

3.8.2. FESS with solar generation units

PV panels are used to convert the energy of sunlight to electrical
energy. The radiation of the sun is varies during the day or seasons of a
year. Consequently, the generated electrical energy is not constant. In
[144], a review on problems of photovoltaic system and the solution

Wind Turbine

Load
/
Network

Converter

res JEOHE]

Fig. 9. FESS application alongside wind turbine; two possible structures [137].

has been done. The main problems are voltage fluctuation, voltage rise,
reverse power flow, voltage flicker and effect on system frequency. As a
solution for these problems, different ESSs such as BESS, SMES, etc.
have been proposed in literature. Electrical storage systems such as
FESS can absorb additional power generated by PVs or compensate
lack of power due to weather condition variations [145-151].

In [145], an experimental test has been carried out to investigate
the application of the FESS in PVs to enhance the voltage regulation
problem which occurs at light loads. The test has been done for
different speeds of the FESS and the results were acceptable. The
coordination of the FESS and PV has been implemented in [146] that
increases system reliability. In [147], a FESS has been used alongside
PV power plant to compensate unpredictability of the solar energy. Also
in [148], a micro-FESS has been applied to a system including PV
panels and it has been indicated that the application of the FESS
controlled by an appropriate control method, can compensate the
variations of the PV generation. The authors in [149], have applied a
high-speed FESS-based PV which has been controlled by MPPT and
was cost-effective. Fig. 10 shows the application of the FESS along with
PV.

The application of the FESS beside solar units has helped to
overcome some problems such as uncertainty and power fluctuation
of these units.

4. Discussion

The FESSs have some characteristics, which cause to prefer to other
ESSs in different applications. It has long life-time and almost
unlimited charge/discharge cycles which BESS (as a mature technol-
ogy) has not this characteristics. The FESS can discharge in few
seconds a large amount of power, which is suitable for pulse power
generation, power system stability and frequency regulation. Although
the FESS has high investment cost, it has low maintenance cost. In
despite of BESS and supercapacitors which have chemical material, the
FESS has not any pollution and is environmental friendly.

Two main structure of FESS exist: low- speed and high-speed. The
low-speed FESS consists of steel rotor, no vacuum enclose, mechanical
bearings and low speed electrical machine such as IM. The high—speed
FESS type has vacuum enclose, composite rotor, magnetic bearings and
high speed electrical machine such as PMSM. Since the stored energy
in the FESS is related to inertia and speed of disk, the low speed FESS
has steel disk with higher inertia and lower speed, while the high-speed
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Fig. 10. FESS application alongside PV [147].
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FESS has composite disk with lower inertia and high speed. In higher
speed, the magnetic bearings and vacuum enclose are very important
which leads to less friction compared to mechanical ones. The only
advantages of low-speed FESS than high-speed one are low initial cost
and less complexity in its structure.

One of the main problems of the FESSs is their high initial cost. The
electrical aspects of the FESS are matured. It is expected that in future
by progress in other technologies such as material, electromagnetic and
mechanical engineering, the speed of the FESS will be increased and its
cost will be reduced. In addition, as mentioned before, the FESS has
high power density and low energy density which limits its application.
This problem can be solved by application of several of this ESS as a
farm of FESS to provide high energy density. This farm are now used as
20 MW FESS farm for frequency regulation. The increment of its
efficiency can be done in future by research development.

Nowadays, the power system and MG require more flexibility. The
FESS can improve the reliability and security of system. It can provide
huge power in fraction of seconds; consequently, it can be used in UPS.
In the other hand, the huge FESS can store large amount of power in
low-load hours of grid and inject this power in peak hours of network.
The FESS can be applied for frequency regulation in power system and
participate in auxiliary service market. It can response to control signal
of operator more quicker than conventional generators in power
system. It is expected in future, development in the FESS area by
increasing its energy density and investigating of its modular applica-
tion, will improve the power system stability.

Due to increasing awareness of people and governments to envir-
onmental aspects such as reduction of CO, emission and using of clean
energy, the application of renewable energies have been increased. In
other hand, the intermittency and uncertainty of these generations are
the main challenge of them. In this situation, the FESS will be used to
provide a reliable and continuous power for consumers.

5. Conclusion

In this study, the FESS structures and its applications in power
systems and MGs have been investigated and an overview of previous
studies has been presented. The following conclusions can be drawn
based on this study:

Two types of FESS exist: low-speed and high-speed FESSs. These
two types are different from each other in their physical structure and
application. The usage of magnetic bearings, vacuum enclose, and
composite disk are some characteristics of high-speed FESS and in a
low-speed structure, mechanical bearings and steel flywheel are used
and vacuum enclose is not required.

The FESS has some characteristics that make it a desirable storage
system among other storage systems. FESS is completely environmen-
tally-friendly and has no pollution. It is able to charge/discharge for
numerous cycles without any depreciation, consequently having a high
life-time and low maintenance requirement.

The above characteristics make it suitable for applications that need
a short- or medium-term energy storage system. Its presence in
aerospace and military projects, FACTS devices, UPSs, renewable
energy resources are some of these applications which have been
reviewed.

Although the FESS has many advantages, but some drawbacks such
as low energy density and high initial cost limit its usage for some high
technological applications such as space projects, military services, and
so on. Nowadays, the BESS has wide areas of applications in power
systems. It is expected by progress in different areas of FESS structure,
the BESS can be replaced with FESS. In the future, the application of
composite rotor for the FESS will be developed extensively, and its
speed will be increased which leads to increase in the power density of
FESS.
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