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Abstract—Flywheel energy storage is considered in this paper
for grid integration of renewable energy sources due to its inherent
advantages of fast response, long cycle life and flexibility in pro-
viding ancillary services to the grid, such as frequency regulation,
voltage support, etc. The fundamentals of the technology and
recent developments are reviewed, firstly with an emphasis on the
design considerations and performance metrics. Then the progress
and development trends in electric motor/generators employed in
flywheel energy storage systems (FESS) are summarized, showing
the potential of axial-flux permanent-magnet (AFPM) machines in
such applications. Design examples of high-speed AFPM machines
are provided and evaluated in terms of specific power, efficiency,
and open-circuit losses in order to validate their suitability in
FESS.

Index Terms—Axial-flux, flywheel energy storage system, mo-
tor/generator, permanent-magnet.

I. INTRODUCTION

Recent technological developments have spawned the growth
of renewable energy resources, such as solar and wind power.
The intermittent nature of these resources may introduce issues
with system stability, reliability and power quality. Storing
power from these intermittent sources with energy storage
systems partially decouples the energy generation from demand
and is thus considered as an effective approach to addressing
problems introduced by the penetration of renewable energies
[1], [2]. Interests in energy storage have seen rapid growth
recently and the renewable energy industry is expected to
generate a larger proportion of the overall energy consumption
in the near future.

Energy can be stored through various forms, such as ultra-
capacitors, electrochemical batteries, kinetic flywheels, hydro-
electric power or compressed air. Their comparison in terms of
specific power, specific energy, cycle life, self-discharge rate
and efficiency can be found, for example, in [3]. Compared
with other energy storage methods, notably chemical batteries,
the flywheel energy storage has much higher power density
but lower energy density, longer life cycles and comparable
efficiency, which is mostly attractive for short-term energy
storage.

Flywheel energy storage systems (FESS) have been used
in uninterrupted power supply (UPS) [4]-[6], brake energy
recovery for racing cars [7], public transportation [8], off-
highway vehicles [9], container cranes/straddle carriers [10],
and grids [11]-[13]. They were also proposed to be used in the
pulse power supply for electromagnetic launch systems [14].
Major manufacturers of FESS are tabulated in Table I, focusing
on UPS, brake energy recovery and grid applications.

The FESS technology has been reviewed from various per-
spectives, such as the system level [18]-[21], mechanical as-
pects [22] and specific applications [23]. The latest technology
progress focused on reducing the self-discharge and performing
ancillary services, such as frequency regulation, voltage sup-
port, renewable energy integration and potential peak electric
power shaving, showing the possibility of introducing FESS in
grid applications [24].

II. FUNDAMENTALS OF FESS
A. Configurations and Principle of Operation

A typical FESS, as shown in Fig. 1, includes a flywheel rotor,
an electric motor/generator and its associated drive, bearing
systems, and a containment. The flywheel rotor is a moving
mass that stores the kinetic energy. The machine and drive
work in three modes of operation, i.e., charging, standby and
discharging, and perform the energy conversion, as illustrated
in Fig. 2. During the charging mode, the machine works as a
motor and accelerates the flywheel, while in discharging mode,
the machine serves as a generator and extracts the stored energy
to supply the load.

Bearings are used to keep the flywheel rotor in place with
very low friction. They can be mechanical, magnetic or hybrid.
Active and/or passive magnetic bearings are usually employed
to hold the flywheel during operation, ensuring a long life,
reduced losses and low maintenance [25]. The high-temperature
superconducting (HTS) type has also been proposed to levitate
and rotate the flywheel [26]. Mechanical types may also be
included to hold the flywheel while it is stationary or below
operational speed. Additional catch bearings may be installed to
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Table 1
MAJOR MANUFACTURERS OF FESS AND THEIR APPLICATIONS

Manufacturer Ratings

Applications

ABB

Active Power

Beacon Power, LLC
Calnetix Technologies, LLC
Williams Hybrid Power
Kinetic Traction Systems
PowerThru -
PUNCH Flybrid
Ricardo PLC
Temporal Power -

1,800-3,600 rpm, 100-1,500 kW
Max. 10,000 rpm, 225 kW
Max. 16,000 rpm, 100 kW
25,000-35,000 rpm, 125 kW
Max. 36,000-45,000 rpm, 150-180 kW
Max. 36,000 rpm, 250-400 kVA

Max. 60,000 rpm, 60 kW
Max. 44,000 rpm, 100 kW

Renewable microgrid stabilization [11]
UPS [4]
Utility grid [13]
UPS [5]

Brake energy recovery for vehicles [7]
Brake energy recovery, UPS and grid [15]
UPS [6]

Brake energy recovery for vehicles [9]
Brake energy recovery for vehicles [16]
Utility grid [17]

provide a fail-safe system. The containment not only provides
an environment with low aerodynamic drag, but also shields
the fragments in the event of rotor failures.

B. Sizing Procedure for Flywheel Rotors

Flywheel rotors are built as solid or hollow cylinders. The
maximum kinetic energy stored in the flywheel £ is:

1
By = 5 Ju?, (1)
where wy,q, 1s the maximum angular velocity, J is the moment
of inertia, which is a function of the mass and shape of the rotor,
and for hollow cylinders, it can be expressed as:
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where m is the flywheel rotor mass and p the mass density, 7,
and r; are the outer radius and inner radius of a hollow cylinder
flywheel, respectively, h is the thickness of the flywheel rotor in
axial direction. The useful energy of a flywheel within a speed
range of minimum speed wy,;, and maximum speed w4, can
be obtained by:
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The ratio Wiin/Wma: depends on the voltage variation and
maximum torque for a given power rating. The peak torque
occurs at the lowest speed in discharging mode, as shown
in Fig. 2. A typical value for wyin/Wmaz is 0.5, in which
case, 75% of the total stored energy can be extracted from the
flywheel. The selection of this value also has an impact on the
life cycle [27].

The outer radius is limited by the yield stress of the material
oy, external stress o, introduced by the shrink-fit between the
flywheel rotor and shaft, Poisson’s ratio v and the maximum
rotating speed of the flywheel w4, :
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The thickness in the axial direction can then be estimated by:
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Based on (4) and (5), the maximum specific energy is:
Oy

E
E=K-L, (©)
m P
where K is the shape factor of the hollow cylinder flywheel
with isotropic material, such as steel:

e
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The shape factor K is a measurement of material utiliza-
tion and depends on the flywheel geometry, as summarized
in [28]. Considering ease of manufacturing and assembling,
conventional flywheel rotors are hollow cylinders with central
holes to install the shaft, which are used to couple the electric
motor/generator.

Equation (6) indicates that the specific energy (energy per
mass unit) and energy density (energy per volume unit) of the
flywheel are dependent on its shape, expressed by the shape
factor K, and the yield stress o,. By contrast, the power rating
depends on the motor/generator characteristics. This means the
energy and power rating can be sized independently, depending
on the application requirements. This flexibility is a particularly
advantageous feature of flywheel technology.

To achieve high-specific-energy flywheels, strong materials
with low mass densities are needed. Typical materials used in
flywheel rotors are listed in Table II based on data from [28].
The fatigue strength for a cycle life of 107 cycles o instead
of the yield strength is used to give more practical estimations
about the energy density and specific energy. The calculation
of Ey/m and E}/V for hollow cylindrical flywheels made of
metal uses K = 0.305 and K = 0.500 is used for flywheels
made of filamentary composites.

C. Performance Metrics

Uniform parameters and evaluation methods have been de-
fined by the Pacific Northwest National Laboratory (PNNL)
and Sandia national Laboratories (SNL) to serve as the basis
to compare the performance of different energy storage sys-
tems. The definitions are applicable to various energy storage
methods but not all of them are of special interest to a specific
storage method. In this section, only metrics essential to FESS
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Figure 1. A typical FESS with a solid flywheel rotor. A transparent view of the rotor back iron is employed in order to show PMs and stator coils.
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Figure 2. Typical operating cycles for FESS. The power rating is limited by
the lowest speed in discharging mode, where the maximum torque occurs. The
standby power losses are shown disproportionately for illustration purposes.

Table 11
FLYWHEEL MATERIAL CHARACTERISTICS.

Material p oy oy E,/V Ei/m

(kg/m®) | (MPa) | (MPa) | (kWh/m®) | (Wh/kg)
Steel - wrought 7,800 950 550 46.6 6.0
Steel - maraging 8,000 2,337 765 64.8 8.1
Titanium 4,500 1,186 662 56.1 124
Fiber - glass 2,000 1,100 220 30.0 15.0
Fiber - aramid 1,400 1,400 700 97.0 69.0
Fiber - Carbon 1,550 2,000 1,600 222.0 143.0

are presented. Table III lists the statistical results of published
FESS in terms of these performance. The definitions of depth
of discharge, round-trip efficiency and standby power losses
are presented below. The details related to other performance
metrics can be found in [29].

The depth of discharge is the percentage of flywheel energy
capacity that has been discharged, expressed as a percentage of

Table 111
PUBLISHED METRICS OF FESS. STATISTICAL RESULTS FROM MULTIPLE
SOURCES.
Metric Value
Power rating (MW) 0.001-10
Specific energy (Wh/kg) 5-200
Specific power (W/kg) 400-30,000
Energy density (kWh/m?) 0.25-424
Power density (KW/m?) 40-2,000
Round-trip efficiency (%) 70-96
Calendar life (year) 15-20
Cycle life (cycles) 10,000-100,000
Self-discharge rate (%/day) 24-100

the maximum capacity. The depth of discharge of flywheels is
up to the output power and the maximum current of the power
converter.

The round-trip efficiency is expressed as a percentage of
the useful output energy with respect to the input energy over
one duty cycle under normal conditions. The time period from
t3 to t; in Fig. 2 is a typical operating cycle. Round-trip
efficiency is a pivotal design factor especially for long-term
FESS. Nowadays, the round-trip efficiency of FESS can reach
80%-95%. The key metrics of FESS listed in Table III are based
on data compiled from [4]-[7], [9], [11], [13], [15]-[18].

The standby power losses are loss components that gradually
reduce the stored energy in the standby mode of operation. The
standby power losses depend on the design of flywheels and are
usually caused by friction, aerodynamic drag and open-circuit
motor/generator losses that slow down the rotor. To reduce
the standby power losses, vacuum containment and magnetic
bearings are usually employed [20], [21]. The standby losses
are designed to be very low, typically less than 25 W/kWh of
the stored energy and in the range of 1-2% of the rated output
power.

III. ELECTRIC MACHINES FOR FESS
A. Machine Topologies

PM brushless machines and squirrel-cage induction machines
of the radial-flux type have been widely used in FESS. Radial-
flux and transverse-flux homopolar induction machines have
drawn much attention during the past two decades considering



their low-standby-loss nature and the ease of integrating the
electric machine rotor with the flywheel [30]-[32]. However,
the torque/power density of this type is relatively low compared
with induction machines and PM brushless machines [33].
Other machines, such as synchronous reluctance machines, and
bearingless versions of PM brushless machines and induction
machines have also been proposed, yet experimental demon-
strations of the feasibility are still rare.

B. Research and Development Trends

The research in electric machines for FESS mainly focuses
on the reduction of standby power losses. The use of magnetic
or HTS bearings and installing the flywheel in low-pressure
containments are effective ways to achieve the goal. Flywheel
energy storage tends to use various active/passive magnetic and
HTS bearings to reduce the losses caused by friction as well as
extend the lifetime for maintenance-free operation. Retractable
configurations, i.e., adjustable airgaps [34], [35], and slotless
or coreless structures [36] have also been used to reduce the
standby power losses. The heat dissipation and thermal analysis
of electric machines are of significance if the motor/generators
are included in the low-pressure containments considering the
very low convective heat transfer in such conditions.

C. AFPM Machines

AFPM brushless machines have also been proposed for
FESS. An AFPM machine in a vertical arrangement with two
stators and one central rotor has been presented to improve
the round-trip efficiency by making full use of the axial
forces instead of active/passive bearings in [37]. The central
rotor serves as the flywheel of the integrated system and the
magnetic attractions between the rotor and stators were con-
trolled appropriately to counteract the rotor gravity. A flywheel
system with an axial-flux motor/generator whose airgap can be
adjusted dynamically to reduce the standby power losses during
idle periods has also been proposed [35]. A micro-flywheel
energy storage with an AFPM machine and HTS bearing was
fabricated and tested in [38]. The disk-type aluminum rotor
with high moment of inertia was used as the flywheel rotor
and the maximum speed reached 51,000 rpm.

IV. DESIGN STUDY OF HIGH-SPEED AFPM MACHINES FOR
FESS

In this section, two main topologies, i.e., the conventional
single-sided AFPM machine with stator and rotor cores and
the coreless structure with two rotors and a central stator, as
illustrated in Fig. 3, are evaluated by finite element analysis
(FEA) to show their suitability for FESS applications in terms
of specific power, efficiency and open-circuit losses. Both 3-
phase and 2-phase windings can be employed in the AFPM
machines under study. The coreless design example adopts the
2-phase wave winding in order to show the enhanced fault-
tolerant capability due to the magnetic decoupling between the
two phases.

The proposed motor/generator designs are modular low-
power high-speed units. They have the same power rating

(d)

Figure 3. Two typical AFPM machine topologies, (a) with stator core, (b)
without stator core. Concentrated or wave-type windings may be used to reduce
the length of end winding and associated copper losses, as well as for the ease
of manufacturing. Solid conductors are depicted for illustration, and they would
be made of fine wire or Litz wire to minimize the high-frequency AC losses.

17.5 hp and will run between 25,000 rpm and 50,000 rpm,
corresponding to a maximum depth of discharge 0.5. The same
envelope dimensions, i.e., total outer diameter = 200 mm and
total axial length = 50 mm, are used for both the designs with
and without stator core. The magnet grade is NdFeB N30 and
the stator core is made of lamination steel M15-29G.

For the AFPM machine with core, the fundamental frequency
at very high speed operation and number of poles are lim-
ited by the core losses, which are approximately proportional
to the square of fundamental frequency. By eliminating the
stator core and associated core losses, the coreless design
may employ a higher number of poles. A parametric study
is carried out to show the influence of number of poles on the
motor/generator performance. The current density is adjusted
accordingly to achieve the target torque 5 Nm at 25,000 rpm.
The motor/generator can operate up to 50,000 rpm but the
torque is reduced to 2.5 Nm to maintain constant output power.

As shown in Fig. 4, the coreless machine designs can achieve
a specific power output of around 6 kW/kg, regardless of the
number of poles from 4 to 10, while the design with stator core
has a much lower value due to the required large core volume
and mass. Furthermore, the applied current density reduces with
the increase in the number of poles for coreless machines. This
is caused by the relatively low torque capability of machines
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Figure 4. Specific power of AFPM machine design examples with and without
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Figure 5. Flux density and instantaneous current density distribution for an
example 4-pole coreless design using multi-strand conductors at 25,000 rpm.
The high induced current densities indicate that Litz wire may need to be used
to mitigate the high frequency conductor losses.

with a low number of poles for a small ratio of total axial length
to total diameter [39].

It may be noted that coreless machines tend to feature high
conductor AC losses, due to eddy currents induced by the time-
dependent variations of the airgap magnetic field, and therefore
would need to be designed with fine multi-strand conductors
or Litz wire. For the example design based on multi-strand
conductors shown in Fig. 5, the induced instantaneous current
density is more than twice the applied current density at 25,000
rpm, indicating that the use of Litz wire may be necessary in
this case.

The efficiency of the designed electric machines in charg-
ing/discharging mode is shown in Fig. 6. It may be observed
that the efficiency is almost invariant with the number of poles
for the operation at 25,000 rpm, while at 50,000 rpm, the
efficiency drops sharply with the increase of pole number,
indicating that either a lower rotor polarity, or a winding design
with Litz wire may be the right choice.

It is worth noting that in order to operate AFPM machines
with relatively large pole numbers at very high speeds, it is
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Figure 6. Efficiency of AFPM machine design examples with and without
stator core at 25,000 rpm and 50,000 rpm.

necessary to use wide-bandgap (WBG) switching devices to
enable higher fundamental frequency as well as improve the
system efficiency, such as sillicon carbide (SiC) and gallium
nitride (GaN) metal oxide semiconductor field effect transistors
(MOSFETs). Inverters with all WBG devices or hybrid switch
converters can be employed to drive the proposed low-power
high-speed units.

FEA results indicate that designs with a low number of poles
are preferred in terms of open-circuit loss. In order to take
advantage of the high torque per ampere provided by higher
polarity designs, the open circuit loss can be mitigated by
increasing the airgap length in standby mode.

The round-trip efficiency is closely related to both the
efficiency in charging/discharging mode and power losses in
standby mode. In short-term energy storage applications, the
efficiency in charging/discharging mode may be more impor-
tant. For long-term flywheel energy storage, the standby mode
may last a long period of time and the standby power losses
become the dominating loss component in a whole round trip.

Based on the calculation results of the design examples, it
can been found that AFPM machines, especially those with
stator cores, are subject to the constraints on the fundamental
frequency. Low number of poles are favored to reduce the
open-circuit loss. In the case of coreless machines, relatively
larger pole numbers provide higher specific power at the same
current density level and higher efficiency in the designed
charging/discharging speed range. Coreless designs may need
to use Litz wire in order to minimize the additional conductor
losses at high frequency. It should be noted that the current
density in conductors and heat dissipation of stator windings
may bring about additional challenges in designing high-speed
AFPM machines for FESS applications.

V. CONCLUSION

This paper reviews the fundamentals and recent develop-
ments of flywheel energy storage technology, with an emphasis
on applications in microgrid and utility grid for renewable
energy integration. To achieve high energy density/specific



energy, composite materials with high tensile strength and low
mass density are becoming increasing popular in constructing
flywheel rotors, enabling higher rotor speeds and larger rotor
diameters.

High-speed AFPM machines are evaluated in terms of power
density/specific power, efficiency, and open-circuit power losses
at high rotating speeds, showing their feasibility in FESS
with high energy density/specific energy. The adjustable air-
gap length of AFPM machines may further benefit the self-
discharge reduction in the standby mode. In addition, there
is a higher potential to integrate the rotor of axial-flux PM
motor/generator with the flywheel rotor due to its disk-like
shape. The design study conducted in this paper opens up
an opportunity for AFPM machines in the grid integration of
renewable energy sources.
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