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A Utility-Scale Flywheel Energy Storage System
with a Shaftless, Hubless, High-Strength
Steel Rotor

Xiaojun Li

Abstract—Energy storage is crucial for both smart grids
and renewable energy sources such as wind or solar, which
are intermittent in nature. Compared to electrochemical bat-
teries, flywheel energy storage systems (ESSs) offer many
unique benefits such as low environmental impact, high
power quality, and larger life cycles. This paper presents
a novel utility-scale flywheel ESS that features a shaftless,
hubless flywheel. The unique shaftless design gives it the
potential of doubled energy density and a compact form
factor. Its energy and power capacities are 100 kWh and
100 kW, respectively. The flywheel is made of high-strength
steel, which makes it much easier to manufacture, assem-
ble, and recycle. Steels also cost much less than composite
materials. Design and analysis of the shaftless flywheel are
presented first. In addition, the system incorporates a new
combination active magnetic bearing. Its working principle
and levitation control for the flywheel are discussed. The
design of an integrated coreless permanent-magnet (PM)
motor/generator for the flywheel is given as well. Initial
test results show that the magnetic bearing provides sta-
ble levitation for the 5443-kg flywheel with small current
consumption.

Index Terms—Energy storage, flywheel, frequency reg-
ulation, magnetic bearing, magnetic levitation, permanent-
magnet (PM) machine, renewable energy.

[. INTRODUCTION

HE Paris Climate Pact, which will take effect in 2020, has
I called on nations worldwide to “hold the increase in aver-
age global temperature to well below 2 °C above the pre-industry
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level” and pursue the goal of 1.5 °C above the pre-industry level.
To achieve this, it is necessary to reduce greenhouse gas emis-
sions generated by burning fossil fuel in power plants. However,
rapid economic development is driving up electricity consump-
tion. Many places in the world are still suffering from electrical
shortages. Efficiently storing and distributing energy is becom-
ing a critical challenge but also an opportunity. Energy storage
systems (ESSs) can play an essential role for power grids in
many aspects [1]. First, ESSs provide frequency regulations and
voltage sag compensations to improve the power quality of the
grid. Second, they can be utilized as bridges in providing a short
duration power supply for critical or high-power-demanding
applications [2]. A flywheel ESS (FESS) converts electrical en-
ergy and stores it as kinetic energy through a bidirectional power
converter, which also allows the stored energy to be discharged
back to electrical grid [3]. FESSs are usually supported by ac-
tive magnetic bearing (AMB) systems to avoid any friction loss
or wear by conventional bearings so that they can store energy
at high efficiency over an extended period. When compared to
electrochemical ESSs such as Li-on batteries, FESSs are ideal
solutions to utility-scale ESS due to their high power rating
and quality, superior depth of discharge, and number of lifetime
charge cycles [3]. In addition, they have a very limited environ-
mental impact. It is worth mentioning that apart from power grid
regulations, FESSs have also been designed as an integral part
of renewable energies such as wind and solar farms to improve
their efficiencies [3]-[5].

Major efforts are made in building innovative FESSs. They
can generally be summarized in the following areas: design
and optimization of the flywheel itself to achieve higher op-
tional speed [6] or design of innovative magnetic bearings and
motor/generator systems [7], [8]. Arvin and Bakis [9] have pro-
posed a concept design of a flywheel made of multiple rims,
press-fit, filament-wound composite materials. The optimiza-
tion uses simulated annealing algorithm and yields a specific
energy of 40-50 kWh/kg. Sung et al. [10] developed a 300 Wh
flywheel supported by two superconducting magnetic bearings.
The superconducting magnetic bearing does not need active
control and was capable of achieving 20 000 r/min spin speed.
Beacon Power Corporation commissioned a frequency regula-
tion power plant with flywheels made of carbon fibers. A single
unit costs $260 k (estimated) and is capable of 25 kWh. The
project budget is over $40 million. It is capable of 20 MW
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Shaftless flywheel

Motor Assembly

Fig. 1. SHFES flywheel with rated energy and power of
100 kWh/100 kW. The combination AMB is PM biased, Homopolar to
provide 5-DOF levitation.

peak power output [11], [12] proposed a 100 KWh, 2 MW fly-
wheel made of composite material. It has a specific energy of
15-18 Wh/kg. Active Power Inc. has developed a series of fly-
wheels capable of 3 kWh and 675 kW for UPS application, and
a single unit weighs 4976 kg.

The current FESSs have yet to be widely adopted as a utility-
scale energy storage solution. They have a higher capital cost
than electrochemical batteries [2], [13]. For instance, the Bea-
con Power’s flywheel system costs more than ten times of a
Li-on battery system with similar energy capacity even though
it can provide a competitive cost/(kWhsxcycles) considering its
higher charge/discharge cycles. Compared to other technolo-
gies like batteries or supercapacitors, FESSs have “moving”
parts. Thus, they are considered to have higher uncertainties in
failure modes. Composite flywheels are particularly subject to
this shortcoming because of their higher operational speeds and
the unpredictable mechanical property of the material. At last,
the majority of the existing flywheel systems are designed for
specific applications. They require specialized knowledge and
techniques for manufacture, assembly and maintenance, pre-
venting them from being produced en masse with a lower cost
per unit.

Texas A&M University has developed a novel AMB-
supported FESS that features a patented shaftless, hubless high-
strength steel flywheel [14] with an energy capacity of 100 kWh,
apower rating of 100 kW, and operation duration of 1 h. The sys-
tem will be referred to as shaftless, high-strength steel flywheel
energy storage system (SHFES) in the remainder of this paper.
The goal of this project is to introduce an innovative and com-
mercially viable utility-scale FES system for grid application.

[I. OVERVIEW OF THE SHFES

The SHFES is an extension and physical realization of the
concepts presented in [15] and [16] by the coauthors. This ef-
fort was originally supported in 2007 by the American Associ-
ation of Railroads and later in 2011 by the U.S. Department of
Energy through Calnetix Inc. Its design schematic is depicted
in Fig. 1. Its main specifications are summarized in Table I.
The shaftless flywheel is in the form of a solid disc. High-
strength steel is adopted as the building material so that it can

TABLE |
FLYWHEEL SPECIFICATIONS

Parameter Name Quantity  Unit/Standard
Outer diameter/ Height 2133/203 mm
Mass 5443 kg
Moment of inertia 3087 kg-m?
Rotational speed 5000 r/min

Tip speed 558 m/s
Energy/Power capacity 100/100 kWh/kW
Materials 4340 AISI
Material tensile strength 1500 MPa
Linear relative permeability 200 -

provide competitive power and energy capacity at a much lower
cost. The fabrications, manufacture, and recycling are also made
easy, with the composite component being replaced. Moreover,
SHEES has predictable fatigue life cycles, which are designed
to last for 30 years of operation. As shown in Fig. 1, the design
of SHFES is entirely different from a conventional flywheel
that has a shaft and hole through its center. The core compo-
nent of the SHFES is a shaftless, hubless high-strength steel
flywheel weighing 5443 kg, which is sandwiched between the
AMB and the motor/generator system. On top of the flywheel
lies a single combination AMB (CAMB) that is designed to
provide 5-DOF magnetic suspension for the 5443 kg rotor. The
CAMB is supported by a housing structure that is bolted to the
ground. A catcher bearing is installed underneath the flywheel
for drop protection. Spacers are placed between the CAMB and
the flywheel in case of CAMB failure. For the custom coreless
permanent-magnet (PM) motor/generator, its coils are installed
on a movable holding structure. During charge/discharge, they
will be inserted into the flywheel’s motor slot. A six-step current-
regulated voltage source inverter is used to drive the motor. To
increase the efficiency, the flywheel is designed to work in a
vacuum chamber.

In the remainder of this paper, the design and analysis of the
shaftless and hubless flywheel are presented. The magnetic bear-
ing’s working principle and magnetic suspension control are also
discussed. Motor design is presented as well. In the end, initial
testing results of the first-of-its-kind SHFES are presented.

Ill. DESIGN OF THE SHAFTLESS FLYWHEEL

The maximum kinetic energy that a flywheel can store is
an outcome of both its moment of inertia (/) and maximum
allowable spinning speed (w)

L.y

E= 2[ w”. (1)

For energy capacities, flywheels are designed to have a higher
moment of inertia and to rotate at a higher spinning speed. Since
the stored energy is proportional to the square of the spinning
speed, raising w increases the storage energy dramatically. How-
ever, a very high spinning speed will eventually lead to failures
caused by the stress developed by inertia loads. It was further
investigated in [17] that the maximum specific energy (energy
per mass, F,,) and the maximum energy density (energy per
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volume, F,) of a flywheel are determined by its shape factor
(K) and the material’s maximum strength (o, .x)

E@ = KUrllax
Em - KUlllax /P (2)

The shape factor K is determined by the flywheel’s geometric
profile. For instance, a Laval disc [18] boasts an ideal shape fac-
tor of one. However, its geometry profile makes it very difficult
to be manufactured or magnetically suspended. A conventional
flywheel in the form of an annulus disc will have a shape fac-
tor of 0.3 or lower, depending on the ratio of the inner-to-outer
radius and shrink-fit allowance. Meanwhile, the proposed shaft-
less flywheel has a shape factor close to 0.6. To take advantage
of the shaftless design, high-strength steel (HSS) is chosen as the
material. Composite materials are often chosen to make FESS
flywheels for its low density and high tensile strength. They may
have very high specific energy which is crucial in aerospace or
mobile applications. However, ground-based, utility-scale FESS
applications are much less reliant on system weight reduction
but sensitive to the cost. HSS flywheels, on the other hand, have
competitive energy density due to their high mass density and
moderate yield strength, therefore are very suitable for fixed,
ground-based, large capacity applications. Composite materials
are also not magnetically permeable, making the shaftless de-
sign inapplicable. Furthermore, HSS flywheels are superior to
composite ones in terms of thermal conductivity and reliability
since they have more available design data such as Stress-Cycle
(SN) curves and fracture toughness [14].

A. Shaftless Flywheels Versus Annular Flywheels

The conventional design of FESS includes a flywheel with a
center borehole which will significantly increase the loop stress.
To overcome this shortness, the presented SHFES is in the form
of a solid disc to improve its energy density. In the following,
the stress levels and energy densities of shaftless and annular
flywheels are compared.

A rotating flywheel is subject to both hoop (oy) and radial
(0,) stress

d 2,2 _
%(T‘O})—UQ—FPUJT‘ =0 3)
where p denotes the materials density and w the spinning speed
and r the radial position. The Von-Mises (o, ) yield criterion
is usually used for flywheel designing

oy =1/0? + 03 —0,09. %)

The maximum rotational velocity can be determined when
the maximum Von-Mises stress for solid and annulus flywheel
are close to material’s yield strength (o, ). For the latter case,
the shrink-fit-induced stress (o, ) also needs to be considered

3
Oum (shaftless) = %pwsz

=04 + 1 [(1 —v)a® + (3+v) bQ] (pr)

Oum (annular) 1
&)

6669
2.7
o a5 Shrink-fit
= Stress
sé 2.3 precentage
=1 k
5o —
g —10%
15 20%
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shaft to flywheel radius ratio
Fig. 2. Ratios of specific energy and energy density of shaft-less to an-

nular flywheels. The horizontal axis is the ratio of shaft radius to flywheel
radius. The different curves are results of stresses caused by different
shrink-fit allowances. In general, the shaftless flywheel will have a dou-
bled energy density.

where v denotes the Poisson’s ratio, and a and b are the inner
and outer radius, respectively. The maximum Von-Mises stress
occurs at the inner radius of an annular disc. The maximum
allowable spinning speeds derived from (5) is then applied to
(1) for determining the maximum specific energy and energy
density of shaftless and annular flywheel

B 20y

- (shaftless) = PICEn]
E B (oy —0sn) (a2 + bQ)
E(annular) S ol-va+Br 0 (6)

By comparing these two results, the energy density lift ratio
(Ap) of the shaftless flywheel to an annular flywheel is defined
as

2

(1-Ao) (14+)(3+v)
where ¢ = a/b denotes the ratio between the inner and outer
radius (equivalent to shaft-to-flywheel radius) for the annular
flywheel and Ao denotes the ratio of shrink-fit-caused stress to
the material’s yield stress. It can be concluded from Fig. 2 that
a lift ratio of 2 is guaranteed for most cases where the shaft
to flywheel radius ratio is small, making the proposed flywheel
nearly double its specific energy to 18-21 Wh/kg and energy
density to 138 — 161 kWh/m®. Composite flywheels reportedly
[3]-[5] have similar or higher specific energy due to their low
density and higher hoop tensile stress. However, they need to be
operating at a much higher speed (typically above 10 000 r/min)
to provide the same energy and have much higher cost for the
materials and fabrication.

B. Life Cycles, Costs, and Recycling

The flywheel’s life cycle depends on the ratio between the
maximum and minimum stress it experiences in one cycle. This
ratio (R) is dependent on the depth of discharge (DOD) based
on the following equation [15]:

R= Ulnin/UInax = (1 - DOD) . (8)

Since the shaftless flywheel can store 117 kWh at the maxi-
mum speed, with a DOD of 85%, it has an energy capacity of
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\\Control Flux Rotor (partial) Bias Flux
Fig. 3. Section view of the CAMB flywheel assembly. For better illustration purposes, the flywheel is truncated radially without affect the magnetic

flux paths. For the same reason, the PM bias flux path is only highlighted in the right half of the section, and the EM flux paths are only highlighted
in the left half. Note that there are eight radial control coils, four tilting control coils, and two axial control coils.

TABLE Il
CAMB SPECIFICATIONS

Parameter Name Quantity  Unit/Standard
Outer diameter/Height 1106/165 mm
Mass 544 kg
Materials 1010 AISI
Material tensile strength 350 MPa
Linear relative permeability 1000 -

100 kWh. The life cycle is derived from (9) according to [19]
log (Ny) = 11.62 — 3.75log (S — 80)

S = omax(1— R )

where N; denotes the life cycles. With a DOD of 85%, the
SHEES has 100 k life cycles, which is significantly higher than
typical li-on batteries. Since the DOD is a scalable factor, the
flywheel can operate at a lower DOD to give an even higher
life cycle. For instance, a DOD of 60% (70 kWh) gives about
460 k. The cost of AISI 4340 steel is about $1 to $5 per kilo-
gram. Composite flywheels are typically made of fiberglasses
and carbon fibers, which cost about $3-5 and $20-30 per kilo-
gram, respectively. The strength per unit cost of steel flywheel
(1400 MPa/$) is much higher than both of these materials (400
and 200 MPa/$) [18], [20]. There are other unique advantages
of HSS-based flywheel technology. Fatigue cracks will develop
in the flywheel when it reaches the end of its life cycle. The
SHFES can constantly be monitored by many existing noninva-
sive methods developed for monitoring steel structures such as
ultrasound or acoustic-based methods, without interrupting the
operation. Recycling of the SHFES only requires re-forging the
flywheel. The other option is simply fixing the existing cracks
and let the flywheel work at a lower revolutions per minute. To
improve its performance, the shaftless flywheel is forged and
machined as a single piece with the effort of eliminating cavi-
ties. In addition, balancing holes are machine around the outer
radius so that they do not cause stress concentration when the
flywheel is spinning.

IV. AMB AND LEVITATION CONTROL
A. Overview of the CAMB

Energy storage flywheels are typically supported by AMBs to
avoid mechanical friction loss. A conventional FESS includes
several magnetic bearings installed at different locations along
the shaft for radial and axial levitation correspondingly. Typi-
cally, two sets of radial AMBs are responsible for controlling
radial and tilting motion of the flywheel while thrust bearings
are used solely for axial motion control. For the SHFES, a
dedicated homo-polar combo-AMB system is introduced. The
unique design provides 5-DOF levitation by a single AMB. Its
half-section view is depicted in Fig. 3. The CAMB is PM biased.
Both radial bias flux and axial bias flux are supplied by two PM
rings that are bright yellow. The bias flux provides the majority
of the electromagnetic force to counter the flywheel weight at
the designed equilibrium position. They also make the AMB
homo-polar, which reduces eddy current and hysteresis loss in-
duced by the flywheel’s rotation motion [21]. Furthermore, the
PMs are used as high reluctance barriers between the radial and
axial/tilting control flux paths. For radial control, a single pair
of two radial poles is designed to have the same bias flux density
so that the net radial force is zero when the flywheel is centered
and when no radial excitation current is applied. However, flux
circulation generated by the radial excitation current strength-
ens one of the radial poles and weakens the other one, resulting
in a net radial force. The outer portion of the CAMB provides
axial and moment control. There are four tilting coils in total
and each can vary the flux in its own quadrant of the CAMB.
Moment control is realized by giving an excitation current to
one tilting coil and the same amount of current with opposite
direction to the opposite tilting coil with respect to the moment
axis so that no axial force is generated. For axial control, two
large ring-shaped axial coils are installed for varying the flux
strength throughout the entire axial flux path so that the axial
force is provided without generating any moment.

The CAMB’s dimensions and materials are refined by in-
tensive nonlinear 3-D Finite Element Electromagnetic Analysis
using commercial FEA software. It was found that low carbon
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Overall feedback control architecture, including a five-channel position and current loop. The position regulator is implemented in a dSPACE

DS1103 digital controller. Each channel in the position regulator consists of multiple lead/lag compensators and notch filters and a feedforward

component.

steels with proper heat treatments will result in satisfying sat-
uration flux density (By) and relative permeability (u, ). With
a sufficient magnetic property, it also beats electrical steels in
price and availability. Apart from its magnetic properties, the
AMB is also designed to have a lower weight in the effort of in-
creasing the stator structure’s stiffness to facilitate the controller
design. Although low frequency modes from the stator structure
can be compensated by derivative feedback in the controller, it
is preferable to use a low derivative gain, for a high derivative
gain will in return magnify high frequency resonances.

B. Control of the CAMB

As depicted in Fig. 4, the AMB’s control system includes
position feedback regulators and current feedback regulators.
The position feedback signals are acquired by proximity sensors
in the form of voltages (10). The sensor bandwidths are over
10 kHz

u= [‘/mH- ‘/m:— ry+ ‘/ry— ‘/zy+ ‘/zz— ‘/zm—O— ‘/zm—}T~
(10)

The position reference signals use the sensor’s coordinate
so that the targets can be conveniently recorded by manually
adjusting the flywheel’s position to compensate for the AMB’s
installation inaccuracy. A coordinate transformation (11) is then
performed to convert the error signals to the AMB actuator’s
coordinate in (12)

11000 0 00
00iL 0 0 00
Ty,=[000035 5% 00 (11)
0000 0 7 5= 0
0000} § 4
v=1[V. V, Vi Vo, V.]" (12)

There are more sophisticated adaptive control methods for
AMB such as sliding modes and H-infinity, but the position
controller adopted in this project is based on the proportional—
derivative (PD) control, which is easily implemented. The
integrator is replaced by lag compensators to eliminate the

possibility of integral wind-up. A decoupled five-channel PD
controller can provide stable control for the flywheel at low
speed. However, under higher speed, the flywheel system is sub-
ject to the gyroscopic effect characterized by pairs of forward
and backward whirling modes that are speed dependent. For in-
stance, the rigid body backward and forward modes converge to
0 and (I, /I, )w, respectively, as the spin speed increases. Since
the shaftless flywheel has a substantial diameter-to-height ra-
tio, it also has a very large ratio of the primary-to-transversal
moment of inertia, which amplifies the gyroscopic effect. In-
creasing derivative gain in a single-input-single-output (SISO)
controller provides little phase lead for the low-frequency back-
ward mode and may cause bus voltage saturation problems for
the high-frequency forward mode. Therefore, as defined in (13),
an extra multiple-input-multiple-output (MIMO) control stage
is included in the PD controller

Pr0 0 0 0 Dr 0 0 0 0
0Py 0O 0 0 0Dy 0 0 0
P=|0 0P, -P.0|D=|0 0 Dy, Dy 0
0 0 Py Py 0 0 0 —Dy. Dy, 0
00 0 0 P 00 0 0 D,
(13)

where Py, and Dy, are the cross-couple proportional and damp-
ing coefficients. In the effort of weakening the gyroscopic effect,
the cross-coupled feedback in (13) applies torque in one plane
per the angular position and velocity in its quadrature plane.
This strategy reduces the speed dependency of the system dy-
namics (conical modes) and lowers the frequency of forward
modes so that derivate gain can be more effective [22]. In addi-
tion to the PD regulators and lag compensators, each feedback
channel also includes various lead compensators and notch fil-
ters. The lead compensators provide finite bandwidth gain for
a specific frequency range so that the system’s stability or re-
sponse can be improved. The transfer function being used for
the lead compensator is defined in

HaiTis—Fl where o — 1+ sin (¢;) T 1
L Tis+1 1 —sin(¢;) wi(c)/ai
(14
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in which ¢; and w; (¢) denote the maximum phase and the center
frequency, respectively. The notch filters are critical in suppress-
ing synchronous vibration caused by imbalance forces when
the rotor passes critical speeds during speed-up or coast-down.
They are also instrumental in canceling high-frequency struc-
tural modes or suppressing sensor runouts that would be am-
plified by derivative feedback. The sensor runouts could lead
to amplifier saturations and instabilities if left unattended. The
transfer functions of notch filters are given by the following
equation:

H 52 4+ w;% (n)
82+ 2G Biwi (n) s + (Biw; (n))?

where (; determines the rejection bandwidth and depth. w; (n) is
the notch frequency and (; decides the pole position offset. The
PD regulators, lead/lag compensators and notch filters are pro-
grammed in an embedded digital controller (ASPACE DS1103),
which is working at 50 pus. For each channel, three notch filters,
three lead compensators, and one lag compensator are imple-
mented. The SHFES utilizes single phase commercial power
amplifiers that are working in the current mode. The nominal
dc-bus voltage is 160 V, and the switching frequency is 15 Khz.

s)

C. Closed-Loop Dynamic Model

The equation of motion for the AMB-supported rotor is sum-
marized in (16), shown below. The first equation presents the
dynamics of the stator. The second is for the dynamics of the
flywheel (rotor), and the last equation describes the magnetic
force and controller

Ms(':.ls + Cséls + qus = _fm
M. 4, + (Cr + WGS) q- +K.q, =1,

f, = Kp (qs - qr) + KiGpTFch (qs —q, + qt)

(16)
where [qs, q,, q;]7 denotes the stator position, the rotor po-
sition, and the target vectors, respectively. My, C,, K and
M,, C,, K, denote the mechanical mass, damping, and stift-
ness matrices of the stator and rotor, respectively. G, denotes
the gyroscopic matrix. K, and Kj are the position and cur-
rent stiffness matrices of the AMB. The current stiffnesses
are frequency-dependent due to the eddy current effects. Their
magnitudes decrease and phase lags increase as the frequency
increases. TF. is the controller’s transfer function matrices.
G, and G, are the transfer function matrices of the power am-
plifiers and proximity sensors, respectively. G, is a simplified
first-order servo-amplifier model, including nonlinearities such
as voltage and current saturations [20]. The coordinate transfor-
mation has no effect on dynamics and, therefore, is ignored in
the model. Motor dynamics are not included in this model either
since it has minimal effects on magnetic suspension. The fly-
wheel is assumed to be ideally speed controlled by the BLDC
motor. To demonstrate the MIMO controller’s effectiveness,
Fig. 5 shows simulation results of the flywheel operating at high
speed without MIMO control at first. The flywheel is experi-
encing significant vibrations in the -6y plane and the power
amplifier voltage outputs oscillate between saturation values.

3 %107 rotor attitude
T T T T T
2r §
o
(]
3 1F 1
ok 1
1 | ) | ) |
-1 -0.5 0 0.5 1 15 2
6 /deg %107
ower amplifier volatge
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——)
200 o |1
® y
4 o -
= 0 MR v ™
> z
-200 b

15 161 15.2 15.3 154 155 156 16.7 15.8 15.9 16
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Fig. 5. Simulation results of flywheel vibration and amplifier voltage
with MIMO controller switched on after 15 s.
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Fig. 6. (a) Motor/generator design requirement. (b) Motor/generator
structure section view. The flywheel and motor are displayed upside
down for illustration purposes.

After the MIMO controller is engaged, the flywheel stabilizes
and amplifier saturations are alleviated.

V. MOTOR DESIGN

The motor/generator designed for the flywheel is a coreless
PM machine. The coreless windings are fixed on a movable base
placed on the ground through holding structures. This design
allows higher strength and reliability compared to the existing
holding structures for coreless machines.

The flywheel’s rated speed (w rated), rated torque (7 rated),
and rated power (P rated) are 523 rad/s (5000 r/min), 191 N-m,
and 100 kW, respectively. The design requirements for the
power, speed, and torque are illustrated in Fig. 6(a). During
0to 11, the flywheel is charged with a constant torque to w rated.
During #; and #9, the flywheel maintains the rated speed with
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Fig. 7. Motor/generator flux plot. (a) PM motor/generator flux density
distribution by magnets and stator current: 210 A. (b) PM motor/generator
flux density distribution by magnets and stator current: 300 A.

TABLE Il
MOTOR/GENERATOR SPECIFICATIONS

Parameter Name Quantity Unit/Standard
Outer rotor diameter 2133 MM
Air-gap/groove stack height 50 MM
Motor/generator stack length 50 MM
Magnet height 25 MM
Number of poles/magnets 64 -
Number of phases 3 -
Magnet type NdFe48 -
Number of turns for each coil 40 -
Air-gap/groove outer diameter 1904 MM
Air-gap/groove inner diameter 114 MM
Winding height 50 MM
Magnet thickness 15.54 MM
Number of slots 96 -
Magnet embrace 0.72 -
Winding type Concentric -
Number of parallel paths for each phase 32 -
Motor/generator drive specification

DC-bus voltage 600 v
Maximum current 750 A
Switching frequency 16 kHz

minimum power consumptions. The flywheel operates in the
generating mode between 5 and 73, during which it discharges
at a constant power while its speed decreases from the rated
value down to 201.8 rad/s (1928 r/min). Per the design require-
ment, #; and #3 —#» are 140 and 60 min, respectively. The standby
duration 1, is entirely based on the application. Fig. 6(b) depicts
a section view of the proposed PM motor/generator with only
two poles. Note that the view is upside down for a better illus-
tration. During the operation, windings are placed inside the fly-
wheel’s motor groove, which has a depth of 50 mm and a width
of 46.5 mm. In consideration of centrifugal forces, magnets
(25 mm in height and 15.54 mm width) are mounted on the inner
surface of the groove. The PM machine has 96 coils and 64 poles
in total.

The specifications of the motor/generator are given in
Table III. During the constant torque mode, the current stays
at 210 A while the output power increases with speed. On the
contrary, during the constant power mode when the rotor speed
decreases, the current increases to maintain the same power
output. Fig. 7(a) illustrates the flux plot when the magnets are

Fig. 8.

SHFES during testing.

magnetized and the stator carries its rated current at the rated
speed. The maximum flux density is 0.92 T. Fig. 7(b) exempli-
fies the flux plot at 1928 r/min. In this case, the flux density
increases moderately due to the increased coil current of 300 A.
As it is represented in the two given flux plots, flux paths close
themselves mostly in the air around the magnets and coils. It
is owing to the use of less permeable steel-4340 as the rotor
material to have a higher mechanical strength. Further details of
design procedure and performance of the PM motor/generator
are presented in [23].

VI. INITIAL TEST

A small-scale, 90 kg SHFES was built and tested in 2014 [14].
Based on it, a refined full-scale, proof-of-concept SHFES with
a 5443-kg flywheel (shown in Fig. 8) is then built at a dedicated
testing facility that includes a 3-m (10 ft.) deep pit. The pit is
lined with a soil retainer wall, which would be readily penetrated
in the event of a flywheel burst, allowing the surrounding soil to
capture the energy in a relatively harmless manner. In addition,
the retainer wall also serves as the vacuum enclosure. During
initial testing, the flywheel is not placed in the pit for better
accessibility.

A. Radial and Axial Levitation

Based on the system dynamics simulation implemented in
MATLAB/Simulink, the control parameters are derived and then
fine-tuned during the onsite testing at the facility. Two lead com-
pensators at 5 and 2 Hz are activated for each radial axis, which
has less problem during lift-up due to their comparably few coil
inductances. For the axial and tilt coils, one lead compensator
at 10 Hz and two notch filters at 232 and 383 Hz are used.
These two resonance frequencies are correspondent to the first
and second bending modes of the flywheel.

The levitation test is carried out in two steps: At first, the
flywheel is radially controlled while it is still vertically sup-
ported by the ball transfers. This technique facilitates the axial
levitation later because that the CAMB’s axial magnetic flux
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Fig. 9.  Measurement of position and current signals during radial levi-
tation. The radial targets are set per the CAMB’s geometric center rather
than the magnetic center.

5
c
5 — - —
S F Pem— = axial position |
S €
o =
o
0
0 50 100 150 200 250
Time (s)
10
< = axial current |
-
c
o
3 0
0 50 100 150 200 250
Time (s)
Fig. 10. Measurement of position and current signals during axial lev-

itation. The target signal is gradually moved to 1.25 mm.

distribution also relies on its radial position. As depicted in
Fig. 9, the flywheel is at first controlled radially to move from
its initial position (—0.42 mm, —0.31 mm) to an intermediate
position at (0.04 mm, —0.09 mm) before it finally reaches the
geometric center (0.19 mm, —0.04 mm). Fig. 9 shows that there
are steady-state current excitations when the flywheel reaches
its radial center. These currents are compensating the inevitable
manufactural and assembling inaccuracies, which causes the
flywheel to experience PM pulling force at its geometric center.
The gravity force may contribute in the radial directions as well
since the flywheel is not perfectly leveled. Once the flywheel
reaches its radial targets, the axial control is then switched on
and the axial command is gradually raised to the target value of
1.25 mm to prevent de-levitation resulted by a large overshoot.
As illustrated in Fig. 10, the axial control current goes up to 8
A to lift the flywheel at the starting air gap of 3.41 mm. Once
it is off the ball transfers, the control current begins to drop
gradually as the flywheel approaches its target. At the steady
state, the air gap between the flywheel and the AMB is about

0.2 mm larger than the magnetic equilibrium point (1.05 mm).
The flywheel is set to stay slightly below the neutral position
to prevent it from jumping and damaging the AMB in case of
power shortage. As a result, there is about 1.87 A of steady-state
axial current for providing partial lifting force while the major-
ity of the flywheel’s weight is suspended by the PM-generated
pulling force. The tilting coils are used for merely maintaining
the flywheel’s leveled orientation during the axial levitation.

VIl. CONCLUSION AND FUTURE WORK

The SHFES introduced in this paper is aimed at providing a
more commercially viable flywheel energy storage technology
for utility applications. In addition to the innovative shaftless
flywheel and CAMB design that yields high energy and power
capacity. The SHFES also utilizes low-cost and readily available
high-strength steels as the building materials, making it a con-
siderate advancement of the state-of-art flywheel technology.

The next step is the motor/generator installation and high-
speed test. To demonstrate its performance, the SHFES will be
tested with variable electrical loads and renewable energy re-
sources under charging/discharging modes. Other future works
include: To further reduce the costs of SHFES, the prototype
system has a relatively high-cost and CPU-based controller. Be-
cause of that the nature of the AMB and the motor controls
require multichannel feedbacks. Field programmable gate ar-
rays (FPGA) can provide a cost-effective and high-performance
controller solution for the both of them [24]. In addition, an in-
depth study of the shaftless flywheel’s failure modes is needed
so that the safety design could be improved to meet commercial
standards.
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