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Abstract

This paper presents theoretical and experimental results on the ongoing construction of a
high-speed (30000 rpm) kinetic energy storage system (KESS). The purpose of the device is to
function as a power buffer storing up to 1 kW h, primarily for utility vehicles in urban traffic. The
KESS is connected in series between the primary power source and the traction motor of the vehi-
cle. It comprises a composite rim of carbon and glass fiber in an epoxy matrix. The power to/from
the rotating rim is transferred through an integrated double wound three-phase PM machine. The
machine is levitated axially using four units with segmented Halbach arrays in a repulsive con-
figuration. Radial centering is achieved through eight separate active electromagnetic actuators
controlled by an FPGA. The geometries of the passive thrust units as well as the active actuators
were designed using linked CAD and FEM tools controlled by advanced optimization algorithms.
The simulated repulsive force from the thrust magnets was verified experimentally. Additionally,
the corresponding negative stiffness in radial direction as well as the power loss due to induced
eddy currents were simulated. The optimization of the active magnetic bearing (AMB) actuators
resulted in a geometry with low resistive power loss, while generating a high current stiffness at
the expense of maximum force.

1 Introduction

One of the main challenges in the electrification of the car fleet lies in the improvement of the electric
power train. Although many of the presently available sources of energy used in electric vehicles
have sufficiently high specific energy, their applicability is limited due to low specific power. It
would therefore be of advantage to construct an electric driveline where the main energy storage is
separated from the traction motor by a smaller power buffer [1].

Modern KESS fill a niche between super-capacitors with low specific energy but high specific
power, and batteries with high specific energy but low specific power. The KESS has furthermore
a long cycle-life, is not affected by changes in temperature or degrade over time. These properties
make the KESS suitable for applications with high and frequent flows of energy, but where longterm
storage is not vital. Buffering energy in electric vehicles has been identified as one promising appli-
cation [2]].

One of the first implementations of a flywheel for vehicular applications was as power buffer
in the Gyrobus, first appearing in public in Switzerland in 1950. The steel flywheel in the Gyrobus
had a weight of 1500kg and a diameter of 1.6m. The maximum rotational speed was 3000 rpm
corresponding to a stored energy of around 24 MJ. Energy flux to and from the rotor was achieved
through a three-phase asynchronous machine [3]].

The flywheel concept was developed further during the second half of the 20:th century - notably
by NASA, exploring the possibility of using it as energy storage in satellites. Genta published
an excellent book on flywheels and in particular composite material in 1985 [4]. Post from the
Lawrence Livermore published a sweeping article on the usage of high-speed flywheels in 1993 [3],
among which also the usage as energy buffer in a vehicle was detailed.
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An implementation of the concept of the modern flywheel for vehicular applications with com-
posite material and magnetic bearings was realized at the University of Austin, Texas in 1999 [6],
[7]. The unit stored 7.2MJ of energy and was able to deliver 150kW of continuous power. Addi-
tionally, a theoretical investigation on the concept of low-speed flywheels for a bus was completed
[8].

In 2007 the company Flybrid Systems developed a completely mechanical system for energy
storage in vehicles called KERS, kinetic energy recovery system [9]. The unit was made specifically
for the purpose of meeting the 2009 Formula One regulations. The KERS was capable of storing up
to 400kJ of usable energy at a rotational speed of 60000 rpm, utilizing a 5kg rotor. In 2011, Volvo
Car Corporation announced their intention of building flywheel hybrid cars for mass production,
basing their design largely on that of Flybrid Systems.

2 System Overview

The electric driveline under consideration in this project is based around a double wound syn-
chronous electric machine attached to a flywheel. The primary energy source, the battery, is con-
nected to the low power winding of the machine via an inverter. The energy from the high power
winding of the machine undergoes controlled rectification in such a way that the DC-bus voltage is
kept constant at a specified value. Finally, a second inverter is used to connect the DC-bus to the
traction motor, see Figure E}
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Figure 1: Overview of electric driveline. The double wound electric machine inside the flywheel
separates the driveline in a low power side (LP) and a high power side (HP).

The double winding of the synchronous machine electrically insulates the battery from the trac-
tion motor. Additionally, it efficiently boosts the battery voltage by a fixed factor, which depends on
the ratio of the number of turns in each of the two three-phase windings. In this way, the battery de-
livers a smooth power at relatively low voltage to the flywheel, while the flywheel feeds or receives
pulsed power to/from the traction motor at a higher voltage level [[1O], [[1L1]].

3 Flywheel Overivew

A requirement for flywheels for vehicular applications is that they be lightweight and compact. The
specific energy of a rotor can be written
0o
k . ey
where k is a constant between 0 and 1 depending on geometry, 0g the ultimate tensile strength and
p the mass density of the material. In order to maximize specific energy, a light and strong material
should be chosen for the construction of the rotor. Presently, the material group which best fulfill
these requirements are fiber-reinforced plastic, where the fibers may be made out of glass or carbon.
Such rotors have reached values of specific energy of over 700kJkg~" [12].
However, the very high rim-speed needed to begin to take advantage of the high tensile strength
of these materials has certain implications on mechanical design. In particular, it leads to very high
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rotational speed when space is limited. Operation in vacuum follows as a consequence since the
drag losses grow with the power of 2.5 with rotational speed [13]].

3.1 Prototype

The power transmission for the flywheel under construction is purely electrical, eliminating the need
for a central shaft sticking out of the vacuum chamber. However, the combination of high rotational
speed (30000rpm) and enclosure in vacuum (400Pa) suggested the usage of magnetic bearings in
order to suspend the rotor, see Figure[2]

[
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Figure 2: Overview of flywheel prototype under construction.

Passive thrust magnets in a cylindrical Halbach configuration were built in order to levitate the
40kg heavy rotor axially. Eight actively controlled heteropolar electromagnetic actuators (AMB)
were used to fixate the remaining four degrees of freedom.

The designed composite shell was 80 mm thick, and constructed from two layers of unidirec-
tional composite material, an inner layer of glass-fiber surrounded by an outer layer of carbon-
fiber. The radial pre-load required to reach the maximum rotational speed without delamination was
achieved by altering the tension and material of the fiber during winding combined with shrink-
fitting of the aluminum shell containing the rotor. In this way, the composite shell could be con-
structed in one single curing process.
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3.2 Sensors

Four types of sensors were implemented into the electric machine

e Displacement sensors.

Eddy-current sensors of type eddyNCDT 3010, S2 from the company Micro-Epsilon. The
sensors have a measuring range of 2mm, a linearity of Sum and a frequency response of
25kHz. They were used to measure the position of the rotor, and deliver the input to the
FPGA control of the AMB.

e Current sensors.

0.1 Q resistors from OHMITE coupled with Schottky diodes were used to achieve a bandwidth
of 100kHz and a resolution of 1 mA. The signal was amplified using an instrument amplifier
PGA202KP from Teax Instruments. The current sensors were required to implement current
control of the AMB and possibly enable sensorless control of the AMB.

° Temperature SE€Nnsors.

Both thermocouples from Labfacility (Z3-K-2M) as well as IR-thermopiles from GE Sensing
(ZTP-135S) were implemented in order to monitor the temperature in the stationary parts as
well as the rotating parts.

e Hall-effect sensors.

Unipolar hall-effect sensors from Allegro (A1101) were inserted in the stator to provide in-
formation on the rotor position to the power electronic controlling the speed of the machine.

3.3 Electric machine

The electric machine integrated into the flywheel was a coreless, radial flux, permanent magnet
machine with two separate sets of windings. The rotor magnets were placed on the inner surface of
a thin cylindrical shell made of the aluminum alloy 7075, chosen for its high tensile strength and low
mass density. The magnets were first mounted inside a plastic matrix, forming a cylindrical Halbach
configuration in order to avoid the need for an outer magnetic back iron. An inner steel cylinder was
used to close the flux path, increasing the magnetic field with approximately 15 %.

The concentrated stator windings were inserted between the two rotating cylinders. The wind-
ings of both the low- and high-power sides were three-pole, three-phase windings. A plot of the
absolute value of magnetic field in a plane perpendicular to the axis of symmetry can be seen in
Figure 3] The radial component of the magnetic field around the circumference of the motor at a
radial position corresponding to the average radius of the stator windings, r; was extracted from the
simulation in order to evaluate the back-EMF. The magnitude of the fundamental component, B,
was found to amount to 0.18 T, see Figure[d]

The total magnetic flux, ®;;, from the fundamental component through one turn of one pole of
a phase-winding can be estimated as

/2
Dy (1) :h/ ) Bcos (3¢)rydocos (3wt) (2)
—a/2

where ¢ is mechanical angle, w is the mechanical angular velocity of the rotor, o is the average
angle spanned by the turn and £ is the active height of the stator. Using Faraday’s law of induction,
the resulting phase-voltage, V;,4, of the complete winding of the machine can now be calculated as

. 3
Vina = 6NBohr, sin (2“) sin (3o1), 3)
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Figure 3: Magnetic field in the rotor of the electric machine. Left: CAD drawing of a axial cut of
the rotor part. The transparent plane show the location of the simulation. Right: Simulation of the
rotor magnetic field inside the electric machine. The color correspond to the absolute value of the
B-field, and the white arrows mark its direction.
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Figure 4: Analysis of the magnetic field of the rotor. Left: Evaluation of the radial B-field at the
average radial position of the stator winding. Right: Fourier analysis of the average magnetic field,
yielding a peak value of 0.18 T for the fundamental component.

where N is the number of turns of the winding. The parameters for the two sets of windings in the
machine as well as RMS values for the calculated phase-voltages can be found in Table[T]

Parameter Low Power High Power
name winding winding
o [deg] 32 30
h [mm] 220 220
rs [mm] 74 72
B [Tesla] 0.18 0.18
N 4 10
® [rpm] 30000 30000
Vina RMS) [V] 116 269

Table 1: Parameters and calculated values of RMS phase-voltage for the two sets of stator windings.
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Note that the difference in RMS voltage between the high power side and the low power side
can not be explained only by the quota of the number of turns in the windings. Additionally, the
difference in the equivalent angle spanned by one turn as well as the radii at which the windings
were placed had a significant impact on induced voltage.

4 Thrust bearing

The axial degree of freedom of the rotor was passively balanced using two sets of permanent mag-
netic arrays mounted on either end of the shaft. Each unit consisted of grade N42 NdFeB-magnets
mounted in two circular symmetric halbach arrays, see Figure 5] for one such set.

Figure 5: Definition of the direction of the individual permanent magnets in the Halbach unit. The
magnets were made of NdFeB of grade N42.

The radial dimensions of the individual magnets were optimized in a two-dimensional axisym-
metric model. The optimizing variable was thrust force. By keeping the outer and inner radial
dimensions fixed at 25mm and 50mm respectively, the optimizer worked in a two dimensional
room. The height of the magnets were 10mm. The resulting configuration can be found in Table[2}

Magnet Inner radius  Outer radius
position [mm] [mm]
Inner Magnet 25 33
Middle Magnet 33 44
Outer Magnet 44 50

Table 2: Optimized Halbach geometry

The assembly of the thrust bearing was facilitated by the construction of an auxiliary tool for
mounting triplets of permanent magnets. Each triplet consisted of one segment of the complete
unit. The contacting surfaces of the three magnets were roughened with abrasive paper, cleaned and
placed in a semi-stable configuration with the middle magnet vertically displaced. Afterwards, the
complete configuration was placed in the mounting tool, forced into place and glued, see Figure|[6}

Finally, the triplets were glued to the bottom of a plastic cup and to each other. An aluminum
flange was shrink-fitted to the plastic cup by heating it to 175 °C and pressing the two parts together,
see Figure[7]
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Figure 6: Assembly of the magnetic triplets in a Halbach array. The assembly tool was made from
6mm thick plexiglas.

Figure 7: Construction of one Halbach array. The magnets were glued to each other and to a plastic
cup using Loctite 496. Further, an aluminum holder was shrink-fitted onto the cup by heating it to
175°C. A CAD drawing describing the assembly process can be seen to the left. The finished unit
can be seen on the right.

4.1 Lift Force Evaluation

Note that the optimizer operated in a 2D axisymmetric space. The magnets were in reality segmented
circumferentially into 12 pieces in order to facilitate production and decrease mechanical stress
during rotation. To more accurately calculate the resulting lift force, a smaller segment of the array
was analyzed in greater detail.

The lift force between two Halbach arrays was measured empirically as well as simulated using
FEM. The measurements were acquired by mounting the assembled arrays in a wooden structure
with a moving centerpiece pushing down on two scales, see Figure [8] The top bar contained the
upper part of the thrust bearing, and was forced down by nuts attached to threaded rods.

Corresponding simulations were performed by modeling a 30° segment of one bearing set, in
order to achieve maximum resolution in the area between magnets. Periodic boundary conditions
were used to attain symmetry properties, thus emulating a 360-degree simulation. Measured data-
points from three separate tests as well as the results of the simulation can be found in Figure[9]

Evaluation of the axial stiffness of the simulated values yielded a value of 272Nmm~" at the
nominal air-gap of Smm. Given that two such systems was used (one at the top, and one at the
bottom) the total stiffness in axial direction at the nominal position was estimated to 544Nmm~'. A
resulting axial equilibrium point located 0.75 mm below the nominal value could therefore be found
due to the weight of the rotor (approximately 40kg), when placing the machine vertically.
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Figure 8: Measurements of the liftforce of a pair of Halbach arrays. An axial stiffness of 272N mm™!
was calculated at the nominal air-gap of 5mm.
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Figure 9: Measurements of the liftforce of a pair of Halbach units were performed and compared
with simulated values. Good correspondence was found between the simulated and measured values.

4.2 Radial Stiffness

As shown by Earnshaw’s theorem, and in particular with the extension of Braunbek [14], a system
built solely of permanent magnets is naturally unstable. Consider a stationary magnetic dipole,
situated in an external magnetic field, with no free currents. The corresponding magnetic potential
energy, Uy, becomes

-

Uy =m-B, 4

where 1 is the magnetic dipole moment and B the external magnetic field. It is not difficult to find
a configuration with VU = 0, implying that the resulting force on the dipole from the external
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magnetic field is zero in all directions. However, from the Maxwell equations

V-B=0
S ®)
VxB=0

it follows that the Laplacian of each individual component of B must be zero

V’B, = V?B, = V’B, = 0. (6)

From this, it is clear that V2Uy, = 0 implying that at all possible critical points in the volume under
consideration must be saddle points. The same reasoning can be applied to show that para- and
ferromagnetic materials are naturally unstable, while diamagnetic materials may be stably levitated.
The generation of positive axial stiffness, K,, using permanent magnets thereby causes a negative
radial stiffness, K. The magnitude of the corresponding negative radial stiffness can be found to be

(15]
K, +2K, <0. @)

The radial stiffness for the Halbach structure was evaluated using FEM-software, using an unseg-
mented geometry with nominal radial magnetization. The radial stiffness at the nominal air-gap
was found to be in the range of —120Nmm~' to —160Nmm™~', which can be compared with the

previously measured axial stiffness of 272N mm™!.

4.3 Losses

Due to the tolerance in the magnitude of the remanence, as well as the discretization of magnetizing
direction due to segmentation of the magnetic rings, the rotating magnets will expose the system to
a time-varying magnetic field. This magnetic field will further induce a voltage, generating eddy-
currents in the conductive materials.

A FEM-model was used in a similar setup as mentioned above, with an added velocity (Lorentz)
term in the domains affected by the eddy currents

VxH—-ocvxB=J. 8)

The system was then simulated in its stationary state. A graph of bearing losses for one single
bearing set at the highest rated speed of 30000 rpm is shown in Figure The conductivity of
NdFeB was setto 1.4 x 10’ Sm~! and to 3.5 x 10’ Sm™! for aluminum. Note that the losses increase
with decreased airgap (increased load). Thus, axial bearing efficiency can be optimized by operating
in a lower stiffness region.

The power loss due to eddy currents at the estimated equilibrium position (0.5mm below the
nominal position) was found to amount to 23 W per Halbach segment. Assuming that this heat
rapidly becomes evenly distributed over the magnetic material, the heat transfer over the plastic cup
separating the magnets from the aluminum flange can be calculated by

J=Kk—— )
where J is the amount of heat passing the plastic cup per unit of time, k the thermal conductivity,
S the area of the cup, AT the relative temperature between magnets and flange and Ax the thickness

of the plastic material. Using values of 9 x 1073 m? for the total surface area (bottom plate plus
sides of the magnets), a thickness of 5mm and a thermal conductivity of 0.25Wm~!K~! yields a

9
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Figure 10: FEM simulation of eddy current loss in the permanent magnets as function of the air-gap
between the Halbach arrays. To the left, the power loss as function of airgap at 30000 rpm. To the
right, a qualitative image of the magnitude and direction of the induced eddy currents.

required temperature difference of 51K. This temperature difference was found to be acceptable,
assuming an ambient temperature of 25 °C.

Air friction due to drag was not considered, since the system was assumed to operate in vacuum.
Also hysteresis losses were neglected since all material in the vicinity of the permanent magnets, as
well as the magnets themselves, had permeability very close to unity.

5 Radial bearing

The four remaining degrees-of-freedom of the system were stabilized by two sets of four actively
controlled electromagnetic actuators in differential operation. The actuators were constructed using
non-oriented laminated electro-steel from Surahammars Bruk. The rotating target of the unit was
constructed using 100 pieces of 0.2 mm thick steel plate. The corresponding stator was constructed
using 24 pieces of 0.65 mm thick steel plate, see Figure 11}

Stator
laminate

Rotor
laminate

Displacement
sensor

Figure 11: Overview of four of the eight electromagnetic actuators and the rotor target. The rotor
stack consisted of 100 pieces of 0.2mm thick non-oriented electro-steel. The stator stack comprised
24 pieces of 0.65 mm thick non-oriented electro-steel.

10



The easychair Class File Abrahamsson, Hedlund, and Bernhoff

The plates were water-cut from 3D CAD drawings and assembled, after which the area of the
air-gap was further processed in a lathe in order to reach the defined tolerance, a radial airgap of
I mm. Water-cutting is reported to have a smaller impact on the magnetic properties of the steel
than punching or laser cutting, [16]. Additionally, any geometrical shape (including splines) could
be realized without limitations on radii of curvature.

5.1 Geometrical optimization

Considering the very poor cooling capability of an electromagnet enclosed in vacuum, a quite low
effective current density of 1 Amm~2 was set as limit for the generation of bias current. The exact
shape of the stator laminate had to be defined. The more narrow the legs of the electromagnet, the
more space available for the windings. However, this would also lead to a higher degree of saturation
in the stator, and higher total resistive loss in the windings. The optimization criteria chosen was
to maximize the attractive force of the actuator over total resistive loss in the windings, given the
current density.

To this end the geometry of the laminate was parametrized in SolidWorks, using the radial and
circumferential position of five points, connected with splines. A direct coupling between Solid-
Works and Comsol was used to solve for the attractive force between stator and rotor numerically.
The Genetic Algorithm routine of the Matlab Global Optimization Toolbox was further used to up-
date the positions of the spline points. A similar approach can be found in [17]. The resulting
geometry was compared with a reference geometry consisting of a leg where the area of the cross-
section was kept constant, see Figure@

Neumann 14 14
boundary

/

0.8 0.8
0.6 0.6
0.4 0.4
Dirichlet 02 02
boundary
0 0

Figure 12: Comparison between a laminated actuator with a geometry based on constant flux area
(left) and one optimized for maximum force over loss ratio given a specific current density (right).
An effective current density of 1 Amm~2 was used.

The optimized geometry generated a magnetic bias field of 0.5T in the airgap between stator
and rotor for an applied current density of 1 Amm~2, compared with 0.25T for the geometry with
constant cross section. Furthermore, simulations showed that a current density of 2Amm~2 was
required in order to reach the same magnetic bias field in the geometry with constant cross-section.

This can be understood since the reluctance in the magnetic path was dominated by the airgap.

11
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However, since the area of the cross-section of the winding in the optimized geometry was twice
that in the geometry with constant cross-section, the total resistive loss for the same bias field became
half.

Furthermore, the current stiffness for a system of two optimized actuators operating in differen-
tial mode was studied, see@ It was found that the maximum current stiffness occurred at the oper-
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Figure 13: Evaluation of resulting force from two actuators in differential mode. The maximum
current stiffness amounted to 310.5N/(A /mm?) and occurred at 1 Amm™~2, the operating point.

ating point of current density used in the geometrical optimization. Its maximum value amounted to
310.5N/(A/mm?). The current stiffness was further found to exhibit good linearity around this op-
erating point, between 0.7 Amm~2 to 1.3 Amm~2. However, outside this range the deviation from
a quadratic relationship between current and force due to saturation of the laminate caused large
deviations from linearity. This also resulted in a limitation of maximum achievable force to 216 N.

The corresponding value of current stiffness generated by the constant cross-section geometry
was 374N/(A/mm?). The optimized geometry thereby reached a 83 % of the current stiffness,
while incurring only 50 % of the resistive loss.

6 Summary

A high-speed (30000 rpm) electric machine reinforced with a composite material rim, primarily for
usage as energy buffer in an electric utility vehicle in urban traffic, has been designed and is under
construction. The prototype utilizes a coreless double-wound PM synchronous machine for power
transmission, and is designed to operate in vacuum.

The composite material rim was constructed using an inner layer of glass fiber reinforced epoxy
and an outer layer of carbon fiber reinforced epoxy. The rim was wound unidirectional with varying
preload, and cured in one piece.

12
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Axial levitation of the rotor was achieved by four cylindrical Halbach arrays, capable of gen-
erating an axial stiffness of 544Nmm™"' at the nominal position. Measurements of axial force was
compared with simulations and good agreement was found. Simulations were further performed on
the steady state losses in the thrust bearings.

Radial stabilization was generated through eight actively controlled electromagnets. The geom-
etry of the actuators were optimized using a combination of SolidWorks, Comsol and Matlab in
such a way that 83 % of the current stiffness was achieved while generating only 50 % resistive loss.
Howeyver, saturation of the electric steel lead to a decrease of maximum force from 374N to 216 N.
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