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Abstract: The magnetic levitation reaction flywheel (MLRW) is a novel actuator of spacecraft attitude
control because of its significant advantages, including lack of friction and active suppression of
vibration. However, in a vacuum environment, the poor heat dissipation conditions make it more
sensitive to various losses and rises in temperature. Therefore, increasing temperature is the key
issue for components used in space. In this study, the losses of the three kinds of heat-generating
areas in the MLRW, namely, the passive magnetic bearing (PMB), the active magnetic bearing (AMB)
and brushless DC motor (BLDCM), were analyzed and calculated. Based on the electromagnetic
field theory, the loss model of PMB was proposed. Based on the finite element method (FEM) and
Bertotti model, the loss power of the AMB and the BLDCM was obtained. The calculated loss values
were brought into the FEM to calculate the temperature field distribution of the MLRW system. Then,
the key factors affecting the heat dissipation of the flywheel were obtained by combining thermal
network analysis with the temperature field distribution. Finally, a prototype was fabricated. The
maximum estimated and experimental temperatures were 34.8 °C and 36.8 °C, respectively, both at
the BLDCM stator. The maximum error was 5.4%, which validates the calculated model.

Keywords: magnetic levitation reaction flywheel; active magnetic bearing; passive magnetic bearing;
brushless DC motor; loss power; thermal analysis; finite element method

1. Introduction

Reaction flywheels supported by AMBs and PMBs are very important apparatus
in spacecraft attitude adjustment [1,2]. Compared with the traditional reaction flywheel
supported by mechanical bearings, the MLRW has the advantages of not making contact,
not requiring lubrication, and active vibration suppression [3-5]. In essence, it solves the
problems of contact friction, lubrication, oil pollution, and vibration of the mechanical
bearings, which have negative effects on the precision and life of the satellite platform.
The magnetically suspended reaction flywheel is driven by a BLDCM and supported by
an AMB in two radial-direction degrees-of-freedom (DOFs) and a PMB in the other three
DOFs. Due to working in a high vacuum environment, there is no heat conduction by
cross-ventilation. Simultaneously, there is no contact between the rotor and stator in the
MLRW. Therefore, the heat is transferred between the stator and rotor of the MLRW only
by the thermal radiation. Poor heat transfer efficiency causes the temperature to increase,
and potentially overheating, in the MLRW system, which is the key issue for the flywheel
application [6,7].

In an MLRW, the main losses are the copper and iron losses in the AMB, PMB, and
BLDCM. Therefore, in order to reduce the copper losses and iron losses of the AMB, a
novel structure of a radial hybrid magnetic bearing with permanent magnet (PM) bias
was proposed [8]. A function of the MB power consumption was established, and was
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simulated and verified using the FEM [9]. Regarding the PMB, a novel radial PMB [10] and
axial-radial PMB [11] were presented to increase the stability and accuracy, and decrease
the losses. The loss of the flywheel system was calculated to determine the distribution
of the main heat source of the system, and an equivalent thermal network model was
established based on the whole mechanical topology structure [12]. Regarding the losses
of the motor, a zero cogging brushless DC motor [13] and coreless stator brushless DC
motor, which have high torque density, high positional stability, and low iron loss, were
designed for spacecraft applications. In ref. [14], an analytical model for predicting the
iron losses in high-speed shotless PM machines is presented, and was verified by 2-D
FEM. Ref. [15] presents the analytical method of calculating losses of AMBs based on the
reluctance network method. The proposed method of thermal analysis of the system was
compared with other popular loss estimation methods. A revised method based on the
Epstein Frame Method with rationale steps for deduction of the core loss in high-speed
electric machines was proposed [16]. An extended survey on the evolution and the modern
approaches in thermal analysis of electrical machines is presented in [17]. The 3-D FEM is
also used to analyze the temperature distribution in high-speed PM electrical machines [18].

The purpose of this study was to obtain the thermal distribution of the high-speed
MLRW to avoid deterioration of the electromagnetic performance of the PM, the soft mag-
netic alloy of the BLDCM, and the AMB under high temperature conditions. Therefore, it
is necessary to study the temperature rise of MLRW systematically. The main contributions
of this study are the systematic derivation of the PMB loss model, the loss calculation of the
components of the MLRW, thermal analysis, and structural optimization. The copper losses
of AMB and BLDCM were calculated by combining system structure analysis with Ohm’s
law. The iron losses of AMB and BLDCM are composed of eddy current loss, hysteresis
loss, and excess loss. The calculation method combines electromagnetic field simulation
and Bertotti’s model [19]. The temperature field distribution of the MLRW system was
predicted by 3-D FEM simulation. A thermal network model was set up. The structural
optimization based on 3D finite element simulation and a thermal network was predicted.
Finally, a prototype was fabricated to verify the calculated model.

2. Structure Scheme and Force Analysis of the MLRW
2.1. The MLRW Structure Scheme

A schematic section view of the active-passive MLRW is shown in Figure 1. The
rotor driven by the BLDCM is supported by a radial AMB and an axial PMB in five DOFs.
The BLDCM is proposed because of its high efficiency, long lifetime, and low power
consumption. The PM biased hybrid radial magnetic bearing is used to reduce power
losses while providing high precision control, achieving a greater bearing capacity and
stiffness. The PMB is proposed to reduce the axial size of the shaft, reduce the power losses,
and reduce the complexity of the control system in the MLRW. The reason for choosing
this structure design is to reduce the coupling degree of the magnetic circuit of the PMB,
AMB and BLDCM, improve the system control accuracy, and reduce the system size and
power loss.

Radial sensor Cover AMB Rotor

PMB BLDCM  Touchdown bearing  Base

Figure 1. Structure of the MLRW.
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2.2. Force Analysis of the MLRW

As shown in Figure 2, the centroid coordinate system (oxyz) of the rotor is established.
Since the radial AMB controls the two DOFs of the translational motions of the flywheel’s
rotor, and the other three DOFs are controlled by the axial PMB, the kinetic equations of
the rotor are shown below:

mx = fx = (kixix +kxx)
my = fy= (kiyiy + kyy) 1)
]ZQ =T, — Td = (euia =+ ebib + ecic)/Q — Td

where m is the mass of the rotor; f; and f; are the bearing force of the AMB in the x-axis and
y-axis, respectively; ki, kiy, ky and k, are the current stiffness and displacement stiffness of
the AMB, respectively; Qs the angular velocity of the MLRW; J, is the moment of inertia
of the rotor around the z-axis; T, is the torque produced by BLDCM; T} is the disturbance
torque; e, e, and e, are the induced back-EMF in the stator windings of the phases of the

BLDCM,; i, i, and i, are the phase currents of the BLDCM.

Figure 2. Force analysis and coordinate system of the MLRW.

The losses in the MLRW, including the stator winding loss and iron core losses of the
AMB and BLDCM, and the iron core losses of the PMB, should be calculated for analysis of
the thermal field and the overheating issue of the system.

3. Loss Estimation of the PMB

As there is no hysteresis loss in the PM, the excess current loss is ignored. In addition,
because the other structures in the PMB are non-magnetic materials, the PMB loss is mainly
due to the eddy current loss in the PM.

It can be seen from the references that the eddy current loss in the PM of the PMB is
caused by the gyro effect and the PM’s non-uniform magnetization. Because the gyro effect
caused by the magnetic bearing rotor radial periodic offset is controlled by the radial AMB,
for the axial PMB structure used in this paper, only the eddy current loss caused by the
non-uniform magnetization of the PM is considered.

The PMB structure scheme is shown in Figure 3a. Table 1 shows the design parameters
for the PMB. In order to analyze the loss using the electromagnetic field theory, the polar
coordinates are established. The bearing configuration schematic is shown in Figure 3b,
where X; and X, represent the surfaces of the inner and outer diameters of the stator,
respectively, and X3 and X, represent the surfaces of the inner and outer diameters of the
rotor, respectively.
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Stator of PMB

Stator PM Rotor PM
Stator base Rotor PM locknut Rotor of PMB

(a)

b)

Figure 3. PMB scheme. (a) The structure of the PMB. (b) Bearing configuration schematic.

Table 1. Design parameters of the PMB.

Parameters and Characteristics Design Value of PMB
PMB mass, kg 2.68
Nominal air gap, mm 1.0
Outer diameter of the stator, mm 92.5
Inner diameter of the stator, mm 87.5
Outer diameter of the rotor, mm 98.5
Inner diameter of the rotor, mm 93.5
Bearing length, mm 10.0

Using the relationship between magnetization M and current density J, the relationship
between current density | and magnetic vector potential A, the relationship between
magnetic vector potential A and electric field intensity E, and the relationship between
electric field intensity E and eddy current loss, we can obtain the eddy current loss of the

rotor PM:

10
Peddy—stator = Ty, /V dts {(6’11 +ex +ez1)’ + (e +em + 632)2}
i=1/ Ve

@

where ¢ is the conductivity of the PM; dts = Rgd®PsdzsdRs is the micro-element of the
stator volume; and e11, €1, €31, €12, €22 and e3p represent the micro-elements of the electric

field intensity generated by the rotor magnetizing current in the stator PM:
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enn = 5 [me cos P3 - 733+f23M sin @3 %s@s%)ds }

ey = yow " Jsq Misin @37 d53

en = — L [me cos<I>4 : ‘%—i—fm M; sinduwcl&] .
e = B2 [0, M; s1n<I>4dS4

es1 = — % [y, Micos P - 1%715{

e = B2 fv M,; sin ®p, - Z—R - fVR M; cos Oy, - 2RSR$(<DS_CDR)dTR)

RS

where M; represents the ith harmonic amplitude of the magnetization of the rotor PM; ryg

is the distance between the stator and surface X, (« = 3,4), the micro-element of the surface

of the inner and outer diameters of the rotor dS, = Ryd®,dZ, (« = 3,4), the micro-element

of the rotor volume dtg = RrdPrdZrdRg, and the rotor angular velocity w = 27t x n/60.
A similar expression can be written if we replace the subscripts as follows:

VS — VR
VR — VS
r3s —> IR
Tys — 2R
24 — 22
23 — Zl
w — —Ww

Through the experiment, the axial magnetization, measured in the circumferential
direction, of the PM in the PMB is shown in Figure 4.

10,000
AN AN\
= 8000 T
E N /&9‘%/—4
< 6000 o At A—, A ,
2 \_AN_ AN\
o | —— g Ly
% 4000 —— Magnetization of rotor PM
gn —— Magnetization of stator PM
= 2000
0 1 2 3 4 5 6
0/ rad

Figure 4. Axial magnetization of the PM in the PMB.

Through the FFT transformation, the magnetization magnitude of the harmonic of the
stator and rotor magnets is obtained (Figure 5).
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Figure 5. The magnetization magnitude of the harmonic of the PMB.

Bringing the results into Equations (2) and (3), the eddy current loss of the rotor is
Protor-eddy = 8463 mW, and the eddy current loss of the stator is Psystor-eday = 6.982 mW.

4. Losses Estimation of the AMB
4.1. Stator Winding Losses

The AMB's losses consist of stator winding losses, hysteresis loss, eddy current loss,
and the excess loss of the radial magnetic bearing. The scheme of AMB is shown in
Figure 6a. The entity stator of the AMB is shown in Figure 6b.

Rotor core - Coil

Permanent magnet
Return ring
Stator core Magnetic ring

(a)
Upper stator
Lower stator

Y-
(c) (d) (e)

Figure 6. Structure of the AMB. (a) Scheme of the AMB structure. (b) The stator of the AMB.
(c) Scheme of the PM magnetic circuit. (d) Scheme of the magnetic circuit of X+ winding with positive
excitation current (upper stator). (e) Scheme of the magnetic circuit of X— winding with positive
excitation current (upper stator).

The gravitational system, composed of the AMB stator and rotor, is essentially unstable.
In order to overcome this nonlinear relationship between the electromagnetic force and
current, in this paper, an AMB biased PM is used to linearize it. The magnetic circuit
produced by the PM is shown in Figure 6¢. The bias magnetic field produced by the PM
provides the main bearing capacity, whereas the control current applied to the windings
on the stator X+, X—, Y+, Y— is only used as a magnetic control force. The magnetic
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circuits produced by X+, X— stator windings with the positive control current are shown in
Figure 6d,e.

We can see that, in the same direction as the control current, due to the different
direction of the winding, the excitation of the magnetic field enhances the side of the air gap
while weakening the other side of the air gap flux. Table 2 shows the design parameters for
the AMB.

Table 2. Design parameters of the AMB.

Parameters and Characteristics Design Value of PMB
AMB mass, kg 1.15
Nominal air gap, mm 0.80
Maximum current in each coil, A 1.13
Number of winding turns 150
Outer diameter of the stator, mm 90.4
Inner diameter of the stator, mm 34.0
Bearing length, mm 25.6
Maximum force per direction, N 408.8
Current stiffness in center position, N/A 393.4
Position stiffness in center position, N/pm 4.18

The AMB’s winding loss can be calculated by:

PCu_coit = M RE® = 1y Zif “i%pcu[1+6(Ty = 20)] @
where 1 is the number of windings, R is the winding resistance, i is the winding current, N
is the number of coil winding turns, p, is the coil winding perimeter of an AMB’s pole, A,
is the effective cross-section area of coil winding, o, is the resistivity of the coil material
(0cu = 0.01851 Q-mm? /m), J is temperature coefficient of copper (5 = 0.004/°C), T is the
test temperature. Because of the PM biased AMB, no biased current exists in the windings.
In the MLRW, winding losses and currents of the AMB are calculated by Equation (4) and
shown in Table 3, with a rotation speed of 5000 r/min and extreme vacuum of 1.8 x 10~/
Pa. The total winding loss of the AMBs is 0.074 W at 20 °C. The winding loss is affected by
temperature, and the resultant curves are shown in Figure 7.

Table 3. Copper loss calculation for the AMB (20 °C).

Coils Measured Current Resistance Copper Loss
coil_1~8 0.052 A 340 0.0092 W
Total loss 0.074 W
0.17

0.09 1

0.08
< 0071
% 007 —&—  One winding loss of AMB
&8 0.067 —%— Total winding loss
20057
£ 0.04-
=

0.03 7

0.02

0.01 © =

0 T T T T T T T T T T T 1
20 25 30 35 40 45 50 55 60 65 70 75 80
Temperature(°C)

Figure 7. Winding loss versus temperature for the AMB.
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4.2. Iron Loss Estimation of AMB

In this study, the iron losses in the AMB can be divided into the eddy current loss,
the hysteresis loss, and the excess loss. All of these are affected by the core material, the
magnetic field changes in frequency, the magnetic flux density, and the volume of the core.
The iron losses of the AMB occur in the stator and rotor.

The stator core and rotor core use lamination material 1J50, which is used to reduce
losses in the eddy currents. The eddy current loss may appear in the case of a shaft position
fluctuation. The eddy current loss can be estimated as:

PR_eddy = kaIZQ 8122 VR (5)

where k. is the coefficient of eddy current loss; fr is the operating frequency of the magnetic
field changes in the frequency of the AMB, which is twice as large as the mechanical
frequency because two flux density periods are contained in a geometric period of the shaft;
Bp is the maximum flux density; V is the affected volume.

The hysteresis loss can be calculated according to the analytical equation:

PR_pys = knfrBy VR (6)

where kj, is the factor of hysteresis loss and « is the Steinmetz constant.
The excess loss can be expressed as:

PR ex = ke fy°BK VR @)

where k, is the coefficient of the anomalous eddy current loss.
The combined estimation equation for the iron core losses can be also presented in
the form:

PR_core = (kthBf‘{ + kalzzBlzz + keflleBlle'S) Vr 8)

The iron loss depends on the loss factor of the iron core material, the magnetic field
changes in the frequency, the flux density amplitude, and the volume of the core. In this
study, the AMB was made of a silicon steel sheet with a thickness of 0.2 mm. According to the
loss curves of the silicon steel sheets with a sinusoid supply (Figure 8), the loss factors and
Steinmetz constant calculated by the direct fitting computed method are shown in Table 4.

42+

36 —o— 200Hz
—o— 400Hz
30+ —s— 600HzZ
— —— 800Hz
§ 244 —o— 1000Hz
18-

06 10 12

0.0 0.2 0.4 0.8
Magnetic flux density (T)

Figure 8. Loss curves of the silicon sheet with a sinusoid supply.

Table 4. Direct fitting results of parameters for silicon steel sheets.

kh A kc ke
73.0987 1.6 0.120388 1.48188 x 1073

The main parameters and loss calculation results are shown in Table 5, which shows
that the total loss is 0.786 W, and the percentages of different loss types are shown in Table 6.
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The eddy current and hysteresis losses are the major losses, whereas the excess loss is the
smallest loss (0.13% of the total iron loss), and can be ignored in the iron loss. The hysteresis
loss, classical eddy current loss, and excess eddy current loss versus magnetic magnitude,
while the AMB is working with a rotation speed of 5000 r/min, are shown in Figure 9.

Table 5. Main parameters and loss calculation results of the AMB.

Iron Core fR (Hz) BR (T) VR (mm?) Iron Loss (W)

Stator core 17,780 0.488

Rotor core 166.7 14 10,857 0.298
Total loss 0.786

Table 6. Percentage of different iron loss types.

Iron Core fR (Hz) BR (T) VR (mm?) Iron Loss (W)
Value 0.598 W 0.187W 112 x 1073 W 0.816 W
Percentage 76.08% 23.79% 0.13% 1

—o— Hysteresis Loss

Classical Eddy Current Loss
08 1| ExcessEddy Current Loss
Total Loss

o
o

Iron loss(W)

o
~

0.2

Figure 9. Hysteresis loss curve, classical eddy current loss curve, and excess eddy current loss curve
in the AMB versus magnetic magnitude.

In addition to the stator and rotor core of the AMB, the iron loss also exists in the
magnet ring, the PM, and the return ring. As solid materials are used in the above elements,
the iron loss calculation formula is slightly different from that in Equation (8). Ignoring the
excess loss, the iron loss can be expressed as:

Ps ison = Ps jy + Ps o = (ks + ks )050%f2B3Vs )

where kg j, is the hysteresis loss factor, ks . is the eddy current loss factor, o is the conductivity,
g is the thickness, Bg is the maximum flux density, fs is the operating frequency of the AMB,
Vs is the effective volume. The iron cobalt vanadium soft magnetic alloy was adopted in this
prototype. The main parameters and loss calculation results are shown in Table 7.
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Table 7. Other parameters and loss calculation results of the AMB.
Parts Frequency Volume Conductivity Max Flux Density Iron Loss
Magnet ring 166.7 Hz 6993 mm? 2.5S;<rr106 085T 0.159 W
PM 1667 Hz 4995 mm® 1'137;106 0.85T 0.0256 W
Return ring 166.7 Hz 18,152 mm?3 2'587;106 0.85T 0.258 W
Total loss 0.443

5. Loss Estimation of the BLDCM

Space applications generally require low-power reaction wheel systems. Thus, a three-
phase BLDCM with ironless and slotless stator was used in the MLRW for driving the rotor
to rotate at a high speed [20,21]. The structure and parameters of the BLDCM are shown in
Figure 10 and Table 8, respectively. The stator winding coil and Hall sensor are fixed on the
stator frame constructed of polyimide. The rotor consists of the PM poles comprising the
SmCo magnet, outer rotor core, and inner rotor core made of the 1J50 material (perm alloy
with 50% nickel). The range of the speed is from —5000 r/min to 5000 r/min, which can
output torques in both directions. Therefore, the loss type in the BLDCM consists of the
iron core loss from the rotor and the coil copper loss from the stator.

PM poles Inner rotor core

Stator frame Winding coils Stator frame with winding coils

Figure 10. Structure of the BLDCM.

Table 8. Main parameters of the BLDCM.

Parameters Value
Number of stator slots 48
Number of pole pairs 8
Axial length (Lpyg), mm 14
Radial thickness of the PM (dpy), mm 3
Phase resistance (room temperature), () 0.11
Sensor Hall

5.1. Stator Winding Losses

Because the current passes through the windings and the polyimide stator frame, the
stator loss of the BLDCM consists mainly of the copper loss. Considering the influence of
the temperature on the armature windings, the coil copper loss can be expressed as:

Nepe

Pigir = muReie = myu—=peu[1+8(Te = 20)]i¢ (10)
Cc

coil —

where 1y is number of the phases and T, is the test temperature. R, i¢, N¢, pe, A¢c, peu and &
represent the same parameters as in Equation (4) for the BLDCM. The estimated results of
the coil losses have a positive correlation with the temperature of the BLDCM, as shown in
Figure 11. At room temperature, the total copper losses are 2.91 W.
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25 )/" i E
1 1 —e—  Total winding loss
2 —+—  Winding loss of each phase
%’, Winding loss of each pole
815
5
(&)
1 S —
j_,_/F——/#ir"‘
0.5
T T 7T
20 30 40 50 60 70 80
Temperature(°C)

Figure 11. Winding loss of the BLDCM affected by temperature.

5.2. Rotor Losses Estimation

In the BLDCM, the rotor loss consists of the inner rotor core loss, outer rotor core loss,
and PM loss. Similarly to the AMB, the iron losses are separated into the hysteresis loss,
eddy current loss, and excess loss. PM losses are caused by the induced eddy current.

The iron core is made up of thin laminations in order to reduce iron core loss. The
iron core loss depends on the loss factor of iron core material, flux density amplitude, and
magnetic field changes in frequency. From refs. [22,23], the iron loss of the 1J50 material
consists of the eddy current loss, hysteresis loss, and excess loss, and can be calculated as:

Py = PM + PM + PM
(0]
PFItVI = thk§0k< Ii(max + Bli(min) VM

M _ g 2 v 12(R2 2 (11)
Pc _KCf k;Ok (Bkmax+Bkmin)VM
1T (4Bt (15 [aBy(t) [15
e C T I
(2m)2

where K}, K., K, and « are shown in Table 4 for the same material; Bymax and Bymin are the
maximum and minimum values of the elliptical harmonic of each order, respectively [24];
B; and By are the radial and circumferential components, respectively. f is the operating
frequency of the magnetic field, T = 60/(p x n) = 0.0015 s, and V, is the effective volume.

5.2.1. Loss Estimation of the Inner Rotor Core

When the MLRW works with the rotation speed of 5000 r/min, the maximum and the
minimum FFT values of the harmonics in the inner rotor core are calculated (Figure 12).

600
w
500 P [ Maximum flux density in inner rotor core
N = Il Minimum flux density in inner rotor core
400 4
=
£ 300 A
£
m

200 4

100 H

01 2 3 4 5 6 7 8 9 1011 1213 14 15 16 17 18
Harmonics

Figure 12. The maximum and minimum FFT values of the harmonics in the inner rotor core.
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According to Equation (11), since the amplitudes of the harmonics over an order of 17
are smaller and negligible, only the maximum 17-order harmonic magnetic flux density is
considered. It can be calculated that the hysteresis loss and eddy current loss in the inner
rotor core are 0.472 and 0.00168 W, respectively.

17
Pilll/[_h = thM Z k(Bl[?max + Blicmin) Vlzr\l/I
k2o (12)
PiI:l/I_c - KCfI%/Ik;O k2 (Blzmax + Bl%min) Vzg\f
where fy; = pm X 1, /60 Hz, ppy is the pole pair number of the BLDCM, 1y, is the rated
speed, VM is the effective volume of the inner rotor core.
The first derivative of the radial and axial flux density in the inner rotor core is
calculated in Figure 13a,b, respectively.

2500 4000
2000 3000
o 1500 2000
£ 1000 _
E 500 ":é 1000
s 0 - 0
g 500 2 1000 -
= -1000 o
-1500 = -2000 -
-2000 3000 -
-2500 — ; —
0.0 0.5 1.0 1.5 2.0 -4000 T T -
Time (ms) 0.0 0.5 ) 1-0 1.5 2.0
Time (ms)

(a) (b)

Figure 13. The first derivative of the radial and axial flux density in the inner rotor core. (a) Radial.
(b) Axial.

According to the excess loss formula given in Equation (11) and the computed data in
Figure 13a,b, it can be calculated that the excess loss in the inner rotor core is 0.0009 W.

M _ K, l/T dB,(t)
in_e ™ (27.[)% T Jo dt

5.2.2. Loss Estimation of the Outer Rotor Core

Similarly, the maximum and the minimum FFT values of the harmonics in the outer
rotor core are calculated (Figure 14).

1.5 ng(t)
dt

15
) dtvy! (13)

1600

I Maximum flux density in outer rotor core
Hl Minimum flux density in outer rotor core

1306.51

1400
1200

1000 4

= 800
Z 600
400
200
04
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Harmonics

Figure 14. The maximum and minimum FFT values of the harmonics in the outer rotor core.
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It can be calculated that the hysteresis loss and eddy current loss in the outer rotor
core are 0.626 and 0.00364 W, respectively.

ou_h — kmin

17
PM = Kyfm ¥ k(B}__ + B VM
k=0 (14)
17
Paiie = Kefiy & K (B + Biin) Vot
where VM is the effective volume of the outer rotor core.
The first derivative of the radial and axial flux density in the outer rotor core is
calculated in Figure 15a,b, respectively.

3000 8000 4
2500 |
2000 | 60001
7 1500 4000
gi 0 ‘—:c 0
glggg ] 35 2000
-1500 g 4000 ]
22000 -6000
;;33 1 ‘ -8000
0.0 05 10 15 20 0.0 0.5 10 15 20
Time (ms) Time (ms)
@) (b)

Figure 15. The first derivative of the radial and axial flux density in the outer rotor core. (a) Radial.
(b) Axial.

According to the excess loss formula given in Equation (11) and the computed data in
Figure 15a,b, it can be calculated that the excess loss in the inner rotor core is 0.00207 W.

pM _ K. l/T dBy(t)
ou_e (27.[)% TJo dt

5.2.3. Loss Estimation of the PM
The calculation results of the harmonic amplitude in the PM of the BLDCM at the
rated speed are shown in Figure 16.

Yo |dBy(t)
dt

1.5
) dtvM (15)

400 —

100 -

0 1 23456 7 8 91011 12 13 14 15 16 17 18
Harmonics

Figure 16. The harmonic amplitude in the PM of the BLDCM.

There is no hysteresis loss in the PM, and the eddy current loss produced by the
harmonic flux density can be expressed as:

d T
1T rF (L3 (xt)
Po= /O /O /O 7, Fo axaydzat (16)

T
_71 i
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Since the other higher harmonics magnetic flux density are small and negligible, only
the first 17 orders of the harmonics are calculated in the eddy current loss.

pM _ i apmopmLpmdpm T Biws, [ 6 sinh: —sin 2 (17)
M e 16 3T, cosh% — cos %

7Dy
2np
of the PM), w,;, is the electrical angular velocity, opps = 1.17 X 10° S/m is the conductivity
of the PM, apy1 = 0.67 is the pole-arc coefficient. Substituting parameters and values into

Equation (17), the result of the eddy current loss of the PM of the rotor is PM, = 3.42 W.

where 7, is the polar distance of the space harmonics (7, = , D, is the inner diameter

6. Thermal Field Analysis and Measurement for the Prototype of MLRW
6.1. Calculation for Heat Generation Rate

The various losses in the MLRW can eventually be converted to a temperature increase.
As mentioned above, these losses consist of the copper losses and iron core losses in the
AMB and the BLDCM, and they are regarded in terms of the heat generation rate per
unit volume. The models of energy transfer, including the heat conduction and thermal
radiation, play a major role in cooling MLRW when working in a highly vacuum state.

The heat generation rates of the copper loss of the coils in the MBs and the BLDCM
are calculated by Equation (18) and the results are shown in Table 9. The total copper loss
of the MLRW is 2.98 W.

Gloss = (18)

Table 9. Heat rate of the copper losses in the MLRW.

Coils Copper Loss Volume Heat Rate
AMB Coil_1~8 0.0092 W 3461 mm° 2601 W/m3
BLDCM Coil_1~48 0.0606 W 794 mm?> 76,826 W/m3
Total loss 298 W

The heat generation rates of the iron core loss in the MBs and the BLDCM are calculated
by Equation (18) and shown in Table 10. The loss percentages of the loss types and the
different parts are shown in Tables 11 and 12, respectively. The total loss, including the
copper loss and the iron core loss, is 8.75 W. The total iron core loss of the MLRW is 5.77 W.
The estimated results show the BLDCM loss is the main loss, accounting for 84.98% of the
total loss in the MLRW.

Table 10. Heat rate of the iron loss in the MLRW.

Parts Iron Loss Volume Heat Rate

Outer core 0.632 W 30,657 mm?> 20,615 W/m?>

BLDCM Inner core 0474 W 28,289 mm?> 16,755 W/m3
PM 342 W 14,602 mm?3 234,214 W/m3

Stator core 0.488 W 17,780 mm?3 27 447 W /m°>

Rotor core 0.298 W 10,857 mm?3 27 448 W /m®

AMB Magnetic ring 0.159 W 6993.2 mm? 22,736 W/m?
Return ring 0.258 W 18,152 mm?3 14,213 W/m3

PM 0.0256 W 4995.1 mm?> 5125 W/m?>

Stator PM 0.0070 W 28,274 mm?> 247.6 W/m°>

PMB 3

Rotor PM 0.0085 W 30,159 mm 281.8 W/m?3
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Table 11. Loss percentage of the loss types.
Losses Copper Loss Iron Loss Total Loss
Value 298 W 577 W 875W
percentage 34.1% 65.9% 100%
Table 12. Loss percentage of the different parts.
Losses BLDCM Loss AMB Loss PMB Loss Total Loss
Value 7436 W 1.303 W 0.0155 W 875W
percentage 84.98% 14.89% 0.17% 100%

6.2. Convection Heat Transfer Coefficient

The thermal analysis of the system conforms to the law of conservation of energy,
namely, for any closed system:

Q— W = AU + AKE + APE (19)

where Q is the heat in the system; W is the external work; AU is the change in the internal
energy of the system; AKE is the kinetic energy of the system; APE is the potential energy
of the system. For most engineering heat conduction problems, AKE = APE = 0. For the
flywheel thermal analysis studied in this paper, when the flywheel is working in a stable
situation, the heat generated by the flywheel is equal to the heat dissipated into the space;
thatis, Q — W = 0.

Because of the high-vacuum working situation, the effect of heat convection caused
by air can be ignored. The heat transfer formula of the heat conduction due to the contact
between different temperature objects is:

% = KA(Thot - Tcold)/d (20)

where Q; is the heat transferred in time t; K is the heat transfer coefficient; A is the effective
area between the two contact objects; T is the temperature of the object; and d is the distance
between the two planes.

The heat transfer formula of heat radiation is:

oy (T — T4
D, = b( 1 2)

’ 1751 1 1—82
£14q + A1 Xqp + A,

(21)

where @ , is the heat flux between surfaces 1 and 2; 0, = 5.67 X 1078 W/ (m2 ><I<4> is the

radiation constant for the blackbody; 1, €; are the emissivities of the radiation of surfaces 1
and 2; Aj, A, are the effective areas of radiating faces 1 and 2, respectively; Ty, T, are the
surface temperatures of the radiation surfaces 1 and 2, respectively; X  is the coefficient
between the radiating surfaces 1 and 2 (representing the ratio of the total radiation emitted
by surface 2 to the amount of the radiation absorbed by surface 1).

6.3. Thermal Field Analysis of the MLRW

The thermal behavior of the MLRW depends on its cooling capability and losses in the
system. The 3-D FEM of the MLRW was built based on the ANSYS software. Its mesh is
shown as Figure 17a, and the total number of nodes was 426,034. The ambient temperature
was set to 20 °C. Conduction and radiation are the heat transfer modes for the internal
cooling of MLRW. The heat convection can be ignored on account of the high-vacuum
environment. Due to the tight assembly between the components, the heat transfer mode
is mainly heat conduction. Although the rotor is supported by magnetic levitation in
the vacuum environment, the cooling of the rotor is only by means of thermal radiation.



Energies 2022, 15, 1584

16 of 20

Based on steady-state thermal analysis, thermal parameters such as thermal conductivity,
specific heat capacity, emissivity, and loss-load per unit volume of each component are
assigned to the FEM of thermal distribution. The estimated temperature result is shown
in Figure 17b. (In order to facilitate observation, a portion of the lower temperature
components are hidden). The estimated maximum temperature is 54.2 °C, which is located
at the BLDCM stator.

(b)

Figure 17. Finite element analysis of the MLRW. (a) 3-D finite element mesh of the MLRW. (b) The
predicted thermal field of the MLRW by FEM.

6.4. Thermal Optimization Design Based on Thermal Network Model

When the heat dissipation method and the heat transfer mode of the system are
analyzed by the thermal network method, the components of the MLRW are equivalent to
the individual node units. Each node contains the size of its own heat generation value and
various heat-related parameters, such as the thermal conductivity and specific heat capacity.
The heat transfer path between the components is expressed by the thermal conductivity or
thermal resistance between the node units. The equivalent node unit and heat dissipation
path is shown in Figure 18.

v

<«——— Heat conduction path - » Heat radiation path

Figure 18. Equivalent node unit and heat dissipation path of MLRW.

Then, the heat transfer relationship of each node unit can be expressed as the equiva-
lent thermal network model, as shown in Figure 19.
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Figure 19. Equivalent thermal network model of the MLRW.
The heat change formula on any node is:
Ty g (T4 T D;i(T; T,
Ciﬁ—z i,j(j* i)+ L Dij(T = T) + i (22)
] ]

where c; represents the specific heat capacity of the node 7; T; represents the temperature of
node i; g; is the amount of heat generated internally by the corresponding node i per unit
time; E; ; is the thermal radiation coefficient between node i and node j; D; ; is the thermal
conductivity between node i and node j.

According to the Equations (20) and (21), the thermal conductance formula caused by
the radiation and conductivity is:

Ty
Ez‘,j = 1b —
Ly — el
€A AiXi,]v ‘jAj (23)
D:: = iAij
LT T

where §; ; is the distance of the thermal conductivity and A; is the conductivity coefficient
of node i.

According to the thermal field diagram of the MLRW shown in Figure 17b, the tem-
perature of the PM and stator windings of the BLDCM correspond to node iy and i1 in the
equivalent thermal network model. The thermal parameters, such as the thermal radiation
coefficient, thermal conductivity, and heat rate of different components in the MLRW for
the thermal distribution, are based on the steady-state thermal analysis [25,26]. Therefore,
the optimization target is to reduce the temperature of node i and ijg. Then, in the thermal
network equations of the whole system, there are:

E7s(Tg — T7) + E710(Tip — T7) + E713(Tis — T7) + D71a(Tra — T7) + 47 =0
: (24)
Ez10(Ti — T7) 4 Do10(T10 — To) + D1013(Taz — Tio) + g10 = 0

By calculation and comparison of the values of the thermal conductance of each heat
transfer path, it was found that the thermal conductance of node iy4 is too small, which
affects the heat dissipation efficiency of nodes iy and i1g. Thus, the polyimide of the fixed
BLDCM stator windings was replaced by 1060 alloy, which has better thermal conductivity
and hear emissivity. The results of the 3-D FEM verification are shown in Figure 20, and
the maximum temperature located at the BLDCM stator is reduced from 54.2 to 34.8 °C.
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Figure 20. Optimized thermal field of MLRW by FEM.

7. Experimental Test

The prototype of the MLRW with the rated speed of 5000 r/min was manufactured
in this study (Figure 21a). The MLRW was measured to confirm the loss estimation and
the thermal field analysis. Four temperature measurement points were selected in the
prototype, as shown in Figure 21b, where the thermistors were located at the PMB stator,
base, BLDCM stator, and AMB stator.

MLRW  AMB and BLDCM controllers  Oscillograph

(a) (b)
384
36
~ 344
&
S 321
% 30
5 %] A
o
g 284 /HKHA
= i i
261 . 1@
24 : ; .
0 50 100 150 200 250 300
Time (minute)
()

Figure 21. The testing setup of the MLRW prototype. (a) Testing setup. (b) Positions of the four
thermistors. (c) Measurement data.

The temperature rise curve when the MLRW reaches the rated rotation speed of
5000 r/min is shown in Figure 21c. It is shown that, when the MLRW thermal distribution
is stable, the highest temperature is located at the end of the BLDCM stator windings, and
the value is 36.8 °C. The maximum temperatures of the AMB stator and PMB stator are 30.1
and 24.5 °C respectively. The maximum temperature increase in the MLRW satisfies the
safety margin of the magnetic and metal materials. The maximum temperature of the base
is 24.5 °C. The errors in the calculated and measured values are shown in Table 13, with the
maximum error of less than 10%. Thus, the experimental results verified the accuracy of
the MLRW loss estimation and thermal field analysis.
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Table 13. Error between calculated and measured temperatures.

Test Points Point 1 Point 2 Point 3 Point 4
Calculated value 24.8 24.8 34.8 31.1
Measured Value 24.5 24.5 36.8 30.1

Error 1.2% 1.2% 5.4% 3.3%

8. Conclusions

In this article, the temperature increase due to the copper and iron losses in a MLRW
was calculated. The copper and iron core losses in the PMB, AMB, and BLDCM were all
predicted by their analytical equations. The thermal field of the prototype was analyzed
by the 3-D FEM based on the loss values and the heat generation rates. The estimated
maximum temperature was found to be located at the BLDCM stator, and the temperature
was 34.8 °C. A prototype was fabricated, and the maximum measured temperature, also
located at the BLDCM stator, was 36.8 °C. The maximum error between the calculated and
measured temperatures was 5.4%, which verifies the loss estimation model and the thermal
field analysis and optimization.
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