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Abstract— One of the emerging applications of the ultra-
high-speed machine (UHSM) is a mechanical-based antenna
(AMEBA) for portable wireless communication in the RF-
denied environment. With higher power density, efficiency, and
lower torque pulsation, the multi-phase UHSM can be a better
substitute compared to the conventional three-phase UHSM in
the AMEBA application, where portability and efficiency are
the top priority. This paper presents the comparison of the
three-phase and six-phase UHSM in terms of the design and
performance characteristics, considering their use in a safety-
critical AMEBA application. For a fair comparison, both
models are designed using the same multi-physics design
process. The models are optimized to maximize the efficiency,
power-density, and design-safety-margin with  multi-
disciplinary constraints of the AMEBA system. Both models'
key performances, such as the torque profile, efficiency map,
back-electromotive force (EMF), temperature distribution, and
developed stress, are compared by intensive simulation using
finite element analysis (FEA). Finally, the optimized three-phase
and six-phase UHSM prototypes (2 kW rated shaft power at 500
000 r/min) are fabricated with the same volume and same rotor
geometry to validate the simulation results.

Keywords—finite element analysis (FEA), mechanical-
based antenna, Multiphysics analysis, permanent magnet
machine, six-phase machine, and Ultra high speed machine.

I. INTRODUCTION

In recent years, ultra-high-speed machines (UHSM) have
been developed for many emerging applications such as
milling spindles, portable chargers, robotics, medicine, and
rotating mirrors in the optical system [1]-[3]. Apart from
these, one of the new promising applications of UHSM is a
mechanical-based antenna (AMEBA), used for wireless
communication in underwater or undersea facilities such as
submarines, mines, tunnels, etc. [4]-[6]. Fig. 1 shows a
simplified diagram of the AMEBA system using a UHSM.
Unlike conventional electrical coil antenna, AMEBA uses a
UHSM to rotate a polarized permanent magnet (PPM) for
generating low frequency (ELF to VLF: 3 Hz to 10 kHz)
electromagnetic waves that can penetrate a long distance in
the RF-denied environment. Therefore, it enables portable
and bidirectional communication between the earth’s surface
and underground or undersea facilities by solving the
traditional coil antenna’s excessive current and gigantic size
problem. However, the critical challenge in the AMEBA
development is the design of its mechanical transmitter, i.e.,
the UHSM, because it requires a high shaft torque at UHS to
rotate the high mass density PPM dipole at a fast dynamic.
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Fig. 1. Simplified AMEBA system using a high power UHSM to drive PPM.

In literature, UHSMs have been designed for different
high-tech applications from 100 000 r/min to 1.2 million
r/min [7], [8]. But, none of these machines are suitable for
AMEBA application because they have either very low shaft
torque at UHS or a large footprint that does not favor
portability. On the other hand, the key requirements of an
AMEBA motor are the high shaft torque at UHS, high power
density, no critical bending frequency below fundamental
and high efficiency with a good design safety margin (DSM).

According to the scaling law [9], the rated shaft power of
the UHSM can be increased by increasing the rotor’s
magnetic loading. However, unlike the conventional UHSM,
the rotor dimensions of the AMEBA machine are highly
restricted by the excessive air-friction loss and the critical
bending frequency (CBF). For example, the air-friction loss
(Pr) increases with the rotor diameter (D) as Py « D* and the
rotor CBF (w, cpr) decreases with the axial length (L) as

(wn,cpr < +/1/L*) [10], [11]. The excessive air-friction loss
reduces the machine efficiency and affects the rotor
temperature distribution. On the other hand, the rotor CBF
limits the AMEBA’s communication bandwidth
significantly. To avoid these phenomena, the magnetic
loading of the AMEBA rotor cannot be increased after a
certain value. In this condition, the only remaining option to
increase the shaft power of the UHS AMEBA machine is to
increase the stator’s electrical loading.

Increasing the stator’s electric loading of UHSM using
the conventional three-phase winding presents several
disadvantages such as larger footprint, lower power density,
lower efficiency, higher back-EMF, higher axial temperature
variation, which are highly undesirable in the AMEBA
application. As a solution to this problem, a multi-phase
winding configuration can be adopted in UHSM to increase
the shaft power. It will increase the stator’s electric loading
with lower back-EMF and torque pulsation [12]. In addition,
its inherent benefit of lower per phase input current will
reduce the air-gap coil area and improve the electromagnetic



coupling between the rotor and slot-less stator, resulting in
high power density and high efficiency of the UHSM.

Therefore, with these advantages, the multi-phase
winding can be a better substitute compared to the three-
phase winding of UHSM in the AMEBA application.
However, the multi-phase winding adoption in UHSM and its
comparison with the three-phase winding system has not been
studied in any literature yet, to the best of the authors’
knowledge. In this paper, the comparison of three-phase and
six-phase UHSM is presented in terms of their design and
performance characteristics.

II. UHS AMEBA MOTOR GEOMETRY

The UHSMs over 100 000 r/min typically require a
simple and robust design geometry to sustain at the UHS
rotation. Fig. 2. shows the geometry of the studied AMEBA
motor. It has a 2-pole rotor using a cylindrical Sm:Co;,
magnet buried inside a retaining sleeve. A slotless stator is
used to ensure a smooth torque profile. The multi-strands
magnetic Litz wire is used for stator winding to reduce the
high-frequency eddy current effect.

Permanent Stator

Magnet Core
Airgap
Retaining Winding
Sleeve

Fig. 2. Cross-section of the 2 kW, 500 000 r/min UHS machine.

One of the key requirements of the AMEBA motor is the
high shaft power at UHS to drive the PPM at a faster dynamic.
The output power of this motor is proportional to the
magnetic loading, electrical loading, square of the air-gap
diameter, the effective stack length [13], [14]. However, this
UHS rotor's magnetic loading and stack length are strictly
restricted by its critical mechanical aspects, such as excessive
vibration and structural breakdown. Therefore, the feasible
option to increase the output shaft power of a UHS AMEBA
machine is to increase the electrical loading in the stator.

III. INCREASING ELECTRICAL LOADING IN HP-UHSM

The electrical loading of a UHSM can be calculated as the
total input current in the stator divided by the airgap
circumference. When the air-gap is fixed, the stator electrical
loading (4y) can be expressed as (1):

Ag « total ampere conductors « 2ml,Np (1)
where [, is the input current, m is the number of phases, and
Nrp is the number of turns per phase. In the UHSM, the
maximum allowable electrical loading is limited by the
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Fig. 3. Coil diameter variation with strand number generated by
manufacturer’s data and fitted curve [15].

TABLE L. IMPACT OF INPUT CURRENT ON HP-UHSM

Phase current |Output Power| Power density | Back-EMF | Efficiency
3 1170 36 185 92.3
4 1387 32 166 91.9
5 1544 29 152 91.6
6 1727 26 141 91.2
7 1937 24 133 90.7
8 2090 22 126 90.1
TABLE II. IMPACT OF COIL TRUN ON HP-UHSM
Turns/phase | Output Power | Power density | Back-EMF | Efficiency
20 1010 38 120 91.3
30 1308 32 155 90
40 1575 27 185 90.7
50 1806 24 213 90.2
60 2020 21 238 89.3

machine’s cooling capability and the maximum operating
temperature. However, for a specific cooling system,
increasing the electrical loading influences the machine’s
performance significantly.

First, let us consider the increasing electrical loading by
changing the input current. As the input current increases, the
coil requires more parallel strands (Nps) to withstand the
supply current safely. The required strand number for a given
current can be calculated as Npg = I,/I.., where I.. is the
current-carrying capacity of a single strand. Fig. 3 shows the
variation of coil diameter with the strands number. One can
observe that when the Npg increases from 90 to 180 turns, the
nominal diameter of a Litz coil (d,) increases from 1 mm to
1.5 mm. As aresult, increasing the phase current will increase
the coil’s required slot area and end winding length.
Ultimately, it will decrease the machine’s power density,
calculated by PD = Pgpqrt /TRZL,, where L, is the effective
motor length considering the end winding and Rg is the
stators outer radius as shown in Fig. 2.

Furthermore, the UHSMs use a slot-less stator to
eliminate the slot harmonics. It benefits a lower core loss,
lower rotor-eddy current loss, and a smooth torque profile.
However, the slot-less stator results in a large effective air-
gap length (distance between the PM and stator core = R, —
R,), which is inversely proportional to the electromagnetic
coupling between the stator and rotor. Increasing the
electrical loading by using a high input current will further
increase the effective air-gap length. Consequently, the
output shaft power will drop, and machine efficiency will
decrease considerably.

Table-I shows the variation of UHSM performances when
the input current increases. The simulated machine has a
geometry similar to Fig. 2 with a three-phase winding config-



uration. The performances are simulated at S00 000 r/min,
and the efficiency does not include the bearing losses. The
coil diameter is changed based on the input current and
manufacturer’s data supplied by the company [15]. The
parametric analysis shows that when the input current
increases from 3 A to 8 A, the output power increases from
1170 W to 2090 W. However, the power density and
efficiency of the machine are also decreased by 39% and
2.4%, respectively. The B-EMF is dropped by ~32% due to
weakening the electromagnetic interaction between the stator
and rotor. It also observed that the output power doesn’t
increase linearly with the input current. Rather, the increment
becomes smaller as the input current increases.

Second, increasing the electrical loading using higher
coil-turns will also decrease the machine efficiency and
power density. Because the coil-turns are proportionally
related to the required slot area as written in (2):

ndZNtp

Slot Area (S,) = o
SF

+ Ainsulation (2)
where kg is the slot fill factor, and A;,sy1ation 1S the area of
insulating material. Furthermore, higher coil-turns will
considerably increase the back-electromotive force (B-EMF)
especially at UHS rotation.

Table II shows the variation of a UHSM performances
when the coil-turns are increased. The simulation setup is the
same as the previous one, except the input current is fixed at
4 A, which means the coil diameter is fixed in this case. The
Nrp is changed to increase the electrical loading. It is
observed that the output shaft power increases from ~1 kW
to ~2 kW when the number of coil-turns changes from 20 to
60. However, according to (2), as the Nrp increases the
required slot area and end winding length also increase,
which reduces the machine power density from 38 kW/L to
21 kW/L. Furthermore, it reduces the machine efficiency
from 91.3% to 89.3% and increases the B-EMF from 110 V
to 200 V at 500 000 r/min. Hence, the machine will require a
high DC bus voltage to operate at UHS, which is not
favorable for the AMEBA application considering its limited
energy storage capability.

Therefore, it is concluded that the output shaft power of a
UHSM can be increased by using higher coil-turns and input
currents to the stator. But, these techniques reduce the
machine’s power density and efficiency considerably. On the
other hand, the AMEBA system requires an HP-UHSM with
a small footprint and high efficiency to enable bi-directional
wireless communication in the RF-denied environment.

An efficient solution to this problem is to adopt a multi-
phase winding in the slot-less stator to increase the input
electrical loading. For a required electrical loading,
increasing the phase number (m) will reduce the amplitude of
per phase input current and the number of coil-turns. The
former one benefits a smaller slot area by reducing the
number of coil strands. It increases the power density and
efficiency of the machine. The latter one results in a lower
back-EMF at UHS. It reduces the required DC bus voltage
and the electrical stress in the inverter leg.

IV. MULTI-PHASE WINDING IN UHS AMEBA MOTOR

Multi-phase winding configuration in PM machine
provides several inherent advantages such as high torque
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Fig. 4. Phase diagram of commonly used multi-phase winding configurations
in electric machine.

density, high efficiency, high fault-tolerant capability, and
lower per-phase converter current rating. Considering these
benefits, a multi-phase winding configuration can be a
suitable candidate for the HP-UHSM to achieve the unique
requirements of the AMEBA system.

In literature, extensive research has been done on multi-
phase winding configuration for electric machines, especially
five-phase, six-phase, seven-phase, and nine-phase [12], [16].
Fig. 4 shows the phasor diagram of commonly used multi-
phase winding configurations in electrical machines. The six-
phase configuration uses two sets of conventional three-phase
windings: (A1-B1-Cl) and (A2-B2-C2). The nine-phase
configuration uses three sets of three-phase windings: (Al-
B1-Cl), (A2-B2-C2), and (A3-B3-C3). «a is the phase shift
between phase Al and B1. f8 is the phase shift between phase
Al and C1. For a balanced motor system, ¢ = § = 120°. 8
is the electrical angle between the two winding sets (A1-B1-
C1) and (A2-B2-C2, which can be any integer or fractional
number from 0 to 360° based on the available slot number. If
6 = 0, then all three phase-winding sets are in phase.

The five-phase and six-phase configurations use an
unconventional winding setup. All the phases are equally
shifted by an electrical angle of y; = 360°/5 = 72° degrees
for five-phase and y, = 360°/7 = 51.43° degrees for
seven-phase configuration. These configurations offer lower
electromagnetic force harmonics and higher fault-tolerant
capability. However, the required electrical drive system for
these configurations, such as five-phase and seven-phase
inverters, is not commercially available yet. Moreover, a
complex algorithm and high computational power are needed
in the control system of these configurations.

On the other hand, the integer product of the three-phase
system, i.e., six-phase and nine-phase configurations, can be
driven by utilizing two or three commercially available
conventional inverters. Therefore, these configurations are
more attractive over the five-phase and seven-phase
configurations. The variation of key performances of a
UHSM with the three-phase, six-phase, and nine-phase
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Fig. 5. Variation of UHSM performance at different multi-phase winding
configurations.

winding are studied, and results are shown in Fig. 5. The
machine has a geometry similar to Fig. 2, and the rated speed
is 500 000 r/min. A constant current density is considered for
all designs, and both the rotor and stator dimensions are fixed.
The sizing variables are the input current, coil diameter,
number of turns, and phase numbers.

One can observe that the maximum output power is 1350
W in the three-phase design, whereas it is increased to 1695
W in the six-phase design and 1835 W in the nine-phase
design. Similarly, both the power density and efficiency are
also increased as the number of phase increases. However,
the output power is not increasing at the same rate as the
number of phase increases. The increment is 345 W from
three-phase to six-phase, whereas it is only 140 W from six-
phase to nine-phase. The reasons are the higher number of
slots, more coil insulations, and smaller slot area of the nine-
phase design. Moreover, considering the compact design of
UHSM, installing a nine-phase winding configuration in the
slotless stator will be very difficult. Therefore, the six-phase
configuration is considered as the optimal multi-phase
winding for the HP-UHSM for AMEBA application.

V. OPTIMAL DESIGN PROCEDURE OF THREE-PHASE AND SIX-
PHASE HP-UHSM

The design of HP-UHSM is a highly iterative process
when its multi-physics performances are considered [9],[17].
Furthermore, simultaneously achieving the high efficiency
and high DSM of the AMEBA machine is extremely
challenging due to the mutual influence of its multi-
disciplinary constraints. In this study, the optimal design of a
three-phase and six-phase UHS AMEBA machine is obtained
by using a multi-physics design model, shown in Fig. 6. First,
the machine specifications are derived from the AMEBA
application requirements, such as 2-kW rated power at 500
000 r/min, >94% efficiency, >60 kW/L power density, >30%
DSM, and CBF below the fundamental operating frequency
(8333 Hz). Second, the basic machine topology, active
materials, and initial considerations are selected based on the
required power/speed profile. Several multi-disciplinary
design constraints associated with the motor topology,
material limitation, and the AMEBA communication system
are considered. The maximum current density limit is set to 5
A/mm?, considering the natural air-cooling system in the
machine. Then, the machine sizing is performed using a co-
simulation-based ~ multi-physics ~ optimization ~ which
integrates the electromagnetic, thermal, mechanical,
Rotordynamic, and harmonic analysis. Finally, the optimal
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Fig. 6. Simplified multi-physics optimization process of HP-UHSM.

design point is obtained by a multi-objective algorithm. The
optimal design is the one that satisfies all the specifications
and provides the maximum DSM at the rated operation. In
this paper, the optimization process is divided into four cases.

In case I, an attempt is taken to design the required HP-
UHSM using a three-phase winding. All the multi-physics
constraints are applied, such as the thermal limit, vibration
limit, stress limit, and CBF limit. In this case, no feasible
design point (DP) is found that satisfies the requirements,
especially the rated power and power density.

In case I, the machine is again optimized using the three-
phase winding, but the thermo-structural and power density
constraints are ignored. In this case, a feasible solution is
obtained which satisfies the electromagnetic specification
only. This design point is referred to as DP-1. The design
parameters are: R;=4.1 mm, R,=4.9 mm, R;= 5.6 mm, Ry=
152 mm, Rs=17.7 mm, L =40.2 mm, I,= 4.5 A, Nrp= 30,
and Nps = 175.

In case III, the machine is optimized using the six-phase
winding with all the multi-disciplinary constraints. For the
six-phase winding, a 30 °C displacement angle is considered
between the two sets of three-phase winding. In this case,
several feasible DPs are found, and the optimal DP is selected
from the trade-off analysis between the efficiency and the
DSM. 1t is observed that the magnet radius (R;) has a
significant impact on the DSM and other machine
performances. This design point is referred to as DP-2. The
design parameters are: R; = 3.9 mm, R; = 4.6 mm, R; = 5.2
mm, Ry=11.25 mm, Rs= 14 mm, L =40 mm, /,= 3.9 A, Nrp
=20, Nps=100.



Fig. 9. 2-D geometry of DP-3 (three-phase winding in DP-2 geometry).

In case IV, a three-phase winding configuration is
applied in DP-2 by keeping the same geometry parameters to
compare the benefit of the six-phase winding over the three-
phase winding. The value Nyp and I, are optimized by
maintaining the same current density of DP-2. This design is
referred to as DP-3. The design parameters are: R; = 3.9 mm,
R>=4.6 mm, R3=52mm, Ry=11.25 mm, Rs= 14 mm, L =
40 mm, I, = 4.9 A, Nrp = 29, Nps = 125. The geometry of
these three models is shown in Fig. 7 to Fig. 9.

VI. SIMULATION RESULTS

This section presents a thorough comparison of the FEA
simulation results among these three design models in terms
of'their performance characteristics, such as back-EMF, input
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Fig. 12. Electromagnetic torque at 500 000 r/min of three design models.

current, power density, electromagnetic torque, efficiency
map, temperature distribution, and mechanical stress. For a
fair comparison, the same materials are used in all models,
and the axial rotor length is limited to 40 mm to avoid any
CBF below the 8.5 kHz. The machine is operated at the rated
speed of 500 000 r/min.

A. Comparison of no-load operation

The machines are simulated at 500 000 r/min in no
current condition. Fig. 10 shows the line to neutral back-EMF
of'the three design models. With the benefit of slot-less stator
and cylindrical rotor, all models have sinusoidal back-EMF.
The 6-phase design DP-2 has a peak back-EMF value of 125
V, whereas it is 160 V and 175 V in the three-phase designs
DP-1 and DP-3, respectively. Therefore, the voltage stress on
DP-1 and DP-3 is 30% and 40% higher than DP-2.

B. Comparison of full-load operation

The full-load simulation is conducted for all models. The
machine is operated at 500 000 r/min with the optimized input
current shown in Fig. 11. The DP-2 has a maximum peak
current of 5.5 A. The DP-1 and DP-3 draw 62% and 28%
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more input current than DP-2. The developed

electromagnetic torques are shown in Fig. 12. The power
density is calculated by PD = Ppechanicat/(TRZL,). The
efficiency map plot of the three models is calculated using 2-
D FEA. In th efficiency calculation, the air-friction loss,
stator core loss, copper loss, and rotor eddy current losses are
considered, whereas the bearing loss is excluded.

It is observed that the DP-1 can provide the required
output torque of 38.2 mNm, but it does not satisfy the
required power density, efficiency, and DSM constraints. The
outer stator radius is 17.7 mm, which does not meet the
specification of the studied AMEBA system. On the other
hand, the six-phase (DP-2) design develops 38.2 mNm
electromagnetic torque at 500 000 r/min with a 39% lower
input phase current. It has a rated efficiency of 94.5% and
satisfies the AMEBA system’s speed/power specifications.
However, with the same machine geometry, the three-phase
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Fig. 17. Temperature distribution of DP-1 obtained by 3-D FEA (deg-C).
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Fig. 18. Temperature distribution of DP-3 obtained by 3-D FEA (deg-C).

winding (DP-3) can generate only 32.9 mNm torque at 500
000 r/min (1720 W) with a maximum efficiency of 93.4%.

The DP-2 has a power density of 64.9 kW/L, which
meets the studied AMEBA system’s footprint requirement
(>60 kW/L). However, the power density drops to 40.6 kW/L
in the DP-1 due to a higher slot area requirement. Similarly,
despite having the same geometry as DP-2, the DP-3 has a
power density of 55 kW/L, 15% less than the DP-2. It is
because the DP-3 generates 14% less output power than the
DP-2.

C. Comparison of thermal performances.

In the AMEBA application, the machine temperature is
crucial due to the limited cooling system of portable antennas.
In the studied HP-UHSM machine, the operating temperature
is mainly dictated by the air-frictional losses. A 3-D steady-
state thermal analysis is performed to obtain the temperature
distribution of the three design models. The electromagnetic
and air-frictional losses are calculated from Maxwell 2-D
analysis and mapped into the corresponding parts of the 3-D
thermal model. The heat transfer coefficients are calculated
using analytical equations of UHS machinery [18]. The
radiation heat transfer were minimal and hence ignored. The
thermal distribution of all models is shown in Fig. 16 to 18.

Maximum temperature is found at the magnet due to the
dominant air-frictional loss on the rotor surface. Note that the
temperature distribution in the magnet is not constant. Rather
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it is an uneven distribution along the axial direction and the
maximum temperature was found at the center of the magnet.
At the rated operation, the maximum magnet temperature is
158 °C, 127 °C, and 131 °C in the DP-1, DP-2, and DP-3,
respectively. The variation of magnet temperature along the
axial direction is 68 °C, 18 °C, and 38 °C in DP-1, DP-2, and
DP-3, respectively.

Due to the natural air-cooling system, the coil operating
temperature is limited to 120 °C (insulation class-F) in the
AMEBA motor. The coil temperature is influenced by copper
loss, air-friction loss, and stator loss. Both the AC and DC
losses of the copper are considered. The maximum coil
temperature is 142 °C, 108 °C, and 128 °C in the DP-1, DP-
2, DP-3, respectively. Therefore, the six-phase design
provides a higher thermal safety compared to the three-phase
designs due to the lower air-friction loss and copper loss.

D. Comparison of mechanical performances

A key limiting factor of UHSM is the structural stress
developed on the rotor at ultra-high-speed rotation. In this
study, DP-2 and DP-3 share the same rotor radius, but DP-1
has a higher magnet radius (R1). A 2-D FEA simulation is
performed using ANSYS structural analysis to evaluate the
stress distribution of the rotor. The von-mises stress is
considered to calculate the stress of the rotor. Fig. 19 and Fig.
20 show the stress analysis results of DP-1 and DP-2.

It is observed that to maintain a minimum 30% stress
margin in the magnet, the developed stress on the sleeve is
620 MPa in DP-2, which is 784 MPa in DP-1. Consequently,
the DP-2 has a DSM of 31%, and DP-1 has a DSM of 13%
only. The DSM is calculated as the developed stress on a rotor
material divided by the tensile strength limit of that material.
The insufficient DSM of DP-1 may lead the AMEBA rotor to
mechanical breakdown and unwanted vibration. In the UHS
machinery, at least 30% DSM is highly recommended to
ensure a stable and safe rotation at UHS rotation.
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Fig. 23. (Left) full motor prototype, and (Right) customized Gan-FET based
Interter.

VII. PROTOTYPING AND EXPERIMENTAL RESULTS

The three-phase (DP-3) and six-phase model (DP-2) are
prototyped to validate the FEA simulation results. Fig. 21
shows the slot-less stator made by the Amorphous Metglas
(2605SA1) core. The Litz wire is used on the insulated core
in a toroidal fashion to develop the six-phase and three-phase
stator. The three-phase stator has 29 turns in each phase. Each
turn consists of 125 strands of 40 AWG magnet wire, and it
has a diameter of 1.17 mm. The coil is served using Poly-
Nylon insulation (Class-F) to withstand the phase voltage.
The six-phase stator has an asymmetric (30-degree
displacement between two three-phase winding sets) winding
of 20 turns. Each turn consists of 100 strands of 40 AWG
magnet coil, with a diameter of 1.06 mm. The rotor has a
cylindrical Sm»Coi7 magnet, a sleeve, and two shaft parts
made of titanium alloy. The rotor is assembled using the
shrink-fit technique. Fig. 22 shows the rotor parts and the
assembled rotor. Fig. 23 (L) shows the full motor prototype
installed in an aluminum casing using a pair or UHS bearing.
A sensor-less sliding mode speed control algorithm is
developed to drive the motors for the AMEBA application. A
customized GaN-FET based inverter is used to reduce the
switching losses. Fig. 23 (R) shows the power electronics,
which is derived by the TI-DSP F28335 module.

The back-EMF of both prototypes are measured using a
motor-generator cascaded operation. Fig. 24 shows the back-
EMF testing result of both machines at 50 000 r/min. The
back-EMF of both models are sinusoidal. The maximum
phase to neutral voltage of the six-phase design is 12.5 V,
whereas it is ~17.5 V in the three-phase design. Fig. 25 shows



20

- —o—DP-3
>
= 10 —o—DP-2
=
o
v—§ 0 ¢ 4
=)
<¢E -10
S
<
~
-20
0 0.3 0.6 0.9 1.2
Time (ps)
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Fig. 25. Measured back-EMF vs speed variation of both prototypes.

TABLE IIl. MEASURED RESULTS OF REACTION TORQUE

Quantities Six-phase Three-phase
RMS Phase current (A) 0.5 1.5 3 0.5 2 4
Calculated torque (mNm) | 4.9 | 14.7 | 294 | 336 | 1343 | 269
Measured torque (mNm) | 4.94 | 14.75 | 29.43 | 3.37 | 13.45 | 26.85

the variation of the back-EMF of both machines at different
speeds. The back-EMF constant of the three-phase and six-
phase design is measured as 2.5x10-4 V/(r/min) and 3.5%10-
4 V/(r/min), respectively. These values are closely matched
with the FEA results of Fig. 10.

The torque constants of both machines are measured
using the external variable resistor method. Table-III shows
the torque constant results of both machines at a low speed.
The six-phase and three-phase models have a torque constant
of ~9.8 mNm/A and ~6.7 mNm/A, respectively. The
experimental results show great agreement with the FEA
results of Fig. 11 and Fig. 12.

VIII. CONCLUSION

This paper presents the comparison of optimized three-
phase and six-phase UHSM with the same volume. Both
models are optimized considering some unique AMEBA
system requirements such as high shaft torque at 500 000
r/min, no CBF, and high efficiency with 30% multi-physics
DSM. The comparative FEA result shows that the six-phase
UHSM can generate 16.3% higher shaft power than its three-
phase counterpart and satisfy all constraints associated with
the critical AMEBA system. The six-phase model also has a
1.1% higher efficiency, 25% higher power density, 17%
higher design safety margin, and 28.5% lower back-EMF.
Both prototypes are built, and experimental testing is
performed to validate the FEA result. The measured back-
EMF is sinusoidal, and the developed torque is smooth for
both models. The six-phase has a 46% higher torque constant
and 28.5% lower back-EMF constant. Therefore, with the
same volume, the six-phase UHSM has better
electromagnetic performance and design safety margin
compared with the three-phase UHSM. The other emerging
applications of UHSM, where the high shaft-power, portabi-
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-lity, and safety are important factors, the six-phase UHSM
can be a better candidate over its counterpart three-phase
design. Detailed experimental results such as loss analysis,
full load operation, and UHS operation will be investigated
in future work. Finally, the six-phase UHSM will be applied
in the AMEBA communication system.
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