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To guide the selection between permanent-magnet-excited (PME) homopolar inductor alternators (HIAs) and
permanent magnet synchronous machines (PMSMs), the performance of a 1 MW PME HIA and PMSM oper-
ating at a rotational speed of 22,000 r/min is compared. The study demonstrates that, depending on the relative
magnitudes of the d-axis and g-axis synchronous inductances, the PME HIA can be equivalently represented as
a salient-pole, surface-mounted, or interior PMSM with radially magnetized permanent magnets. The equiva-
lent permanent magnets exhibit significantly higher coercive force and substantially reduced thickness com-
pared with conventional PMSM designs. Furthermore, the optimal rotor pole embrace design is identical to
that of the radial-magnetized PMSM. The fundamental component of the air-gap magnetic flux density and the
power density of the PME HIA are comparable to those of the PMSM. However, the 3rd harmonic of the no-
load air-gap magnetic field and induced phase voltage for the PME HIA are significantly larger than those of
the parallel-magnetized PMSM, whereas the line-to-line induced voltage harmonics are comparable. The syn-
chronous inductance of the PME HIA is substantially larger than that of the PMSM due to a considerably
smaller equivalent air-gap length, while its leakage inductance is significantly smaller owing to the slotless sta-
tor-core structure. Moreover, the PME HIA with an air-gap winding exhibits 2% higher efficiency and signifi-
cantly superior reliability compared with the PMSM. The temperature rise of the PME HIA is substantially
lower than that of the PMSM, primarily due to significantly reduced winding copper losses in the effective
parts. The construction of a prototype machine is planned, and experimental tests will be conducted to validate
the analytical results presented in this paper. This study provides valuable guidance for machine selection and

enhances the understanding of comparisons between PME HIAs and PMSMs.
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1. Introduction

Permanent magnet synchronous machines (PMSMs)
offer the advantages of high-power density and efficiency
[1-3]. However, due to their complex rotor structures,
their reliability is limited, particularly in high-speed drive
systems. Furthermore, the rotor magnets in PMSMs are
susceptible to demagnetization caused by high temper-
atures resulting from eddy-current losses. Numerous
studies have addressed the design [4,5], thermal modeling
[6,7], and performance validation [8] of high-speed
PMSMs. The severe squeezing effects on the armature
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winding in high-speed PMSMs pose significant thermal
challenges. To mitigate this issue, air-gap windings [9,10]
and Litz wire [4,5] can be employed. Studies [11,12] have
shown that slotless motors achieve higher torque than
slotted motors when thermal constraints are not con-
sidered; however, under thermal limitations, slotted
motors can deliver higher maximum torque.

The homopolar inductor alternator (HIA) has gained
popularity in various applications owing to its high-power
density and reliability, which are primarily attributed to its
simple rotor structure. HIAs have been successfully de-
ployed in diverse fields, including pulsed power supplies
[13-18], flywheel energy storage [19-24], airborne appli-
cations [25], and ship propulsion systems [26].

In permanent-magnet-excited (PME) HIAs, the eddy-
current losses in the permanent magnets are minimal, and
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the heat dissipation conditions are significantly superior
to those in PMSMs. Consequently, the temperature rise is
extremely low, and there is no risk of magnet demagneti-
zation. In high-speed HIAs with slotted stator cores, the
squeezing effects on the winding represent a significant
concern [16], which can adversely affect machine
performance. Moreover, compared with PMSMs, the
fundamental air-gap magnetic flux density in HIAs with
slotted stator cores is lower. To address these issues,
similar to the method of slotless PMSM [9-12], a PME
HIA with an air-gap winding was proposed in our
previous study [27]. The optimal design for minimum
mass and the relationships among air-gap magnetic flux
density, unit number, shell diameter, and mass were
investigated in [27]. The results demonstrated that this
novel approach effectively reduces armature winding
copper losses compared with conventional PME HIAs.
The flowchart of this paper is shown in Fig. 1. The key
performance parameters for machines used in high-speed
drive systems include power density, EMF harmonic
distortion, winding inductance, efficiency, temperature
rise, and reliability. Power density is critical for overall
mass; efficiency and temperature rise significantly affect
machine lifetime; and reliability is essential for defense
applications. EMF harmonic distortion substantially influences
torque ripple, which affects operational stability and can
cause significant vibration and noise. Inductance plays a
major role in dynamic performance characteristics such as
commutation and torque ripple, as well as steady-state
performance such as average torque. An appropriate
inductance is necessary to achieve excellent dynamic and
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Fig. 1. (Color online) The flow chart of this paper.
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steady-state performance. The objective of this paper is to
determine which machine type—PME HIA or PMSM—is
more suitable for high-speed drive applications.

Regarding power density, it is well established that the
power density of an electrical machine is proportional to
the fundamental component of the air-gap magnetic field.
Generally, PME HIAs are considered to have lower
power density than PMSMs because the air-gap magnetic
field utilization in PME HIAs is substantially lower than
that in PMSMs. However, for PME HIAs with air-gap
windings, the air-gap magnetic flux density is higher than
that in PMSMs, making it difficult to determine which
machine achieves higher power density. Regarding efficiency,
the armature winding copper losses in PME HIAs are
lower than those in PMSMs, but the rotor eddy-current
losses are higher. Therefore, it is also difficult to determine
which machine offers higher efficiency. Regarding
inductance, no studies have compared the inductances of
PME HIAs and PMSMs. Regarding temperature rise, the
armature winding temperature rise in PME HIAs is lower
than that in PMSMs; however, the high rotor eddy-current
losses in PME HIAs may cause serious overheating issues
in the rotor, making it difficult to determine which
machine exhibits lower temperature rise. Regarding EMF
harmonic distortion, it is generally accepted that the
magnetic field harmonics and phase EMF harmonics in
HIAs are significantly higher than those in PMSMs, but
the situation for line-to-line EMF remains unclear. Further-
more, no studies have investigated whether the optimization
of pole embrace to reduce EMF harmonics in PME HIAs
follows the same approach as in PMSMs.

To guide the selection between PME HIAs and PMSMs,
these performance characteristics must be carefully com-
pared. To facilitate an intuitive comparison between PME
HIAs and PMSMs, the relationship between these two
machine types must first be investigated. However, no
studies have addressed the performance comparison
between PME HIAs and PMSMs or the relationship
between these machines. Moreover, whether the optimi-
zation of pole embrace in PME HIAs to maximize the
fundamental component of the air-gap magnetic field
while simultaneously minimizing the 5th harmonic of the
air-gap magnetic field follows the same approach as in
PMSMs remains uninvestigated.

To guide the selection between PME HIAs and PMSMs,
this paper presents a comprehensive comparative study of
the performance of PME HIAs and PMSMs for high-
speed drive systems.

The structure of this paper is organized as follows.
First, an equivalent 2D model for the PME HIA is intro-
duced to facilitate intuitive comparison with the PMSM.
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Next, the optimization of pole embrace for the PME HIA
is investigated using the 2D model and compared with
that of the PMSM. Subsequently, the design conside-
rations and results for a 1 MW PME HIA and PMSM
operating at 22,000 r/min are briefly presented. For com-
parison purposes, the RMS values of the no-load induced
voltages are designed to be identical for both machines.
Finally, a detailed comparison between the PME HIA and
PMSM is presented, focusing on no-load air-gap magnetic
field, no-load induced voltage harmonics, power density,
inductance, losses and efficiency, temperature rise, rotor
structural safety, and reliability. For power density and
inductance, theoretical analytical analyses are conducted
first, followed by FEM simulations to validate the analy-
tical results.

The results demonstrate that the PME HIA offers
superior performance in terms of losses, efficiency,
temperature rise, and reliability. Furthermore, the fund-
amental component of the air-gap magnetic flux density
in the HIA is comparable to that in PMSMs, and the
power density is only 2% lower than that of the PMSM.
The reaction inductance of the PME HIA is significantly
higher than that of the PMSM, whereas the leakage
inductance is substantially lower. This study provides
valuable guidance for machine selection and enhances
understanding of the comparisons between PME HIAs
and PMSMs.

2. Equivalent 2D model of PME HIA

The structure of a conventional PME HIA is illustrated
in Fig. 2(a). The permanent magnet is positioned between
the left and right shells, and an air-gap winding is
employed. The structure supporting the winding is depicted
in Fig. 2(b).

As demonstrated in [28], the electrically excited (EE)
HIA can be modeled as a wound-field synchronous
machine and represented using an equivalent 2D model
[29]. Similarly, the PME HIA can also be represented by
an equivalent 2D model, as shown in Fig. 3. In this
model, HIA Part 1 comprises a rotor formed by the
overlap of the left and right rotors, while HIA Part 2
consists of a smooth rotor with a diameter equal to that of
the rotor shaft. The combination of HIA Parts 1 and 2
equivalently represents the magnetically active portion of
the HIA, which comprises left and right sections. The
axial lengths of both HIA Parts 1 and 2 are equal to the
length of either the left or right half of the rotor. The
armature windings of HIA Parts 1 and 2 are connected in
series, and the end-winding inductance is represented by
an external inductance connected in series with the two
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Fig. 3. (Color online) The equivalent 2D model of PME HIA.

parts. It can be observed that the field coil in the 2D
model of the EE HIA is replaced by a permanent magnet,
with the arc length of the magnet equal to the rotor tooth
width. Since the ratio of rotor slot width to tooth pitch is
selected to be approximately 0.6, the N-pole and S-pole
magnets do not intersect. Consequently, the PME HIA
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can be regarded as equivalent to a PMSM. The rotor core
in the 2D model is a salient-pole rotor, rather than the
smooth rotor core used in PMSMs.

When the effects of axial magnetomotive force drop on
the winding inductance are neglected, the above equivalent
method ensures that the armature winding inductance of
the equivalent 2D model matches that of the actual 3D
PME HIA model. The discussion of cases where the axial
magnetomotive force drop is considered will be presented
subsequently.

Next, the coercive force of the permanent magnet in the
equivalent 2D model must be determined. The amplitude
of the no-load air-gap magnetic field should be identical
for both the equivalent 2D model and the actual 3D
model of the PME HIA. Based on this requirement, the
coercive force of the permanent magnet in the equivalent
2D model can be calculated as follows.

According to the magnetic equivalent circuit model
shown in Fig. 4, the magnetomotive force of the equivalent
permanent magnet in the 2D model for the PME HIA is:

F.=F RﬁRms 2R6Rms +R (1)
ST TPmoRs+R, [ (2Rs+ R, "

Where, the F,,, R;, R,, and R, are defined in
Appendix. Assuming the thickness of PM in the 2D
model is 4,,, then the equivalent coercive force H.. can
be obtained that, to be:

Hep =% 2

Fig. 4. (Color online) Magnetic equivalent circuit model for
PME HIA.
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When ignoring the effect of R,,, then it can be obtained
that:

— lmBm R5
ﬂO/urhme 2R§ + Rm

(€)

ce

It can be seen that, when the /,, is much larger than the
hye, for the PME HIA, in the 2D model, the equivalent
H,, in the 2D model is much larger than the PMSM.

3. Comparisons of optimization for pole
embrace using 2D model

3.1. Harmonic of no-load air-gap magnetic field

From the 2D model of the PME HIA, it can be derived
that varying the permanent magnet width results in
different waveforms of the no-load air-gap magnetic field.
The relationship between the harmonic components of the
no-load air-gap magnetic field and the pole embrace, as
obtained from the 2D model, is presented in Fig. 5(a).
Since the air-gap reluctance is significantly smaller than
that of the permanent magnet and remains relatively
constant with varying pole embrace, the magnet thickness
in the 2D model is assumed to be constant for simplified
analysis. The relationship between the HIA rotor tooth
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components of no-load air-gap magnetic field and the pole
embrace.
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Fig. 6. (Color online) The comparison of air-gap magnetic
field for equivalent 2D model with smooth rotor or salient-
pole rotor.

width coefficient k, and the pole embrace a,, is expressed
as:

a, =2k, 4)

Here, the rotor tooth width coefficient k,, for the HIA is
defined as the ratio of the rotor tooth width to the rotor
tooth pitch. For comparison, the results for PMSMs with
radial and parallel magnetization are also presented in
Figs. 5(b) and 5(c), respectively. It can be observed that
the variation trends are identical for the PME HIA and the
radial-magnetized PMSM. To minimize the 3rd harmonic
of the air-gap magnetic field, parallel magnetization can
be adopted. However, since the winding is Y-connected,
the 3rd harmonic can be neglected because it does not
contribute to the line-to-line voltage.

For the PME HIA, the pole embrace is selected to be
approximately 0.8, as this value yields a large fundamental
component while minimizing the 5th harmonic. Similarly,
for the radial-magnetized PMSM, the pole embrace is
also chosen to be approximately 0.8 for the same reasons.
In contrast, for the parallel-magnetized PMSM, the optimal
pole embrace is 0.6. Consequently, the PME HIA can be
regarded as equivalent to a radial-magnetized PMSM, and
the optimal rotor pole embrace design follows the same
principle as that for radial-magnetized PMSMs.

Fig. 6 presents a comparison between equivalent 2D
models with smooth and salient-pole rotors. It can be seen
that, for simplified analysis of the air-gap magnetic field,
the HIA rotor can be approximated as a smooth rotor in
the equivalent 2D model.

3.2. Harmonic of no-load induced voltage

For the PME HIA, the relationship between the harmonic
components of the no-load induced phase voltage and the
pole embrace, as obtained from the 2D model, is presented
in Fig. 7(a). For comparison, the results for PMSMs with
radial and parallel magnetization are also shown in Figs.
7(b) and 7(c), respectively. It can be observed that the
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variation trends of the induced phase voltage closely
follow those of the magnetic field. However, the 5th
harmonic of the phase voltage is significantly attenuated
due to the distributed winding configuration. Regarding
the 3rd harmonic of the phase voltage, the PME HIA and
the radial-magnetized PMSM exhibit comparable levels,
whereas the parallel-magnetized PMSM shows a much
smaller 3rd harmonic component.

The results for the line-to-line induced voltage are
presented in Fig. 8. It can be seen that all harmonic
components are small for the PME HIA and for both the
radial- and parallel-magnetized PMSMs. This is because
the 3rd harmonic is eliminated in the line-to-line voltage
due to the Y-connected winding configuration.

4. Design Considerations

4.1. The input parameters for designing
The input parameters for designing the PME HIA and
PMSM are displayed in Table 1.

4.2. Design considerations for HIA

The design considerations for the HIA are as follows:

(1) Pole-pair number selection: Considering both the
reduction of electrical frequency and overall weight, the
pole-pair number is selected as 3. The electrical frequency
is primarily constrained by the IGBT switching frequency
of the motor controller.

(2) Rotor slot depth: The rotor slot depth is chosen to
be approximately 11 times the air-gap length. Under this
condition, the fundamental component of the air-gap
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magnetic field can achieve a reasonable level, while the
rotor slot depth is not excessively large to avoid signifi-
cantly compromising rotor mechanical strength.

(3) Rotor slot width-to-tooth-pitch ratio: In the analy-
tical design of the PME HIA, the ratio of rotor slot width
to tooth pitch is selected as approximately 0.6, rather than
0.55 as reported in our previous conference paper [27].
This modification aims to maximize the fundamental
component of the air-gap magnetic field while simultane-
ously minimizing the S5th harmonic. The reason for
selecting 0.6 instead of 0.55 is that the reduction of the
Sth harmonic was not considered in the conference paper
[27].

(4) Maximum air-gap magnetic flux density: The
maximum air-gap magnetic flux density is approximately
1.5 T, which is determined by the saturation flux density
of the rotor material.

The calculation results presented in [27] demonstrate
that the air-gap magnetic flux density Bj, the unit number
of the HIA K,,,, and the shell diameter Dy, significantly
impact the overall mass. Therefore, these parameters were
selected for optimization. As shown in Table 2, the
variation ranges are as follows: from 1.0 T to 1.5 T, with
options of 1, 2, and 3, and from 0.43 m to 0.53 m.

Table 2. The optimization parameters of PME HIA [27].

Parameters Variation
Maximum magnetic flux density of the air gap B; 1.0-15T
Unit number of stator core K, 1-3
Maximum outer diameter of shell Dy 0.43-0.53 m

Table 1. The input parameters for designing the PME HIA and PMSM and the same constraints when comparing two machines

[27].
Parameters Value
Input parameter
Maximum value of rotating speed (r/min) 22000
Maximum value of electrical frequency (Hz) <1100
Maximum value of output power (MW) 1
Total weight of motor (kg) <250
Rated efficiency >96%

Continuous operating time (s)

>100, only one cycle

The same constraints

Geometric envelope
Thermal class insulation
Electrical constraints
Operating point
Control mode

Cooling condition

Outer diameter<0.53 m
Both are C class

Identical DC bus voltage, current, and switching frequency

Both @ 22000 r/min and 1 MW
Both are square wave
Both are water cooling at the casing
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Table 3. The optimization results of the PME HIA.
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Parameters Non- Optimization Optimization Optimization
optimization for M, for Mpy, for My,
Maximum value of air-gap magnetic flux density B;(T) 1.0 1.5 1.0 1.5
Unit number of stator core K,,,, 1 2 1 2

Maximum outer diameter of shell Dy, (m) 0.43 0.43 0.51 0.45

Mass of machine M, (kg) 342 239 317 240
Mass of permanent magnet Mp,, (kg) 62 51 21 46

Weighted mass My, (kg) 286 201.4 257.8 201.2

In this paper, a weighted objective function incorporating
mass considerations is employed. The weighted mass
objective function is defined as:

My = KM, +Kpy Mpy (5)

where My represents the weighted mass, M, denotes the
total mass, and Mpy, indicates the permanent magnet
mass. The values of M, and Mp,, are determined by B,
Do and K,,,,; their calculation formulas can be found in
[27]. The weighting coefficients K; and Kp), represent the
weights assigned to the total mass and permanent magnet
mass, respectively.

It is important to emphasize that the total machine mass
significantly affects performance, whereas the permanent
magnet mass has a relatively minor impact. The total
mass plays a vital role in defense applications, while the
magnet mass primarily influences cost, which is considered
less critical. Consequently, the weighting coefficient for
total mass, M, is substantially larger than that for the
permanent magnet mass, Kpy. Here, K, and Kpy, are
selected as 0.8 and 0.2, respectively.

Table 3 presents the values of Bs;, Dy, and K, for
non-optimized cases, as well as the optimal values M,
Mpy, and My. It can be observed that optimizing Mpy,
reduces the permanent magnet mass from 62 kg to 21 kg.
Similarly, optimizing M, decreases the total machine mass
from 342 kg to 239 kg. By optimizing My, the optimal
values of K, Bs, and Dy, are obtained as 2, 1.5 T, and
0.45 m, respectively (as shown in Table 3). In this case,
the total mass of the PME HIA approaches its minimum
value while the permanent magnet mass remains within
acceptable limits.

4.3. Design considerations for PMSM

To ensure a fair comparison between the PME HIA and
the PMSM, the PMSM is designed with identical
rotational speed, pole-pair number, stator slot number, and
winding pitch. Additionally, the cooling for both machines
is maintained at the same level. The main design

considerations for the PMSM are outlined below.

(1) Rotor configuration: A surface-mounted permanent
magnet rotor is selected for high-speed applications due
to its superior reliability compared with interior permanent
magnet rotors. The magnets are bonded to the rotor core
using a retaining sleeve.

(2) Sleeve material selection: Carbon fiber T300 is
chosen as the sleeve material because metallic sleeves
exhibit excessively high eddy-current losses—simulation
results indicate that such losses could reach several tens
of kilowatts.

(3) Stator core structure: The PMSM stator core employs
a slotted structure, as it is impractical to install armature
windings directly in the air gap. Semi-closed slots are
preferred over open slots to minimize rotor eddy-current
losses induced by tooth harmonic magnetic fields.

(4) Winding configurations: To facilitate comparison
with the PME HIA, two winding designs are considered:
Litz wire and conventional non-Litz wire.

(5) Sleeve design parameters: The sleeve thickness and
interference fit are determined using the methods pre-
sented in [30], with FEM simulations employed to optimize
the interference value.

Through these design considerations, the PMSM can be
effectively evaluated against the PME HIA in terms of
overall performance. This study aims to provide valuable
insights for future developments in this field.

5. Designed Results

Table 4 presents the designed parameters of the PME
HIA, while those of the PMSM are given in Table 5. The
materials employed for both machines are summarized in
Table 6. It should be noted that the PMSM winding
incorporates three parallel branches, whereas the PME
HIA has only one. Additionally, the number of conductors
per slot is two for the PMSM and one for the PME HIA.

A comparison between the 3D models of the PMSM
and the PME HIA, shown in Fig. 9 and Fig. 2, respec-
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Table 4. Designed parameters of PME HIA [27].
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Symbol Parameter Value
D Rotor diameter (mm) 304
p Pole pair number 3
h Rotor groove depth (mm) 68
[ Stator core length (mm) 41
Iy Shaft length (mm) 44
0 Air-gap length (mm) 6
D; Inner diameter of stator core (mm) 316
D, Outer diameter of stator core (mm) 332
z; Stator slots 54
L Length of permanent magnet (mm) 44
Dyt Outer diameter of the shell (mm) 450
Dyjpap Rotor shaft diameter (mm) 168
a Number of parallel branches 1
q Number of slots per pole per phase 3
N Winding layers 1
ne Number of conductors per slot 1
N Number of series turns per phase 9
ky Winding coefficient 0.96
p Short pitch coefficient of armature winding 1
Bs Maximum magnetic flux density of the air gap (T) 1.5
n, Rotating speed (r/min) 5500 or 22000
Ko Unit number of HIA 2
Flat wire: 12
J, Current density (A/mm?) Li?z ziz 3
Flat wire: 13
s Number of sub-conductors L?tz“\j;:e' )
Flat wire: 4
Ses Area of sub-conductors (mm?) Liti ‘::/llrr: 16
. Flat wire: 4
Wes Width of sub-conductors (mm) Li?z XEZ 4
Flat wire: 1
N Thickness of sub-conductors (mm) Litz \:1226 48
Flat wire: 489
s Slot fill factor at wire: 48%

Litz wire: 42%

tively, reveals a significant difference in axial length. This
disparity stems from the substantially higher permissible
rotor tip speed of the PME HIA, whereas the complex
rotor structure of the PMSM constrains the rotor tip
speed, necessitating a relatively smaller rotor diameter.

6. Comparisons of no-load air-gap magnetic
field and induced voltage

6.1. The no-load air-gap magnetic field
To validate the results obtained from the equivalent 2D
model, case studies were conducted using the machines

with parameters given in Tables 4 and 5. The relation-
ships between the harmonic components of the no-load
air-gap magnetic field and the pole embrace for the PME
HIA, as well as those of the no-load phase induced
voltage, are presented in Figs. 10(a) and 10(b), respec-
tively, based on 3D FEM simulations. The magnetic flux
density of the PME HIA is determined as the sum of the
left and right components. To account for axial variations,
the results at different axial positions (A, B, C, and D) in
the air gap, as shown in Fig. 2(a), were averaged. It can
be observed that the results are generally consistent with
those of the equivalent 2D model.
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Table 5. Designed parameters of PMSM.

Symbol Parameter Value
D, Outer diameter of rotor (mm) 132
p Number of pole pair 3
hy Thickness of magnet (mm) 20
Mg Number of slices for magnet in axial direction 20
/ Length of rotor or stator (mm) 570
D,; Inner diameter of rotor (mm) 60
0 Air-gap length (mm) 10
D; Inner diameter of stator-core (mm) 152
D, Outer diameter of stator-core (mm) 255
z; Stator slots 54
Zk Skew width in slot number 1
ay, Mechanical pole embrace 0.6
Dygpent Outer diameter of casing (mm) 315
a Number of parallel branches 3
q Stator slot number per pole per phase 3
N, Winding layers 2
n. Number of conductors per slot 2
N Number of series turn number per phase 6
p Short pitch coefficient of armature winding 1
B; Maximum magnetic flux density of air gap (T) 0.7
n, Rotating speed (r/min) 5500 or 22000
J, Current density (A/mm?) Enamei?i:‘;;é ;&;re: 32
bso Slot opening width (mm) 2
hyo Slot opening height (mm) 1
hg; Slot wedge height (mm) 1
by, Slot wedge maximum width (mm) 4
hy Slot body height (mm) 27.5
bs> Slot body bottom width (mm) 6.9
Ts Slot body bottom fillet (mm) 4

Enameled round wire: 60%

s Slot fill factor Litz wire: 25%

Table 6. Materials of PME HIA and PMSM.

Component PME HIA Component PMSM
Stator iron core Silicon steel sheet (DW-310-35) Stator iron core DW-310-35
Casing Carbon steel (Q235) Casing Aluminum alloy
Rotor core Alloy steel (40CrNiMoA) Rotor core DW-310-35
PM NdFeB N42UH PM N42UH
Armature winding Copper Armature winding Copper
Rotor shaft 40CrNiMoA Rotor shaft Q235
Winding supporting structure Epoxy resin Rotor sleeve Carbon fiber (T300)
End caping Aluminum alloy Filled blocks between PM Aluminum alloy
Winding insulation material Polyimide film and PTFE Winding insulation material Polyimide film and PTFE

Clamping ring

Aluminum alloy
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Fig. 9. (Color online) The model of PMSM.
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Fig. 10. (Color online) (a) The relationship between the
harmonic components of no-load air-gap magnetic field and
the pole embrace (b)The relationship between the harmonic
components of no-load phase induced voltage and the pole
embrace.

When the pole embrace of the PME HIA is set to 0.8,
the comparison of air-gap magnetic flux density and
harmonic components between the PME HIA and the
parallel-magnetized PMSM (with a pole embrace of 0.6),
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Fig. 11. (Color online) The comparison of air-gap magnetic
flux density and harmonic components for PME HIA and
PMSM.

obtained by 3D FEM, is presented in Fig. 11. It should be
noted that the effective magnetic flux density for the PME
HIA is half the value shown in Fig. 11(a). The results
demonstrate that the fundamental component of the air-
gap magnetic flux density for the PME HIA is compar-
able to that of the PMSM. However, the harmonic
components of the air-gap magnetic flux density for the
PME HIA are larger than those of the PMSM, resulting in
correspondingly larger harmonic components in the wind-
ing induced voltage. These 3D FEM results are consistent
with those of the equivalent 2D model.

6.2. The no-load induced voltage
For the parameters given in Tables 4 and 5, Fig. 12

1500

No-load induced voltage (V)

-1000

0 0.2 04_. 0.6 0.8
Time (ms)

Fig. 12. (Color online) The simulated waveforms of no-load
induced voltage for PME HIA and PMSM.
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presents the simulated waveforms of the no-load induced
voltage for the PME HIA and the parallel-magnetized
PMSM. It can be observed that, for the phase voltage, the
harmonic content of the no-load induced voltage for the
PMSM is significantly smaller than that of the PME HIA.
This is because the 3rd harmonic components of the air-
gap magnetic flux density for the PME HIA are larger
than those of the PMSM. In contrast, for the line-to-line
voltage, the harmonic content of the no-load induced
voltage for the PMSM is comparable to that of the PME
HIA, as the 3rd harmonic is eliminated in the line-to-line
voltage.

7. Comparison of power density

Because the pole embrace is typically selected in the
range of 0.6—0.8, and the results presented in the previous
section demonstrate that the pole embrace has negligible
impact on the fundamental component of the air-gap
magnetic field, the power density can be considered
approximately proportional to the amplitude of the air-gap
magnetic flux density.

From the 2D model of the PME HIA, and noting that
the magnetic flux density is the sum of the left and right
components, the equivalent amplitude of the air-gap
magnetic flux density is expressed as:

35 lmBm R5
Se = A T A o

T (6)
2 2u.52R5+R,

For the PMSM, the amplitude of air-gap magnetic flux
density is:

_ hMBm

Bs
H, 5k5

™)

Here, ks represents the Carter's coefficient of the stator,
hy, denotes the magnet thickness, and ¢ is the equivalent
air-gap length, which includes the magnet thickness.
Since £, is typically approximately 2/3 of the equivalent
air-gap length, the amplitude of the air-gap magnetic flux
density for the PMSM is approximately 0.7-0.75 T. For
the PME HIA, the calculation results presented in [27]
demonstrate that a larger Bjs corresponds to a lower
machine mass. From (6), it can be seen that when mag-
netic circuit saturation is neglected, B;, can readily exceed
0.75 T by selecting a sufficiently large /,. The maximum
air-gap magnetic flux density is approximately 1.5 T,
which is constrained by the saturation flux density of the
rotor material; consequently, the maximum value of Bj, is
approximately 0.75 T. Therefore, the analytical analysis
leads to the conclusion that the amplitude of the air-gap
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Fig. 13. (Color online) The simulated waveforms of phase cur-
rents and torque at rated load for PME HIA and PMSM.

magnetic flux density for the PME HIA and PMSM is
comparable. Because the power density of an electrical
machine is proportional to the amplitude of the air-gap
magnetic field, the power density of the PME HIA is
approximately equivalent to that of the PMSM.

For the parameters given in Tables 4 and 5, the results
presented in the previous section demonstrate that the
fundamental components for the PME HIA and PMSM
are equivalent. The torque waveforms at rated load for the
PME HIA and PMSM are shown in Fig. 13. It can be
observed that the average torque and current amplitude
for both machines are very close. However, the torque
ripple of the PME HIA is larger than that of the PMSM,
with values of 12.4% and 10.4%, respectively. This is
attributable to the fact that the harmonic content of the
no-load induced voltage for the PMSM is smaller than
that of the PME HIA. Consequently, the FEM simulation
results indicate that the power of the two machines is
approximately equivalent. For the designed PME HIA
and PMSM, the mass of the PMSM is slightly smaller
than that of the PME HIA, at 235 kg and 240 kg,
respectively. Therefore, the design results also confirm
that the power density of the PME HIA is comparable to
that of the PMSM.

8. Comparison of reaction and leakage
inductance

The calculation of the 4~ and g-axis synchronous
inductances for the PME HIA can be performed using the
methods established for salient-pole synchronous machines.
For a detailed derivation, the reader is referred to [31].
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The air-gap permeance employed in the analytical ap-
proach is obtained from a look-up table, which is gene-
rated using a two-dimensional FEM simulation model as
described in [31] and [32].

In the calculation of the d-axis synchronous inductance,
the magnetic potential drop across the permanent magnet
is also taken into account. Owing to this magnetic potential
drop in the permanent magnet, the d-axis synchronous
inductance is smaller than the g¢-axis synchronous
inductance.

The analytical formulas for the reaction inductance of
the PME HIA are given as follows [31]:

6/,[ Dile Nk * /’i*
Lmdzksd : f( N)2(10+_2)
or 2 ®)
mg — ksq #(_N)z(/l 0 __2)
or p 2

Here /. is the effective length, 4*; and ', and repre-
sents the per-unit values of the DC and second harmonics
component of air-gap permeance respectively, k,, and k,
is the saturation factor for d- and g-axis reaction induc-
tance, and g is the permeability of vacuum. Usually, the
2"y is approximately to 0.5, and A", is small. When the
RMS value of winding EMF and the amplitude of air-gap
magnetic flux density is fixed, it can be obtained that:

Dl,N =K (€)]
Here, K is constant. Then it can be obtained that:
3upNK ky o
26 )
e & (10)

K
Lmq ~ kcq 3lUON (k_N)2
T 20m p

~ ksd

mq ~

It can be observed that the air-gap length and the series
turn number per phase have a significant impact on the
reaction inductance. The calculation formulas for the
PMSM are similar to those for the PME HIA, with the
equivalent air-gap length including the magnet thickness.

The comparison of reaction inductance can also be
interpreted using the 2D model. For the PME HIA, the
reaction inductance of Part 2 in the 2D model can be
neglected, and the rotor of Part 1 can be approximated as
a smooth rotor. Under this condition, the PME HIA can
be regarded as equivalent to a surface-mounted PMSM.
Therefore, when the fundamental component of the air-
gap magnetic flux density is equal for both the PME HIA
and the PMSM, the ratio of reaction reactance is
approximately expressed as:
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5PMSM NHIA (1 1)
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Here, the Jdpmsm and dyja are the air-gap length for
PMSM and PME HIA respectively, and Npysy and Ny
are the series turn number per phase for PMSM and PME
HIA respectively.

3D FEM simulations are employed to validate the
analytical calculations. The simulation conditions are as
follows. Magnetic circuit saturation is taken into account
during the simulation, with the A-phase winding current
set to its rated value. The d- and g-axis synchronous
reactances are calculated from the ratio of the EMF to the
current of Phase A, and the synchronous inductance is
subsequently derived from the synchronous reactance.

For the parameters given in Tables 4 and 5, Table 7
presents a comparison between the synchronous induc-
tances obtained from analytical calculations and FEM
simulations. The analytical results are in good agreement
with the FEM simulation results. The comparison of
reaction and leakage inductances is presented in Table 8.
It can be seen that, for the PME HIA, the reaction induc-
tance is significantly larger than the leakage inductance.
The corresponding results for the PMSM are also
included in Tables 7 and 8. It can be observed that the
synchronous inductance of the PME HIA is substantially
larger than that of the PMSM. This is attributable to the
fact that the reaction inductance of the PME HIA is much

Table 7. Comparison of analytical calculation and FEM simu-
lation for synchronous inductance.

Parameters Analytical . FEM
simulation
HIA
Synchronous inductance of d axis (uH) 44 41.5
Synchronous inductance of ¢ axis (uH) 57 54
PMSM

Synchronous inductance of d axis (WH)  33.1 335
Synchronous inductance of ¢ axis (WH) ~ 33.1 335

Table 8. Comparison of reaction and leakage inductance.

Parameters Reaction Leakage
HIA
Inductance of d axis (uH) 345
Inductance of ¢ axis (uH) 47
PMSM
Inductance of d axis (uH) 10.7 224
Inductance of ¢ axis (uH) 10.7 224
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larger than that of the PMSM, which results from its
considerably smaller air-gap length. In contrast, the
leakage inductance of the PME HIA is much smaller than
that of the PMSM, owing to its slotless stator-core
structure.

9. Comparison of losses and efficiency

The losses of the PME HIA and PMSM mainly com-
prise air friction losses, mechanical losses, stator iron core
losses, rotor eddy-current losses, and armature winding
copper losses. The air friction losses for both machines
are calculated using empirical formulas from [16], which
have been validated by experimental results. The stator
iron core losses and rotor eddy-current losses are computed
through 3D or 2D FEM simulations. Table 9 summarizes
the calculated losses for the PME HIA and PMSM under
rated load conditions.

It is evident that the armature copper losses and stator
iron core losses of the PME HIA are significantly lower
than those of the PMSM. Conversely, the rotor eddy-
current losses and air friction losses of the PME HIA are
considerably higher than those of the PMSM.

9.1. Winding copper losses

When non-Litz wire is employed, the slotless stator
core structure of the PME HIA alleviates the severe
squeezing effects on the armature winding. The simulation
model for winding copper losses, accounting for squeezing
effects, is presented in Fig. 14. This model aims to
analyze the impact of squeezing effects on copper losses
in the winding. To account for eddy-current effects, the
winding is modeled as a “solid” conductor in the

Table 9. Different kinds of losses for HIA and PMSM under
rated load.

PMEHIA PMSM

Stator iron core losses (kW) 2.5 14.2
Rotor eddy-current losses (kW) 6 0.35
Mechanical and air friction losses (kW) 6.4 0.17
With Litz wire
End winding copper losses (kW) 1.4 22
Effective-part winding copper losses (kW) 1.5 2.6
Total losses (kW) 17.8 19.52
Efficiency 98.3% 98.1%
With non-Litz wire
End winding copper losses (kW) 14 1.0
Effective-part winding copper losses (kW) 29 25.0
Total losses (kW) 19.2 40.72
Efficiency 98.1% 96.1%
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(a) PME HIA

(b) PMSM

Fig. 14. (Color online) The simulation model for winding
copper losses of effective parts considering squeezing effects.

software, enabling the calculated winding copper losses to
include both eddy-current losses and static ohmic losses.
The conductor cross-sectional area for the PME HIA
winding is 52 mm?, with 13 sub-conductors. For the
PMSM winding, the cross-sectional area is 40 mm?, with
three parallel branches. It is assumed that the current in
each conductor is one-third of the total phase current. The
simulation results indicate that the winding copper losses
are 4.3 kW and 26.0 kW for the PME HIA and PMSM,
respectively. It should be noted that temperature affects
the squeezing effects in the armature winding. Non-
uniform temperature distribution within the winding can
actually help alleviate these squeezing effects. However,
this temperature non-uniformity was neglected in the
simulation to simplify the analysis.

Analytical calculation formulas from [33-35] can also
be employed to compute winding copper losses con-
sidering squeezing effects. Furthermore, skin effects in
the winding end region can be calculated using the
analytical formulas presented in [36].

The current density of the PME HIA winding is ap-
proximately 12 A/mm?, while that of the PMSM winding
is approximately 5.2 A/mm? Although the current density
of the PME HIA winding is higher than that of the
PMSM winding, the winding copper losses of the PME
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HIA are substantially lower than those of the PMSM.
This is because the extremely severe squeezing effects on
the armature winding are alleviated in the PME HIA due
to its slotless stator-core structure, which is the same as
the slotless PMSM [9,10].

When Litz wire is employed, the comparison of wind-
ing copper losses is also presented. Litz wire can dramati-
cally reduce copper losses for the PMSM [4-5], and the
copper losses of the PME HIA are also significantly
lower than those of the PMSM. This is attributable to the
slotless stator-core structure, which facilitates the insertion
of Litz wire, resulting in a much higher slot fill factor for
the PME HIA compared with the PMSM.

9.2. Stator iron core losses

The 3D FEM model and the 2D FEM model as shown
in Figs. 15(a) and 15(b), combined with external control
circuits, are employed to simulate the stator iron core
losses for the PME HIA and PMSM, respectively. The
element numbers for the PME HIA and PMSM models
are 83,217 and 14,587, respectively, with required
simulation times of approximately 2 hours and 0.5 hours,
respectively.

The simulated stator iron core losses for the PMSM and
PME HIA are presented in Table 9 and Fig. 16. The stator
iron core losses of the PME HIA are 2.5 kW, whereas
those of the PMSM are 14.2 kW. This difference arises
because stator iron core losses are proportional to the
square of the magnetic flux density. In the PMSM, the
slotted stator core structure results in higher magnetic flux
density in the teeth. In contrast, the slotless stator core of
the PME HIA yields a relatively uniform magnetic flux
density. Additionally, the mass of the PMSM stator core
is significantly larger than that of the PME HIA, at 80 kg
and 15 kg, respectively. This difference is due to the
considerably smaller thickness of the stator iron yoke in
the PME HIA. The magnetic fluxes in the PME HIA pass
through the shell and then the other half of the stator core;
consequently, there is no requirement for a stator iron
yoke to carry magnetic fluxes between adjacent poles.

9.3. Rotor eddy-current losses

Because the element number of a 3D FEM model
would become excessively large if the rotor were meshed
with very fine quality, resulting in simulation times of
several hours, the 3D FEM model is not employed for
rotor eddy-current loss calculations. Instead, the single-
sided rotor 2D FEM model from our previous study [16],
as shown in Fig. 15(c), is used to simulate the rotor eddy-
current losses for the PME HIA. The current excitation is
obtained from the simulation results of the 3D FEM
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Fig. 15. (Color online) The simulation model of stator iron
core losses and rotor eddy-current losses for PME HIA and
PMSM.

model combined with the external control circuit. For the
PMSM, a 2D FEM model combined with the external
control circuit is employed.

To ensure accurate simulation of rotor eddy-currents
losses, the rotor face meshes for both the PME HIA and
PMSM are refined, as shown in Figs. 15(b) and 15(c).
The element number for the PME HIA 2D FEM model is
8,270, with a required simulation time of approximately 6
minutes.
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Fig. 16. (Color online) The simulated waveforms of stator iron
core losses and rotor eddy-current losses and at rated load for
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Fig. 17. (Color online) The calculated air friction losses for
PME HIA and PMSM.

The simulated rotor eddy-current losses for the PME
HIA and PMSM are presented in Fig. 16. The rotor eddy-
current losses of the PMSM are 0.35 kW, whereas those
of the PME HIA are 6 kW. This difference is attributable
to the axial magnet segmentation in the PMSM, which
dramatically reduces eddy currents.

9.4. Air friction losses

The air friction losses for the PME HIA and PMSM,
calculated using the empirical formulas presented below
[16], are shown in Fig. 17.

Pwind = % ﬁoﬁpairD4a)3rl (12)
Here, Cy is the skin friction coefficient, p,; is the density
of air, w, is the rotor angular speed in rad/s, D is the
diameter of rotor, and / is the length of rotor. The skin
friction coefficient has a relationship with the Reynolds
number R, as follows [37].

cﬁ.o:Ri,Redloo (13)

e
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1/[Cyp = B+1.768In(R,[Cyrg), R, 21100 (14)

where B is a constant determine by the experimental
results, to be 2.04 [37]. For PME HIA, the effects of the
salient structure on the windage losses can be simplified
by multiplying a constant [37], which is defined by the
following equation:

K. win

4 =17(h/ D)+22 (15)

Here, # is the rotor slot depth.

At a rotational speed of 22,000 r/min, the air friction
losses for the PMSM and PME HIA are 0.12 kW and 6.3
kW, respectively, as shown in Fig. 17. The air friction
losses of the PME HIA are substantially higher than those
of the PMSM. This difference is attributable to the
significantly higher rotor tip speed of the PME HIA
compared with that of the PMSM. Additionally, the PME
HIA features a salient rotor structure, whereas the PMSM
has a smooth rotor outer surface.

10. Comparison of temperature rising

The simulation conditions for the PME HIA are as
follows: the machine operates at rated load, with a
rotational speed of 22,000 r/min and an output power of
1,000 kW. Under these conditions, the losses are
calculated using the methods presented in the preceding
sections.

The simulation conditions for the PMSM are identical
to those of the PME HIA. Both machines employ water
cooling at the casing, with the same surface heat transfer
coefficient and ambient temperature. The thermal pro-
perties of the materials for both machines are summarized
in Table 10.

10.1. Non-Litz Wire Case

When non-Litz wire is employed, the winding copper
losses are 1.0 kW and 25 kW for the end winding and
effective parts of the PMSM, respectively, and 1.4 kW
and 2.9 kW for the end winding and effective parts of the
PME HIA, respectively. The temperature rise curves for
the maximum temperature of the PME HIA and PMSM
are shown in Fig. 18(a), while the 3D temperature di-
stribution at 100 s is presented in Fig. 18(b). The
temperature distribution in the axial section is shown in
Fig. 18(c). The simulation results indicate that the maximum
temperature at 100 s reaches approximately 225 °C for
the PMSM, occurring in the effective part of the winding.
It can also be observed that the temperature rise of the
PMSM is significantly higher than that of the PME HIA.
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Table 10. The thermal properties parameters of materials for PME HIA and PMSM.

Parameters Specific heat capacity J/(kg-°C) Thermal conductivity (W/(m-K)) Mass density (kg/m®)
40CrNiMoA 460 44.5 7830
DW-310-35 460 Radial: 29.1; Axial: 0.7 7650

Q235 434 60 7800
Magnet 470 9 7500
Aluminum alloy 900 230 2770
Copper 390 Radial: 1.3; Axial: 343 8900

Epoxy resin 550 0.2 3100

Carbon fiber 760 0.5 1760
Air 1000 0.026 1.16
Alr in air-gap 1000 0.5 1.16
Bearing 470 Radial: 0.5; Axial: 47 7800
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Fig. 18. (Color online) Temperature results calculated by FEM for PME HIA and PMSM with non-Litz wire.
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Furthermore, for the armature winding of the PMSM, the
temperature of the end winding is considerably lower than
that of the effective parts, as the skin effects are much less
severe in the end winding region.

10.2. Litz Wire Case

When Litz wire is employed, the winding copper losses
are 2.2 kW and 2.6 kW for the end winding and effective
parts of the PMSM, respectively, and 1.4 kW and 1.5 kW
for the end winding and effective parts of the PME HIA,
respectively. The temperature rise curves for the maximum
temperature of the PME HIA and PMSM are shown in
Fig. 19(a), while the 3D temperature distribution at 100 s
is presented in Fig. 19(b). The temperature distribution in
the axial section is shown in Fig. 19(c). It can be observed
that Litz wire dramatically reduces the temperature rise of
the winding effective parts; however, it increases the
temperature rise of the end winding.

The parameters for the winding insulation materials
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(polyimide film and PTFE) are presented in Table 11. The
comparison of thermal safety margins for the PME HIA
and PMSM is shown in Table 12. It can be seen that the
PME HIA exhibits substantially larger thermal safety
margins than the PMSM for both cases, with and without
Litz wire.

11. Comparison of rotor structure safety

The parameters of the rotor materials for the FEM-
based stress and dynamic analyses are presented in Table
13. For the PMSM, cases with interference fits of 0.1
mm, 0.2 mm, and 0.3 mm, and rotational speeds of 0 and
22,000 r/min are considered. When the interference is 0.3
mm and the rotational speed is 22,000 r/min, the von
Mises stress distribution of the PMSM rotor is shown in
Fig. 20(a), while the magnet radial stress is presented in
Fig. 20(b). It can be observed that the maximum stress
occurs in the sleeve, with a value of 1,057 MPa, which is

150 :
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Fig. 19. (Color online) Temperature results calculated by FEM for PME HIA and PMSM with Litz wire.
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Table 11. Parameters for winding insulation material of polyimide film and PTFE.
Parameters Polyimide film PTFE
Maximum allowable temperature (°C) 250 260
Breakdown field strength 210 kV/mm 200 kV/mm
Thickness 0.025-0.035 mm 0.01-0.05 mm
Table 12. Comparison of thermal safety margins for PME HIA and PMSM.
Components End winding .1nsulat10n Carbon PM Effectwe_—paﬁ w1nfilng Rofor core
material fiber insulation material
Maximum allowable PME HIA: 743
250 150 180 250 ’
temperature (°C) PMSM: 150
With Litz wire
PME HIA temperature (°C) 125 - 20 90 150
PME HIA (%) 100 - 800 178 395
PMSM temperature (°C) 150 50 25 60 25
PMSM (%) 67 200 620 317 500
With non-Litz wire
PME HIA temperature (°C) 156 - 20 130 153
PME HIA (%) 60 - 800 92 385
PMSM temperature (°C) 175 90 30 225 30
PMSM (%) 30 67 500 11 400
Table 13. The mechanical performance parameters of rotor materials for PME HIA and PMSM.
Parameters 40CrNiMoA Carbon fiber Magnet Aluminum alloy DW-310-35
. Circumferential: 230
Elastic modulus (GPa) 209 Radial: 10 150 71 200
N Circumferential: 0.3
Poisson's ratio 03 Radial: 0.18 0.29 0.33 0.3
Mass density (kg/m®) 7830 1760 7500 2770 7650
Circumferential: 3530 Compressive: 900
Strength (MPa) 980 Radial: 400 Tensile: 80 230 410
Coefticient of thermal Circumferential: 0.02
11.7 9 22 11.6
expansion (10 m.K™") Radial: 22.5

significantly lower than the tensile strength of carbon
fiber T300. The radial stress in the magnet is negative,
indicating that the magnet is under compression by the
sleeve; the maximum radial stress is approximately 160 MPa,
which is considerably lower than the compressive strength
of the magnet. For comparison, the von Mises stress of
the PME HIA rotor is also shown in Fig. 20(a); the tensile
strength of the alloy steel is approximately 980 MPa.
The rotor component stresses for the PMSM with
different interference fits are summarized in Table 14.
The simulation results indicate that an interference of 0.2
mm is optimal, as this condition maximizes the stress
safety factors for all rotor components. The comparison
of rotor component stresses for the PMSM with and

without temperature rise, at an interference of 0.2 mm and
a rotational speed of 22,000 r/min, is presented in Table
15. It can be observed that temperature rise has negligible
effects on the stress. The comparison of mechanical safety
margins for the PME HIA and PMSM is shown in Table
16. It can be seen that the mechanical safety margins for
the PME HIA are also larger than those of the PMSM.

The bearing parameters for the PME HIA and PMSM
are presented in Table 17. The bearing selection accounts
for the required load capacity and rotational speed limits.
The bearing diameter for the PMSM is selected to ensure
that the first critical speed of the rotor is sufficiently
distant from the rated speed of 22,000 r/min.

The simulated first and second critical speeds of the
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(a) The Von misses stress of rotor (MPa)

4

(b) The magnet radial stress (MPa)
Fig. 20. (Color online) The rotor stress results calculated by FEM for PME HIA and PMSM.

Table 14. Rotor component stress (MPa) for PMSM with different interferences.
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Components Rotor core Rotor sleeve PM Filled blocks between PM
Mises: 300 ..
0.1 mm@ 0 vmin 130 Radial: -87 %1::; P 1398 29
Circumferential:282 p '
Mises: 493 ..
0.1 mm@ 22000 tmin 86 Radial: 218 Oﬁref(’iﬁﬁﬁn 1001 30
Circumferential: 475 P ’
Mises: 605 ..
0.2 mm@ 0 t/min 249 Radial: -174 ?;Ig P 2:1322 Z 56
Circumferential: 570 P '_
Mises: 749 ..
0.2 mm@ 22000 r/min 20 Radial: -233 OI“ter P OS“,‘:).H' f1;4 53
Circumferential: 700 et posttion: =
Mises: 916 ..
0.3 mm@ 0 vmin 377 Radial: -256 Ol?lfefrpojgfonn 15245 81
Circumferential: 867 P '
Mises: 1057 ..
0.3 mm@ 22000 t/min 141 Radial: -312 Outer position: -160 78

Circumferential: 992

Inner position: -28

PMSM rotor shaft are approximately 10,000 r/min and
30,000 r/min, respectively, as shown in Fig. 21(a). The
second bending mode of the PMSM rotor shaft and the
first bending mode of the HIA rotor are shown in Fig.

21(b). Although both the first and second critical speeds
are distant from the maximum operating speed of 22,000
r/min in the high-speed drive system, the separation
margin percentage for the second critical speed is 36%,
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Table 15. Comparison of rotor component stress (MPa) for PMSM with and without temperature rising when interference is 0.2
mm and rotating speed is 22000 r/min.

Components Rotor core Rotor sleeve PM Filled blocks between PM
Mises: 749
Out ition: -114
Without temperature rising 20 Radial: -233 111111‘13 erocs);ilt(i)(l)ln‘ 9 53
Circumferential:700 P o
Mises: 750
£ ition: -113
With temperature rising 20 Radial: -254 (I)IlllnerrI)OSlitliOIIlr 10 52
Circumferential: 704 e POSItion:
Table 16. Comparison of mechanical safety margins for PME HIA and PMSM.
Parameters Rotor core strength Rotor sleeve strength PM strength Filled blocks strength
PME HIA 75% - - -
PMSM 64% Circumferential: 404%, Radial: 72% 689% 346%
Table 17. Parameters of bearing for PME HIA and PMSM.
Parameters Specification ‘Inner Required  Rated dynamic  Load sa.fety Grea.sehlubrication Speed szflfety
diameter load load margin limit speed margin
PME HIA NSK 71908C HQ1 (Dual) 40 mm 8000 N 16000 N 100% 42000 r/min 91%
PMSM GMN HY KH 6006 C TA 30 mm 1500 N 8200 N 447% 62500 r/min 184%
2000 ‘ —e—Ratio | Table 18. Comparison of critical speed safety margins for
5 1500 1 iy p pode | (T PME HIA and PMSM.
5 1000 30000, M min imj:;;& Parameters Critical speed
PMSM 36%
0 2 4 6 8 10+10*
Speed (r/min)
(a) Campbell chart .
PMSM that the armature reaction of the PME HIA may be

4’-‘" —

(b) First (for HIA rotor) and Second (for PMSM rotor shaft) band modal

Fig. 21. (Color online) The simulated results for modal and
Campbell chart for PME HIA and PMSM.

which is significantly lower than that of the PME HIA, as
presented in Fig. 21(a). The comparison of critical speed
safety margins for the PME HIA and PMSM is shown in
Table 18. It can be seen that both the PMSM and HIA
satisfy the IEC 60034-14 requirement.

12. Comparison of linearity of relationship
between torque and current

The results presented in the previous section demon-
strate that the reaction inductance of the PME HIA is
significantly larger than that of the PMSM. This implies

considerably stronger than that of the PMSM, potentially
leading to more severe core magnetic saturation. The
simulated relationship between torque and phase current
is shown in Fig. 22, where both torque and current are
normalized to their respective rated values. The simulation
results indicate that the torque-current linearity for both
the PME HIA and PMSM is satisfactory, although it is
superior for the PMSM. The satisfactory linearity of the
PME HIA is attributable to its slotless stator structure,
which renders the stator iron core less susceptible to
saturation. Furthermore, because the maximum current is
constrained by thermal insulation limits, the armature
reaction has a limited impact on magnetic saturation.

To improve the linearity of the PME HIA, lead angle
control can be employed, as shown in Fig. 22, the linearity
with lead angle is better. Additionally, selecting a larger
effective air-gap length and utilizing high-saturation
materials such as 1J22 alloy can reduce saturation effects
[38]. The topology employing PM excitation in the rotor
slot [39] can also be adopted to improve linearity and
power density.
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Fig. 22. (Color online) The relationship between torque and
current.

13. Comparison of Reliability and
Manufacturing Difficulty

The rotor structure of the PMSM is complex, whereas
the rotor of the PME HIA is simple and highly reliable.
The rotor stress in the PMSM is intricate because it is
coupled with temperature, which varies during machine
operation. This complicates accurate rotor stress analysis
and makes it difficult to ensure absolute rotor safety
under complex operating conditions.

In contrast, the magnets in the PMSM exhibit eddy-
current losses, and under poor heat dissipation conditions,
the temperature rise of the magnets and sleeve can
become very high, potentially causing demagnetization
and carbon fiber sleeve failure. However, in the PME
HIA, the magnet is positioned between two half-shells,
ensuring nearly constant magnetic flux density and minimal
eddy-current losses. Furthermore, the heat dissipation
conditions for the magnet in the PME HIA are signifi-
cantly superior to those in the PMSM. Consequently, the
magnet temperature in the PME HIA remains very low,
with no risk of demagnetization. Although the simulation
results indicate a small temperature rise for the PMSM
magnet, the simulation duration is short. Under repetitive
operating conditions, heat accumulation in the magnet
may lead to a substantial temperature rise due to the
inferior heat dissipation conditions of the PMSM rotor.

Therefore, it can be concluded that the PME HIA offers
substantially higher reliability than the PMSM. Addition-
ally, owing to its slotless stator-core structure, the
insertion of Litz wire in the PME HIA is considerably
easier than in the PMSM. The fabrication of rotor for
PME HIA is much easier than that of PMSM. So, manu-
facturing difficulty for PME HIA is also smaller than the
PMSM.

Comparative Study of Performance between Permanent-Magnet-Excited Homopolar Inductor Alternator--- — Long-jian Liu et al.

14. Verification of 2D FEM model
for PME HIA

Our previous study [40] demonstrated that the effects of
axial magnetomotive force drop on the winding inductance
can be modeled using an equivalent rotor with different
air-gap length and rotor slot width. Subsequently, the 2D
FEM model for the 3D model with equivalent rotor can
be established using the method introduced in the preced-
ing section. The 3D FEM simulation is employed to
validate the 2D FEM model. The comparison of the
relationships between the harmonic components of no-
load air-gap magnetic field, induced voltage, and pole
embrace simulated by 3D and 2D FEM for the PME HIA
is shown in Fig. 23. The comparison of synchronous
inductance simulated by 3D and 2D FEM for the PME

2
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o
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(a) Air-gap magnetic field
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=
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(b) Phase induced voltage

Line EMF(kV)

0.5

0 A 5 ) .
0.55 06 065 07 0.75 0.8 08 09 095 1
Pole embrace

(c) Line induced voltage

Fig. 23. (Color online) The comparison of relationship bet-
ween the harmonic components of no-load air-gap magnetic
field, induced voltage and the pole embrace simulated by 3D
and 2D FEM for PME HIA.
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(b) Synchronous inductance of g-axis

Fig. 24 (Color online) The comparison of synchronous
inductance simulated by 3D and 2D FEM for PME HIA.

HIA is presented in Fig. 24. The simulation results
indicate that the 2D and 3D FEM simulation models are
in good agreement. By comparing Figs. 5, 7, 8, and 23, it
can be observed that although neglecting the variation of
PM thickness in 2D FEM model when the pole embrace
takes different values has a minor effect on the simulation
results for the 2D FEM model, it has negligible impact on
the optimal rotor pole embrace.

When the effects of axial magnetomotive force drop on
the winding inductance are taken into account, the d-axis
synchronous inductance may be smaller or larger than the
g-axis synchronous inductance depending on the pole
embrace value; consequently, the slot width coefficient
for the equivalent rotor of the 3D model would be smaller
than, equal to, or larger than 0.5. When the d-axis syn-
chronous inductance is greater than the g-axis syn-
chronous inductance, the PME HIA can be regarded as
equivalent to a salient-pole PMSM; when the d-axis
synchronous inductance is equal to the g-axis synchron-
ous inductance, the PME HIA can be regarded as
equivalent to a surface-mounted PMSM; when the d-axis
synchronous inductance is smaller than the g-axis syn-
chronous inductance, the PME HIA can be regarded as
equivalent to an interior PMSM.

15. Conclusions and future works

15.1. Conclusions

In this paper, an equivalent 2D model for the PME HIA
is introduced. The study demonstrates that the PME HIA
can be equivalently represented as a salient-pole, surface-
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mounted, or interior PMSM with radially magnetized
permanent magnets, depending on whether the d-axis
synchronous inductance is greater than, equal to, or less
than the g-axis synchronous inductance, respectively. The
equivalent permanent magnets exhibit significantly higher
coercive force; consequently, the magnet thickness in the
2D model is substantially smaller than that in the PMSM.
Furthermore, the optimal rotor pole embrace design is
identical to that of the radial-magnetized PMSM. For
simplified analysis of the air-gap magnetic field, the HIA
rotor can be approximated as a smooth rotor in the
equivalent 2D model.

A detailed comparison between the PME HIA and
PMSM is also presented, with the main conclusions
summarized in Table 19.

Both analytical and FEM simulation results demonstrate
that the fundamental component of the equivalent air-gap
magnetic flux density and the power density of the PME
HIA are comparable to those of the PMSM. For the two
machines designed in this case study, the power density of
the PME HIA is only 2% lower than that of the PMSM.
The 3rd harmonic of the no-load air-gap magnetic field
and induced phase voltage for the PME HIA is signifi-
cantly larger than that of the parallel-magnetized PMSM,
whereas the other harmonics of the no-load air-gap mag-
netic field and the line-to-line induced voltage harmonics

Table 19. The conclusion for comparison between PME HIA
and PMSM.

PME HIA
Items compared with
PMSM
No-load air-gap magnetic field fundamental Equivalent
component

3th harmonic of no-load air-gap magnetic field Much larger
Other harmonic of no-load air-gap magnetic field Equivalent

3th harmonic of no-load induced phase voltage Much larger
Harmonic of line-to-line no-load induced voltage Equivalent
Power density Equivalent

Reaction inductance Much larger

Leakage inductance

Much smaller

Efficiency 2% Higher
Temperature rising Much Lower
Thermal safety margin Much larger
Rotor strength safety margin 11% Higher
Separation margin percentage for critical speed Much larger
Reliability Much higher
PM usage Much larger
Linearity between torque and current Slightly worse
Difficulty of embedding Litz wire Much lower
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are comparable for both machines. Both analytical and
FEM simulation results indicate that the reaction induc-
tance of the PME HIA is substantially larger than that of
the PMSM due to its considerably smaller equivalent air-
gap length, while its leakage inductance is significantly
smaller owing to the slotless stator-core structure.

Furthermore, when non-Litz wire is used, the PME HIA
achieves higher efficiency, with a 2% improvement
compared with the PMSM. The PME HIA exhibits lower
armature copper losses and stator iron core losses, although
its rotor eddy-current losses and air friction losses are
higher than those of the PMSM. The slotless stator-core
structure of the PME HIA alleviates squeezing effects on
the armature winding, thereby reducing eddy currents in
the windings and resulting in significantly lower armature
copper losses compared with the PMSM. Moreover, the
temperature rise of the PME HIA is substantially lower
than that of the PMSM, primarily because the winding
copper losses in the effective parts are significantly
reduced. When Litz wire is used, the PME HIA has little
higher efficiency than PMSM, and the temperature rise of
the PME HIA is approximately equal to that of the
PMSM. The use of Litz wire in PME HIA is much more
convenient than in PMSM. In terms of reliability, the
PME HIA surpasses the PMSM due to its simple rotor
structure and minimal eddy-current losses in the magnet.

The rotor structural safety and reliability of the PME
HIA are significantly higher than those of the PMSM.
This study provides valuable guidance for machine
selection and enhances the understanding of comparisons
between PME HIAs and PMSMs.

15.2. Future Works

The construction of a prototype machine is planned,
and experimental tests will be conducted to validate the
analytical results presented in this paper. Methods to
reduce the harmonics of the no-load air-gap magnetic
field and induced voltage, as well as torque ripple, for the
PME HIA will be investigated. Possible methods include
skewed-pole or skewed-stator configurations, and special
rotor shapes such as slotting in the rotor teeth. Additionally,
optimal design methods for minimizing synchronous
inductance will be investigated in depth.

It should be noted that nonlinear magnetic behavior was
neglected when deriving the 2D FEM model for the PME
HIA. When nonlinearity is taken into account, it is actually
the incremental inductance, rather than the apparent
inductance, that influences the dynamic performance of
the machine. A 2D FEM model incorporating nonlinear
magnetic behavior will be investigated in future work.
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Appendix [27]

The magneto potential of a PM is:

I B
F,, =" (A1)
#Olur
Where, o and y, are the vacuum permeability and the
relative permeability of the PM respectively, /,, and B,, are
length and remanence of PM respectively. The magnetic
resistance of a PM is:
Im
R,=—"2— (A2)
,uO:urAshell
Where Ay, represents the cross-sectional area of the
PM, which is calculated as:

T
Agpen = Z(Dzshell -D*,) (A3)

Here, Dg,.; and D, are the outer diameter of shell and
stator core respectively. The magnetic reluctance of the
leakage circuit is:

lm
R, = (A4)
IUOAms

Among them, A4, represents the cross-sectional area of

the magnetic leakage circuit, which is calculated as:

T
Ams :Z(Dzo _D2 shaft) (AS)

Here, Dy is the diameter of rotor shaft. The main air-
gap magnetic resistance is:

0
HoAs

Where A; represents the cross-sectional area of the
main magnetic circuit, which is calculated as:

Rs (A6)

As =zDIA, (A7)

Where A*; represents the per-unit values of the DC
component of air-gap permeance.



