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Abstract: As more electrification and emission-free transportation trends receive more attention,
electrical systems applied in the aircraft and automotive industries are changing from fossil fuel and
hydraulic systems to electric AC machine drive systems. Three-dimensional printing technology
has been contributing to a new design of machines, because it provides many opportunities without
limitation compared to the conventional manufacturing system. Although 3D printing technology
opened a door for increasing the efficiency and power density of AC machine drives with low
conduction loss, an optimal design process for eddy current loss reduction is required, because eddy
current loss is affected by the design structure of the machine. The slit structure at the stator shoe is
proposed to reduce eddy current loss. With the three variables, the number of slits, the thickness of
slits, and the length of ribs, a parametric analysis was conducted to find an optimal design with eddy
current loss reduction without a significant performance dip. The optimal design provides an 18.75%
decrease in eddy current loss.

Keywords: 3D printing; SMC core; axial-flux permanent magnet machine; eddy current loss; opti-
mization; synchronous machine

1. Introduction

As more electrification and emission-free transportation trends receive more attention,
electrical systems applied in the aircraft and automotive industries are changing from fossil
fuel and hydraulic systems to electric AC machine drive systems. Due to the skyrocketing
demand for electric AC machine drive systems, high-efficiency and high-power-density
AC machine drives are required. Most AC machine drive systems applied to aircraft,
automotive, and industry are built with permanent magnet and induction machines. In-
duction motors (IM) have been widely used in industry and propulsion systems applied
in aircrafts [1-3]. It has also been indicated that a water pump, considered a heart part of
the irrigation system, has been built with IM. There are several advantages when IM is
used in AC machine drives. The lower cost and lower maintenance issues compared to
other types of machines are the major advantages of AC machine drives. However, these
advantages can be diminished due to high inrush currents and voltage dips when the IM
starts rotating [4-6]. Interior permanent magnet synchronous machines (IPMSM) have
been used in automotive propulsion systems. Although IPMSM provides high efficiency
and power density compared to IM-based AC machine drives, it is not well fitted for most
electrical systems because of the high and fluctuating costs of rare earth magnets [7-9].

Moreover, axial-flux permanent magnet synchronous machines (AFPMSM) are also
commonly used in various applications. There are validated advantages, such as high
power density, torque-to-weight ratio, and geometrically higher aspect ratio, compared to
radial-flux permanent magnet synchronous motors (RFPMSMs) [10-12]. As AFPMSMs
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are receiving more attention because of these advantages, several effective topologies have
been proposed. For example, a two-layer AFPMSM was proposed in [13] to obtain higher
power and torque density. Furthermore, a new spoke-type AFPMSM coreless disk motor
with dual rotors and a single stator was proposed in [14] to compensate for lowered air-gap
flux density without the core. The coreless structure opened the door for increasing the
efficiency and power density of AC machine drives with low conduction loss. However, the
coreless structure requires bonding methods to keep the stiffness for rotating because there
is no core [15]. Therefore, a 3D-printed hybrid AFPMSM has been proposed to increase
efficiency and power density to keep high efficiency and power density with the core [16].
It leads to a major advantage that the stator and rotor structures can be built without any
limitations. Although the machines cannot have various structures using the conventional
manufacturing system because the core is laminated with steel sheets and is made by
the metal stamping process, the structure, which cannot be made using the conventional
manufacturing system, can be made with 3D printing technology.

Core loss has two categories: hysteresis and eddy current loss. Although hysteresis
loss is affected by the core material specification, eddy current loss has various spectra
because it is affected by the core structure. Since the core material is selected by 3D
printing technology, comprehensive eddy current loss analysis is required when 3D printing
technology is used. This paper proposes a novel AFPMSM with slits on the surface of the
stator, which reduce the total path length of the eddy current, to decrease eddy current loss
while the performance of the proposed AFPMSM is maintained. A parametric analysis
is conducted to find an optimal AFPMSM. Then, a comparative eddy current loss and
performance analysis is conducted to validate that the proposed AFPMSM meets the
requirements.

This paper is organized as follows: Section 2 will introduce the principle of 3D printing
technology, including comprehensive core loss analysis based on various materials. A novel
material, which is used for the proposed AFPMSM, will be proposed in Section 2. The
proposed AFPMSM structure will be presented using the material in Section 3. A parametric
analysis will be presented to find an optimal model which has decreased eddy current loss
and meets the performance requirement in Section 4. Finally, the conclusion will be drawn
in Section 5.

2. Principle of 3D Printing Technology
2.1. Process of 3D Printing

The 3D-printed SMC materials can be manufactured using the multiple-scan strategy,
which induces homogeneous distribution of the constituent elements to ensure stable for-
mation, compared to existing soft magnetic composite (SMC) materials. This advantage is
from the scanning strategy on phase formation and microstructure. Although the conven-
tional scanning strategy makes the laser energy unevenly distributed across the object layer,
a novel scanning strategy, named selective laser melting (SLM) technique, using a multiple-
scan electron probe X-ray microanalyzer (EPMA), leads to averaged melt flow, and the
averaged melt flow induces better uniformity of the constituent elements [17]. Furthermore,
selective laser melting fabricates computer-aided design (CAD) in a layer-wise manner by
selectively melting deposited powders, as shown in Figure 1 [16]. This technique confirms
that a high-quality desired structure can be produced using 3D-printed SMC materials.
This paper only considers the 3D printing technology and the SLM technique using the
EPMA device.

It is possible to create a structure of stator and rotor, when an AFPMSM is built via
the 3D printing technology explained above, that could not have been designed via the
conventional manufacturing system. Using the SLM technique, high-density compacts can
be fabricated based on the melting solidification principle and rapid quenching process. It
leads to complicated 3D structures, thereby the structures affect high efficiency and power
density as prior studies validated in [18-21].
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Figure 1. Example of 3D printing structure production [16].

2.2. Comprehensive Core Loss Comparison of Three Materials

SMC materials are commonly used to reduce the eddy current losses in the existing
AFPMSMs. Since each particle is insulated, the eddy current loss is reduced when SMC
materials are used as validated in [22-25]. However, the advantage of the SMC materials is
mitigated because the SLM technique is used. To find an optimal material, a parametric
analysis was conducted. The B-H curve and core loss data comparison between the
existing SMC material, named Somaloy 700 3P, electrical steel plate, named 35PN203, and
3D-printed SMC material is presented in Figure 2.

B-H Curve Core loss @1000Hz

5000 10000 15000 20000 25000 30000 35000
H [A/m] B[T]
Somaloy 700 3> ——— 3D-Printed SMC = — = 35PN230 ——3D-Printed SMC = = = 35PN230  eeeeeees Somaloy 700 3P

Figure 2. Comparison B-H Curve and Coreloss data of existing SMC and 3D-printed SMC [16].

According to the B-H curve, the 3D-printed SMC material presented by the blue line
shows higher performance than the existing SMC material presented by the green line,
as shown in Figure 2 left. However, the core loss graph indicates that the core loss of the
3D-printed SMC material presented by the blue line is higher than that of the electrical
steel plate presented by the red line, as shown in Figure 2 right. Since the eddy current
loss increases when the motor is built with the 3D printing technology because the particle
insulation melts based on the result of the B-H curve and core loss analysis, a laminated
structure, which is widely applied in radial-flux permanent magnet synchronous machines
(RFPMSMs), is applied to the AFPMSM to reduce the eddy current loss while the advantage
of 3D printing technology is maintained. The details will be presented in Section 3.

3. Core Loss Analysis Using 3D Printing Technology
3.1. Principle of Eddy Current Loss

As the laminated structure is used in AFPMSMs for eddy current reduction, the
principle of eddy current at the core is presented in this section. The eddy current loss is
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affected by the total length of the eddy current loop, as shown in Equation (1) where Pe
is the eddy current loss, k is the conductivity, ¢ is the thickness of the conductor passing
through, f is the frequency, and Bm is the maximum magnetic flux density.

P. = k(tfBw)*[W/m®] (1)

As described in Equation (1), the eddy current loss is proportional to the square of the
thickness of the conductor. From the definition of eddy current loss, the laminated steel
sheets reduce the eddy current loss because comparative analysis indicates that the total
length of the eddy current loop of the core without lamination is longer than that of the
laminated core, as shown in Figure 3.

(a) Eddy current loop (b) Eddy current loop through lamination

Figure 3. Example of eddy current loss path [16] (a) Basic eddy current loop path; (b) eddy current
loop path through lamination.

Core loss in a typical motor is divided into hysteresis loss and eddy current loss. The
hysteresis loss is not significantly affected by the structure of the motor because it is affected
by the material of the core. However, eddy current can be reduced from the optimal design
process. This paper aims to find an optimal stator structure of AFPMSM using 3D printing
technology.

3.2. Proposed Stator Structure of AFPMSM

A conventional AFPMSM was proposed as a 3D-printed AFPMSM with shoe struc-
tures at the stator to increase performance compared to RFPMSM applied to a laundry
machine [16]. To reduce the eddy current loss of the AFPMSM, a structure that adds a slit
to the core structure is proposed. The conventional AFPMSM stator structure is presented,
as shown in Figure 4 left. A novel 3D-printed AFPMSM stator structure is proposed, as
shown in Figure 4 right. The air insulation layers, slits, are applied on the surface of the
shoes to reduce eddy current loss. The shoe and slit of the structures, which lead to eddy
current reduction, cannot be made by the conventional manufacturing process.

To be more specific, the shoe and slit structures change the magnetic flux at the
air gap region compared to the conventional AFPMSM. Furthermore, the magnetic flux
saturation levels are high because the area of the shoe is different compared to that of the
conventional AFPMSM. From the eddy current loop analysis, the total length of the loop
with the proposed model is shorter than that of the 3D-printed AFPMSM because of the
slits. The effect of the slit in the proposed AFPMSM is the same as that of laminating sheets
because the loop is divided by the slits. According to the principle of eddy current loss, it
is estimated that the slits reduce eddy current loss. In addition, the eddy current can be
reduced by increasing the electrical resistance from the increased shoe area affecting the
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current loop. The comprehensive performance analysis and optimal design processes are
conducted and are presented in Section 4.

- —-—— o - - ==

3D-printed AFPMSM 7 o Proposed 3D-printed AFPMSM

Figure 4. Design comparison between the conventional 3D-printed AFPMSM and proposed 3D-
printed AFPMSM [16].

4. Parametric Analysis for an Optimal Design

In Section 3, it was estimated that the proposed model was theoretically effective in
reducing the eddy current loss. The AFPMSM with the fixed specifications is presented
in Table 1 to implement parametric analysis with design variables. The AFPMSM con-
sists of 48 poles and 36 slots with 3 phases. The winding was wound as concentrated
winding with 63 turns per phase. The winding is filled at 45% of the total area of the
slot. Ferrite 7BE is selected as the permanent magnet. The dimension of the AFPMSM
is also indicated in Table 1. The target performance of the proposed model was set to
validate the estimated eddy current loss reduction based on these fixed specifications and
dimensions. The details of the target performance of the AFPMSM, which are provided
by the conventional AFPMSM without slits at the stator, are the same as the details of the
characteristic performance. Especially, the targeted performance requires at least 1.85 Nm
of torque at rated speed, 1200 RPM, and lower than 2.24 W of eddy current loss. Since the
target rated power is 230 W, the minimum torque requirement is required over 1.85 Nm.
The parametric analysis is conducted via finite element analysis (FEA) to find an optimal
model with low eddy current loss while the performance is maintained.
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Table 1. Specification of conventional AFPMSM.

Parameter Value Unit
Pole/Slot 48/36 -
Speed 1200 RPM
Characteristic Torque 1.85 Nm
Performance Current 2.02 Arms
Power 230 \V
Eddy current loss 2.24 4
Material Aluminum -
Diameter 1.3 mm
Winding Turns 63 -
Y-Connection - -
Fill Factor 45 %
Permanent Magnet Material Ferrite 7BE -
Core Material 3D-printed SMC -
Outer Diameter 288 mm
Inner Diameter 178.3 mm
Stator Back-Yoke 1.2 mm
Teeth Length 21.5 mm
Dimension
Air Gap 1 mm
Shoe Thick 1.2 mm
Magnet Thick 3.1 mm
Rotor Back-Yoke 2 mm

4.1. Parameters of Stator Co

re with Slits

To reduce the eddy current loss of the proposed AFPMSM, the number and thickness
of slits are selected as parameters. However, when the number of slits is significantly
large at the stator teeth where flux linkage, which affects the performance of the motor, is
formed, magnetic flux saturation, which will degrade the performance of the motor, will
occur in the teeth because of the flow of magnetic flux from the permanent magnet. The
thickness of the slits also produces a similar phenomenon. Furthermore, the width, called
rib, also affects the performance of the motor. Therefore, this paper conducts a parametric
performance analysis based on three variables—the number of slits, the thickness of slits,
and the length of ribs. The parameters at the stator are presented in Figure 5.

Figure 5. Parameters for optimization of the proposed model [16].

N 3 Layers|
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Since the electrical resistance per area with below six layers does not increase signifi-
cantly, the range of the layer is selected based on the mechanical stiffness and saturation
level of the teeth, given that over ten layers do not affect eddy current loss. Considering that
the saturation in the teeth and the thickness of the air insulation ranging less than 0.1 mm
does not significantly affect the eddy current loss, the thickness of the slits is designed
between 0.1 and 0.7 mm. Lastly, 0, 0.2, 0.4, and 0.6 mm of distance from the end of the
stator are set as the length of ribs.

4.2. The Result of the Parametric Analysis

The eddy current loss was estimated by FEA analysis according to the parameters, the
number and the thickness of slits, and the length of ribs in preliminary simulated results,
as shown in Table 2. From the ranged parameters, it is indicated that the model with the
biggest eddy current loss reduction, which is decreased by 28%, has ten layers and 0.7 mm
of slit thickness without rib, and the model with the smallest eddy current loss reduction
has six layers and 0.1 mm of slit thickness with 0.6 mm of rib. It is validated that eddy
current loss was decreased with the proposed model—even the smallest eddy current loss
reduction. The details of the parametric analysis will follow.

Table 2. Preliminary simulated results.

6 Layers 10 Layers .

Value Thick 0.1 mm Rib 0.6 mm Thick 07 mam Rib 0 mm Unit
Rotor Back-Yoke 0.033 0.032 Y
Total Shoe 0.88 0.733 \
Stator Back-Yoke 0.203 0.186 'V
Total Teeth 1.064 0.689 Y
Total Eddy Current Loss 2.18 1.64 A\

The FEA result presents that the eddy current loop comes out as expected when the
slit area is selected as the longest thickness in the range (0.1-0.7 mm) compared to the other
models, as shown in Figure 6. Since the proposed model leads to the electrical resistance
of the stator teeth increasing, the eddy current loss reduces, as obtained through the FEA
result. Based on eddy current loop analysis, the FEA result is presented as variables are
changed, as shown in Figure 7. It states that there is a correlation between torque and
eddy current loss. Since eddy current loss increases as torque increases in general, an
optimization process is required for an optimal design.

The optimization process is conducted to find an optimal design of AFPMSM with
the proposed model. The optimization results indicate that an area that satisfies the target
torque is shown in blue, and another area that meets the eddy current loss is shown in
red. Therefore, six models which meet the target performance with low eddy current loss
are selected. Most candidates are concentrated in the ranges of 1.9-2.0 W of eddy current
loss and 1.85-1.86 Nm of torque. However, a model with the most significant reduction in
eddy current loss compared to the conventional is a model with eight layers, 0.1 mm slit
thickness, and 0.6 mm rib thickness. The eddy current loss with the model was reduced
by 18.75%, torque was decreased by 1.06%, and no-load BEMF was decreased by 0.94%
compared to the conventional AFPMSM, as shown in Table 3 and Figure 8. A comparative
magnetic flux density analysis is conducted to validate that the model with eight layers,
0.1 mm of slit thickness, and 0.6 mm of rib thickness is an optimal design. The magnetic
flux density comparison between the conventional AFPMSM and the proposed model is
presented in Figure 9.
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Table 3. Models that satisfy the target performance.

Models Eddy Current Loss [W] Torque [Nm] Loss Reduction [%]
8 Layers_Thick0.lmm_Rib0.6mm 1.82 1.87 18.75
6 Layers_Thick0.3mm_RibOmm 1.93 1.85 13.84
6 Layers_Thick0.3mm_Rib0.2mm 1.97 1.86 12.05
8 Layers_Thick0.3mm_Rib0.2mm 1.99 1.86 11.16
10 Layers_Thick0.3mm_Rib0.4mm 1.92 1.85 14.29
6 Layers_Thick0.5mm_Rib0.2mm 1.95 1.85 12.95
212 [Vrms]
400
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& 100
% o
£ 0 60 120 180 240 300 0
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-200
-300
-400
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Figure 8. Performance comparison between the final proposed model and the conventional AF-
PMSM model.

It is validated that the magnetic flux has a maximum of 1.86 T in the conventional
AFPMSM and 2.12 T in the proposed AFPMSM. The result from the magnetic flux density
indicates that the magnitude of magnetic flux is decreased from saturation despite the eddy
current loss reduction, as shown in Figure 9. Although there is a torque reduction from it,
its torque at rated speed overrides the torque requirement. Therefore, the model is selected
as an optimal model with significant eddy current loss reduction.

In summary, the slits in the proposed AFPMSM lead to lower eddy current loss, as
shown in Table 4. Comparative eddy current loss and performance analysis between the
conventional AFPMSM and the proposed AFPMSM validate that the proposed AFPMSM
has low eddy current loss without a performance dip.
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Figure 9. Magnetic flux density comparison between the conventional AFPMSM and the proposed
AFPMSM.

Table 4. Performance comparison summary.

Loss and Performance Conventional Proposed
Rotor Back Yoke [W] 0.037 0.034
Total Stator [W] 2.21 1.76
Total Eddy Current Loss [W] 2.24 1.82
Hysteresis Loss [W] 33.32 36.3
Torque [Nm] 1.89 1.87

5. Conclusions

This paper proposed a novel AFPMSM with shoe and slit structures with parametric
analysis for eddy current loss reduction. The simulated preliminary results indicate that the
proposed idea with slits suppresses eddy current loss in the range 2.68-28%. Since it was
validated that the three variables, the number of slits, the thickness of slits, and the length of
the ribs, affect eddy current loss and torque by the preliminary result, a parametric analysis
was conducted based on the three variables to find an optimal design. The parametric
analysis result states that the model with eight layers, 0.1 mm of slit thickness, and 0.6 mm
of rib length leads to the lowest eddy current loss while the performance is maintained
compared to the conventional 3D-printed AFPMSM without slits. The proposed model
provides a reduction in eddy current loss of 18.75%. With the development of 3D printing
technology, new shapes of motors are increasing.
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