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Optimal Design of the PMSM Retaining Plate
With 3-D Barrier Structure and Eddy-Current
Loss-Reduction Effect

Hyun-Woo Jun ', Jong-Wook Lee

Abstract—From the constant-speed variable-output mo-
tor driving test result of an interior permanent-magnet syn-
chronous motor for a pump drive, we observed that there
was an additional loss factor, which was not previously con-
sidered. Furthermore, a 3-D finite-element method analysis
was performed to investigate the cause of the additional
electromagnetic loss. Accordingly, it was confirmed that
there was an additional eddy-current loss in the rotor re-
taining plate structure for the rotor assembly. Using the
shape of the eddy-current path in the plate, it was deter-
mined that the eddy current was formed inside the plate
itself by the bypassing magnetic flux from the permanent
magnet and the slot harmonics. It was confirmed that the
eddy-current path can be changed according to the struc-
ture of the plate, and the optimal retaining plate design that
satisfies the design constraints was derived via the topol-
ogy optimization method. Finally, the retaining plate design
with the 3-D barrier structure was derived by arranging the
void shape considering the total eddy-current path. Using
the actual model test results, it was verified that the new
retaining plate design was effective for loss reduction com-
pared to the conventional structure.

Index Terms—Eddy currents, high efficiency, magnetic
flux, permanent-magnet motors, slot harmonics, topology
optimization, 3-D barrier structure.

|. INTRODUCTION

ERMANENT-MAGNET synchronous motors (PMSMs)
Pare being utilized in various industrial fields owing to
their high efficiency [1]. For high-efficiency motor design, it
is necessary to design with the consideration of load and driving
conditions [2]-[4]. The main design theme and considerations
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for the motor design of PMSMs in previous studies were re-
lated to voltage and current constraints [5], [6], size constraints
[7], driving conditions [8], [9], achieving high efficiency and
high output density [10]-[12], reducing losses and harmonics
[13]-[18], etc. In recent years, many studies related to effi-
ciency improvement and loss reduction of PMSMs have been
published. Among the studies on motor losses, the analysis and
reduction of eddy-current loss in the rotor are actively stud-
ied. According to the classification of the motor winding type,
in the concentrated winding type, the eddy-current loss is re-
vealed owing to the inclusion of high harmonics of the air-gap
magnetic-flux waveform. Thus, in many papers, studies on the
reduction of the eddy-current loss based on the concentrated
winding model were performed [18]-[22]. On the other hand,
in the case of distributed type motors, the importance of coun-
termeasures against rotor eddy-current losses has been recog-
nized less as compared to the concentrated type motor in the
past. Recently, however, many studies on the rotor eddy-current
loss in distribution models have been published for loss re-
duction investigating in order to achieve ultrahigh efficiency
[17], [23]-[26]. In a previous study on the loss of the distribu-
tion model, the effects of rotor eddy current on slot harmonics
and switching harmonics were published [23], and an efficient
and reliable eddy-current analysis model was derived using a
3-D finite-element method (FEM) analysis of the PMSM model
[24], [25]. It has been demonstrated that the eddy-current loss
at the rotor surface and the permanent magnet are of consid-
erable significance during the high-speed operation of interior
permanent-magnet synchronous motor (IPMSM) [26], and there
have also been discussions on the effect of the eddy-current loss
on the conductor of the rotor assembly and the countermeasures
to reduce it [17].

In this study, we investigated the loss factor of a region that
was not considered in the conventional 2-D FEM analysis by
using the 3-D model including the entire rotor assembly. In the
conventional 2-D FEM analysis, the permanent magnets are con-
sidered insulated from each other by the core. However, in this
3-D model, it was confirmed that the entire eddy-current path
was integrated and the loss distribution pattern was different
from the previous analysis. The IPMSM type motor introduced
in this paper is intended for driving a constant-speed variable-
output operation vacuum pump applied to a semiconductor pro-
duction facility line. The production line drives continuously
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Fig. 1. Rotor core assembly. (a) Divided rotor core segments. (b)
PMSM rotor assembly with retaining plate structure.

because it takes a significant amount of time and cost to re-
sume the process when the facility line shuts down [27]. Thus,
high-efficiency motor design is important. In this application,
the main operating area is located in the light-load range (25%-—
50% of rated power); hence, the motor design was focused on
achieving high efficiency in all the output regions including
the light-load area through the consideration of size- and loss-
reduction techniques. In the pump design, the impeller with a
specific shape has its own maximum efficiency by achieving
specific speed, which is a relationship between rotation speed
(N), flow rate (Q), and total head (H), regardless of its size
[28]. When designing the pump, the design results are obtained
according to the required flow rate and pressure using the super-
position method with a fixed rotational speed [28]. Therefore,
in the case of a pump drive motor, the optimal operating speed
is observed to be constant for a specific design value. Therefore,
the pump drive motor in this study was designed to change its
output while operating at constant speed.

In this study, while confirming the driving characteristic of
the pump driving IPMSM motor in variable-output operation,
it was observed that there was an unexpected additional no-
load loss in the motor. Furthermore, the 3-D FEM analysis
indicated that the cause of the additional loss was the eddy-
current flow by the bypassing magnetic flux and slot harmonics
in the rotor retaining plate structure. In order to reduce the eddy
current generation while preserving the structural stiffness of the
retaining plate, a design optimization process using the topology
optimization design method was carried out. Additionally, the
efficiency improvement of the optimized model was verified
using the motor dynamo test result and 3-D FEM analysis, which
includes a pulse width modulation (PWM) current waveform.

[I. DESIGN PARAMETERS AND EFFICIENCY COMPARISON

A. Design Considerations and Parameters of the
Vacuum Pump Driving Motor

In electrical machines that use a permanent magnet in the
rotor part, the laminated rotor core sheets are subjected to a
magnetic force spreading outward. Therefore, in order to pre-
vent the deformation of the rotor core during manufacturing,
it requires a structure—such as a panel—for fixing the rotor
assembly. Fig. 1 shows a rotor assembly with a fixing panel
structure, which holds the rotor core on both the outer sides. The
fixing panel structure is called a retaining plate, which allows

4500 100% load

o000 (13.6A / 18degE)
75% load
10.3A / 16degE

3000

2500 50% load

2000 (7.2A / 12degE)

1500 25% load

1000 (3.8A / 6degE)

500

W)

output power (

0
0 10 20 30

current phase angle (degE)

(b)

Fig. 2. Design result of 4-kW pump driving motor. (a) 1/4 period model
of the motor. (b) Input current and output characteristics according to
load.

TABLE |
DESIGN CONSTRAINTS AND PARAMETERS OF THE MODEL

Design Value Design Value
constraint parameter
Rated power 4 kW Pole/slot 4/36
Rated speed 6000 r/min Stator diameter 118 mm
Rated voltage 220V Rotor diameter 62 mm
Current density 7 A/mm?® Stacking length 70 mm
Core material 35PN230 Rated current 13.6 Arms
/phase angle /18 degE
Magnet material ~ NdFeB-N40UH Efficiency 96.5%

the rotor core to maintain its shape. Furthermore, it becomes the
machining area for balancing the rotor.

In this application, the main operating range is located in the
light-load region (less than 50% of the rated load), but stable
operation in the full-load area is also required depending on the
operating conditions. Therefore, if the size of the motor becomes
too small, with the aim of only achieving maximum efficiency
in the light-load region, which is the main area of use, there may
be excessive heat generation owing to an increase in the current
density in the full-load operation region. Therefore, it is neces-
sary to determine the motor size based on the current density,
which does not cause a problem in the full-load operation area.
Thus, as the core volume increases, the proportion of iron loss
becomes relatively higher than the copper loss, compared to the
single driving point reference design under light load. There-
fore, in this case, an optimum design to reduce the iron loss in
the core is necessary to achieve maximum motor efficiency.

Fig. 2 and Table I show the design parameters and current
control of the 4-kW vacuum pump IPMSM design according
to these design considerations. During the motor control, the
maximum efficiency control according to various loads was
achieved, and since the proportion of iron loss was higher, the
maximum efficiency control trajectory was slightly different
from the maximum torque/current curve (MPTA curve) [8].

B. Efficiency Comparison of FEM Analysis and
Test Result

After the designed model was manufactured, the efficiency
at each load point was measured using the motor dynamo test.
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Fig. 3. Comparison between 2-D FEM and test efficiency result.
TABLE Il
OuTPUT POWER CORRESPONDING TO EFFICIENCY GAP
Load Efficiency (Test result/FEM Output power corresponding
result—Mechanical loss) to efficiency gap
25% 87.97%/92.79% 54 W
50% 92.87%/95.48% 56 W
75% 94.27%196.10% 5TW
100% 94.85%/96.24% 5TW

Subsequently, we compared the difference between the charac-
teristics expected from the 2-D FEM analysis and those obtained
from the test result of the actual model. Fig. 3 and Table II com-
pare the 2-D FEM analysis with the efficiency test result of the
actual model at the rated speed of 6000 r/min. The results ob-
tained by considering the measured mechanical loss are shown
in the graph. The value of pure mechanical loss can be obtained
from the dynamo test result using a dummy rotor without per-
manent magnet [29]. The reason for the lower efficiency in the
light-load region is that in the case of constant-speed variable-
output, the no-load losses have a relatively constant value even
when the output changes, such that the total loss ratio is larger
in the light-load region. Comparing the results of FEM analy-
sis with the test results, the efficiency value of the test result
was observed to be lower than that of the FEM analysis in all
the output regions. It can be observed that almost the same
amount of output corresponding to the efficiency gap exists in
the entire output region. It can be concluded that this loss has the
characteristic of the aforementioned no-load loss. This differ-
ence causes the efficiency curve of the actual model test to drop
more sharply toward the light load as compared to the efficiency
curve of the FEM analysis.

I1l. ANALYSIS OF ADDITIONAL EDDY-CURRENT LOSS IN THE
RETAINING PLATE STRUCTURE

A. Magnetic Field Description and
Eddy-Current Distribution

The analytical considerations of magnetic flux density
distributions and eddy current density distributions in the
rotor eddy-current region have been extensively studied in the
existing papers. Furthermore, 2-D FEM presents good eddy-
current analysis results for an axially symmetric motor model.

However, if the structure is thin or leaky, or if the structure
does not appear in the 2-D plane as in the case of this paper,
the analysis results obtained can be unreliable. The study in
[24] proposed an effective rotor eddy-current model in the dis-
tributed PMSM model using the generalized image technique.
However, the authors of the aforementioned study assumed that
the magnetic flux density distribution in the axial direction is
constant, and extended the 2-D FEM field distribution to the
3-D region. In this study, we focus on the formation of the eddy
current according to the change of the 3-D field including the
retaining plate structure; therefore, the source of x-, y-, and z-
components should be introduced. From the Faraday induction
law, the distribution of the eddy current density depends on the
magnetic flux, which varies with time. When the eddy current
density distribution is denoted by J, the flux density B of the 3-D
field is decomposed into x-, y-, and z-direction components, and
the amount of change with time is denoted as source distribution
Se.y,-» the relationship between them is as follows [24]:

VxJ=0oS ey

0B 0B 0B
Sy = 744457‘$ ::4”4427 S7::‘*“‘i 2
‘ ot o’ ot @
where o represents the conductivity of the material. Further-
more, since V - J = 0 by conductivity law, J is expressed as
the curl of the certain current vector potential A

VxA= 3

Using the adopting Coulomb gauge V - A = 0, the current
vector potential A satisfies the following Poisson equation:

VZA = —0S. 4)

Assuming a conductor in a rectangular parallelepiped area
in a rectangular coordinate system, the length of each side is
L,, L,, L..The source distribution S, , . including the x-, y-,
and z-components is as follows:

Sey.z iiimw (rys,t) x cos (A4 0, (r,s,t))

r=1s=1t=1
&)
WhereAer x+sL Y+t
Spoy.z 18 obtained through matrix computatlon for each time
step. In 3-D Fourier expansion, r, s, t represent the harmonic
order in each direction; a, , - (r, s,t) and 6, , . (r, s, t) represent
the magnitude of complex coefficients and phase angle of x-, y-,
and z-components, respectively. From (5), the current vector
potential satisfying (4) is obtained as follows:

Ap oy iiiblyz (rys,t) x cos (A + 6y, . (1,s,1))

r=1s=1t=1
(6)
where b, , .(r,s,t) and 0, , .(r,s,t) represent the magni-
tude of complex coefficients and phase angle of x-, y-, and
z-components, respectively.
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Consequently, the current density of each component is ob-
tained from aforementioned current vector potential using (3):

L-YYY

t=1

_czl (r,s,t) X cos (A + 5 +0.(r, s,t))
| —cy1 (1, 8,1) x cos (A+Z+6,(r s,t))_
(7)
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where
T T
c.1 =5—b,, ¢, =t—0b,,
L, L,
™
Cp2 = t bJL) Cy2 = ribzv
L, L,
T T
cy3 =r—1>b,, c3 =s—Db,
Y Lz Y Ly

Furthermore, ¢, .(r,s,t) and 6, , .(r, s,t) represent
the magnitude of complex coefficients and phase angle
of x-, y-, and z-components, respectively. Furthermore,
gy 2 (1, 8,1), byy . (r,s,t), and ¢, . (7, s,t) can be obtained
from the fast Fourier transform calculation of the original source
[25]. From the above equation, the total eddy-current loss of the
conductor in the eddy-current region is obtained as follows:

Pegay
o o o0 g en, L, Lo g [(Jetrsn)’
= ZZZ g/ / / - +Jy(r73,’t)2 dmdydz
r=1s=11=1 0 0 0 o +Jz(r,s,t)2
(10)

B. Three-Dimensional FEM Analysis
Model Configuration

In this study, we assumed that there is an additional elec-
tromagnetic loss, which was not previously considered. Since
the plate structure is located outside the laminated core, the re-
taining plate structure is not included in the 2-D FEM analysis
model. In order to identify the cause of the additional electro-
magnetic loss, a 3-D FEM model was created to confirm the
electromagnetic phenomenon in the entire region including the
outside of the core. The 3-D FEM model of a 4-kW IPMSM and
the material specifications of the analysis model are presented
in Table III.

For the calculation of the 3-D FEM analysis model, the
material property values of each element are required. The
eddy-current analysis region includes a permanent magnet and
a retaining plate, whose conductivity is required in addition
to permeability. Furthermore, the conductivity of the retaining
plate is approximately 2.2 times that of the permanent magnet.

TABLE IlI
MATERIAL PROPERTIES OF 3-D FEM SIMULATION COMPONENTS

Components Density  Permeability Conductivity
Core (35PN230) 7.6 g/lcc  (B-H curve) -
Magnet (NdFeB-N40UH) 7.4 g/cc 1.10 6.25 x 10° S/m
Retaining plate (STS304) 7.9 g/cc 1.00 1.37 x 10° S/m

A [Wb/m]
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0.00E-03
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-1.00E-02

-1.50E-02

Fig. 4. FEM flux diagram according to the rotor position. (a) Maximum
magnetic reluctance position (seven teeth flux path). (b) Minimum mag-
netic reluctance position (eight teeth flux path).
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Fig.5. Periodically changing eddy current flowing through a permanent
magnet. (a) Minimum state. (b) Maximum state.

The magnet and plate are in contact with each other to form a
conductive path.

C. Analysis Result and Reason for Eddy Current
Formation in the Plate Structure

1) Effect of Slot Harmonics on Eddy Current Formation:
The flux diagram according to the rotor position between the
permanent magnet and the stator during rotation is shown in
Fig. 4. In the case of this model, considering the slot opening
width and the pole ratio of the permanent magnet, the number
of stator teeth that become the magnetic flux path is periodically
changed from 7 to 8 during the rotation. In this case, slot har-
monics proportional to the number of slots n, are formed, and a
periodic changing eddy current is induced inside the permanent
magnet. In the case of an IPMSM, since the magnetic flux bun-
dle passing through the pole piece passes through the permanent
magnet, an eddy-current path in the magnet forms a large path
over the entire magnet [18]. Owing to the periodicity of change
of magnetic reluctance, the magnitude of eddy current changes
periodically according to the positional relationship with the
slot during rotation as presented in Fig. 5.
2) Effect of the Retaining Plate Structure on the Eddy-
Current Path Change: The magnetic flux passes through the
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Fig. 6. Bypassing magnetic flux in the plate and eddy current formation
in the retaining plate structure. (a) Magnetic flux in the plate structure.
(b) Curved eddy-current path in the plate structure.
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Fig. 7. Periodically changing eddy-current flow through a permanent
magnet and plate structure. (a) Minimum state. (b) Maximum state.

plate owing to the bypassing magnetic flux component, and the
electromotive force (EMF) is formed on the outer surface of the
plate owing to the slot harmonics during rotation as presented in
Fig. 6. This phenomenon becomes stronger on the outer surface
of the plate, which can be confirmed by the distribution of the
eddy-current path through the outer surface of the plate in the
3-D FEM analysis result including the plate structure, as shown
in Fig. 6(b). The eddy-current path flow from the magnet to the
plate structure does not pass through the shortest way inside the
plate but turns to the outer side of the plate; this is the evidence
of the fact that the EMF is formed inside the plate itself. Since
the eddy current is also caused by the slot harmonics, it has a
periodicity depending on its angular position as shown in Fig. 7
similar to the above result. An induced voltage owing to slot
harmonics occurs in both the permanent magnet and the plate,
and the eddy-current path forms a loop that connects from the
permanent magnet to the panel structure.

D. Eddy Current Change According to Shape of
Retaining Plate

1) Eddy-Current Characteristic Change According to the
Plate Thickness: In order to reduce the eddy-current loss of
the retaining plate, we first attempted to observe the effect of
eddy current change in the 3-D FEM analysis on the loss char-
acteristic of the actual model. Accordingly, we decided to verify
the efficiency improvement effect by changing the thickness of
the plate.

When the thickness of the plate changes, the resistance of the
plate increases in inverse proportion to the thickness. Conse-
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Fig. 8. Comparison of eddy-current distribution change according to
the plate thickness. (a) 5-mm plate model. (b) 1-mm plate model.
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Fig. 9. Test result comparison of motor efficiency characteristic ac-
cording to the change in plate thickness.

quently, the total resistance of the plate changes, and the mag-
nitude of the total eddy current also changes. When considering
the total eddy-current path, the current decreases in inverse pro-
portion to the resistance while the EMF is the same, and the
total eddy-current loss also changes because the ohmic loss is
obtained as 1% R. The change in the eddy current density in the
plate as the thickness of the plate changes is shown in the J
magnitude plot of the 3-D FEM analysis below. The generated
ohmic loss distribution also follows the same tendency as the
current density distribution.

As shown in Fig. 8(a), in the case of a 5-mm plate, the eddy-
current flow passes through the outer side of the plate. In the
case of a I-mm plate as shown in Fig. 8(b), the resistance of
the plate increases as the thickness of the plate decreases, and
the total eddy-current flow from the permanent magnet does
not pass through the path in the case of the 5-mm plate, but is
partially divided into several paths through the magnet and plate
structure. In Fig. 8(b), an eddy-current flow passing through the
upper part of the permanent magnet can be observed. This indi-
cates that an eddy current flows through the permanent magnet
with a higher resistance, and the magnitude of the total eddy
current becomes smaller when the same EMF is applied on the
path.

Fig. 9 is a comparison between the efficiency results of the
testing model of plates of thickness 5 and 1 mm to see the above
analysis results is actually change the output characteristic of
the motor. The model used in the test was the same model, and
the test results were obtained by replacing the 5-mm plate and
the 1-mm plate. The motor driver used in the test was a square-
wave inverter among the voltage type inverters. The controller
used was the DSP28335 chip and the switching frequency of
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TABLE IV
COMPARISON OF NO-LOAD LOSS DYNAMOMETER TEST RESULT

Model 5-mm plate 1-mm plate
model (prior) model (tested)

Rotation speed 6000 r/min 6000 r/min

Measured total no-load 116.79 W 86.67 W

loss—mechanical loss (test)

No-load core loss (FEM) 57.48 W

Remaining no-load loss value 59.31'W 29.19 W

Retaining
plate )

J [A/mA2]
. 9.00E+05
8.00E+05
7.00E+05
6.00E+05
5.00E+05
g 4.00E+05
3.00E+05 P
2.00E+05
1.00E+05 y .
0.00E+05 Permanent L
magnet
(a) (W]
Fig. 10.  Comparison of eddy-current distribution on the retaining plate

applied to the same core (rotor D: 62 mm) according to the change
in plate diameter. (a) Eddy-current distribution of (plate D: 62 mm). (b)
Eddy-current distribution of (plate D: 55 mm).

the PWM was 10 kHz. The dead time was 4 pus. As evident
from Fig. 9 and Table 1V, the efficiency value under the light-
load region increases by approximately 2.5% compared to the
prior model wherein the 1-mm plate was used. The magnitude
of the measured no-load loss was obtained by averaging the two
directional measurements of the clock wise and counter clock
wise of the dynamo considering the offset of the torque meter.
The difference between the no-load loss values of the two mod-
els calculated using the difference of the test efficiency values
is approximately 30.12 W. Considering the mechanical losses
(mainly bearing losses) are almost the same in both results,
because they are machining the same motor core and rotating
body, we can conclude that the difference between the two test
results is caused by the difference in the eddy-current losses of
the two plates.

2) Eddy-Current Characteristic Changing According to
the Plate Diameter: Further, the change of the eddy-current
path and amount of loss owing to the change of the diameter
of the plate were confirmed using the 3-D FEM analysis. If
the diameter of the plate is changed, the gap between the plate
and the stator is changed. Therefore, when the plate becomes
smaller, the EMF in the plate owing to the slot harmonics be-
comes smaller as shown in Fig. 10. Under the same conditions,
the smaller the EMF, the smaller the eddy current. The example
case used for comparison in Fig. 10(b) is a plate of diameter 55
mm. The result of the smaller plate model demonstrates lighter
current density at the outside of the panel as compared to the
previous model. However, when the diameter is reduced signif-
icantly and if the plate cannot cover the pole piece sufficiently,
the plate cannot prevent the deformation of the rotor core by

=== Load condition, O : Boundary condition

(b)

Fig. 11.  Design domain and conditions: (a) Design domain of the re-
taining plate. (b) Boundary condition and force condition of the problem.

magnetic pressure; therefore, diameter changes have a limited
range.

IV. OPTIMAL DESIGN OF THE RETAINING PLATE USING THE
STRUCTURAL OPTIMIZATION METHOD

A. Structure Optimization—Topology Optimization

As described in Section III-D1, when the resistance of the
plate is increased, the current in the entire eddy-current path
decreases, and the ohmic loss is reduced. Furthermore, as de-
scribed in Section III-D2, when the distance between the plate
and slot is increased, it is confirmed that the EMF is reduced.
However, these structures are not appropriate for actual manu-
facturing in terms of the structural strength of their original pur-
pose. As evident from the above results, reducing the volume of
the plate can increase the total resistance of the plate. Therefore,
if we conduct topology optimization with the constraint defined
as the volume of the plate structure and the objective function
defined as the minimization of the compliance, the resistance
of the plate can be maximized while maintaining the required
stiffness.

Structural optimization method is a design technique that of-
fers an optimal shape of design according to the objective func-
tion and constraints defined by users [30]. Among the struc-
tural optimum design techniques, the topology optimization
technique is a method that can determine the optimal design
by changing the topological information of the design domain
[31]-[33]. Since it is possible to form a void in the structure, the
method is often used for designing a lightweight structure. In
this study, we apply the topology optimization method to obtain
an improved shape of the retaining plate with reduced volume.
The design domain is set as follows to perform the topology
optimization.

The design domain was set to all the parts except the parts
connected with bolts in the retaining plate as shown in Fig. 11(a),
and the area around the bolt was set to be clamped. The load
condition is based on the force from the magnet, and the z-axis
load is applied to the dashed line shown in Fig. 11(b). In this
study, Young’s modulus and Poisson’s ratio are set to 190 GPa
and 0.3 because the plate is made of stainless steel. The element
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used for topology optimization is a quadratic plate element with
four nodes and approximately 2600 elements are used.

B. Topology Optimization Formula and
Sensitivity Analysis

In this study, the objective function and constraint conditions
used to design the retaining plate are as follows:

Minimize C =FTU

)
NE

subject to Viy) = Z%Ue <V*
e=1

KU=F (11)

where

F  external force vector;

U displacement vector;

~  design variable vector;

7. design variable assigned to the eth element;

v. volume of the eth element;

V* amount of material to be purposed design.

The design variable is called as the “element density” of each
element in the design domain. The element density used in the
topology optimization technique is a value used to represent
the solid or void state of the element and has a value between
0 and 1 [32], [33]. In (11), the objective function (C) is the
minimization compliance. The compliance is the mechanical
quantity in inverse proportion to the stiffness of the material.
Therefore, we can obtain a stiffer structure despite minimizing
the compliance [32]. A constraint is defined as the limitation on
the amount of material usage. Hence, the optimal design does
not exceed the volume fraction and is defined by the designer
[32]. Finally, the sensitivity values should be derived because
a gradient-based optimizer is used in this study. Generally, the
gradient of compliance can be obtained as follows [33]:

dC d dFT +dU

= 2 - = FT=——

dy dvy ( ) dry U dy

U grgrdU gy (12)
dy dry dry

Based on the above summary, the optimal design topology
proceeds as in Fig. 12.

C. Optimization Result

As aresult of topology optimization, the final design features
were obtained as illustrated in Fig. 13. Fig. 13(a) shows the ini-
tial annular plate design with a diameter of 62 mm. Fig. 13(b)
shows an optimized design shape when the constraint is limited
to 80% of the entire design domain. Notably as presented in
Table V, the obtained compliance is increased by 8.83% (stiff-
ness is reduced inversely), which is inevitable because less ma-
terial is used than in the existing designs.

From the results of the structure optimization, it can be ob-
served that the position of the void shape is approximately near
the end of the permanent magnet. Considering the fact that the

Derive final model
[l i Yes

Set initial value for the density
and force condition setting

Content ?

Change Detour current path
ﬂ g try
Structure analysis (Calculate ﬂ
compliance and volume) EM analysis (Evaluate eddy
ign current flow change)
Calculate the sensitivity of the ﬂ

objectives and constraints | Postprocessing result |

ius o Yes

Find the new value of the design
variable using the gradient |:> Converﬁe ?
information of the objective Vin "Vi| <&

function and the constraint

L No

Topology of the plate design optimization procedure.

Fig. 12.

(@) (b) ©

Fig. 13.  Topology optimization design results of the retaining plate: (a)
Initial design (D: 62 mm), (b) 80% materials used, and (c) final modified
design.

TABLE V
COMPARISON OF RESULT OF THE INITIAL DESIGN, OPTIMAL DESIGN, AND
THE FINAL MODIFIED DESIGN OF THE STRUCTURE

Model Volume Compliance
Initial design (a) 2501.18 mm? 13.76 mJ
(100% material used)

Optimal design (b) 2000.93 mm? 14.67 mJ
(80% material used) (20.00% reduced) (8.83% increased)
Final design (c) 2193.31 mm? 14.62 mJ
(87.69% material used) (12.31% reduced) (6.24% increased)

eddy current is flowing into the panel from the end of the per-
manent magnet, the void shape was placed in the plate area near
the end of the permanent magnet. Thus, the void shape acts as
the eddy-current barrier in the 3-D path through the permanent
magnet and plate structure to bypass the eddy current.

As aresult of examining the structural pattern of the optimum
design model, it was confirmed that the void areas increase at
both ends of the permanent magnet as the void content increases.
As evident from the results of the 3-D FEM analysis, it was
confirmed that if there is a barrier in the region, the total eddy-
current size can be effectively reduced by bypassing the eddy-
current path. In addition, as a result of the examination of the
structural strength, it is advantageous that the arrangement of
the voids moves to the outer region of the permanent magnet as
shown in Fig. 13(c). The overall structure pattern was obtained
from the result of Fig. 13(b), but it was adjusted to the proposed
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Fig. 14.  Comparison of eddy-current generation characteristic of the
prior model and proposed model. (a) Prior model. (b) Proposed model.

model shape of Fig. 13(c) in order to improve the structural
strength, electromagnetic barrier performance, and fabrication.

For the design of model (c), the optimal diameter and thick-
ness of the plate were chosen among the results that satisfied the
aforementioned objective function and design constraint condi-
tions. The final design was reevaluated for the structural char-
acteristics. Consequently, it was determined that a diameter of
58 mm and a thickness of 6.5 mm were optimal. Finally, com-
pared to the previous model shown in Fig. 13(a), a final design
with approximately 12.31% less material was obtained. More-
over, the compliance has increased by approximately 6.24 %;
however, considering the volume reduction, it was considered a
reasonable result.

V. CHARACTERISTICS OF THE PROPOSED DESIGN MODEL
AND TEST RESULTS

A. Loss-Reduction Effect of the Proposed Model

The proposed design results were compared to the previous
model in terms of the eddy-current generation characteristic.
The compared model is a standard plate model with an initial
plate design of a diameter of 62 mm and a thickness of 5 mm.

The prior model has an eddy-current flow path, which in-
cludes the outer part of the panel, as shown in Fig. 14(a). How-
ever, as shown in Fig. 14(b), the optimal model changes the
eddy-current path owing to the arrangement of the 3-D barrier
structure inside the panel. The difference in the eddy-current
flow between the prior and proposed models is presented in
Fig. 15. Owing to the position of the barrier, the eddy current
flows through the upper part of the permanent magnet in some
sections. As shown in Fig. 15(b), the current path through the
magnet with a higher resistance becomes longer than that of the
previous model, thus the total resistance increases. If the other
design conditions, including the magnitude of the slot harmon-
ics, are the same, the increased resistance in the current path
generates smaller size of the total eddy current

pm L+ Pp (T + 7“(9) + Reont
optimal model Reyrent pah ratio : py, (L + W - Wpg)

+pp <2T—|— 0p (r cos g/cos %)) + Reont-

prior model Reurrent path Tatio

13)

Permanent
magnet (resistivity: £,,)

Retaining
plate (resistivity: p!;/)/ o T

\\:}} Eddy current flow
— | through plate

\ | Detouring 18I N
/| | current path 'a! ‘E
due to I
barrier 3 f
structure ‘

N Eddy currént flow \ ~\| Eddy current flow
through magnet through magnet

(a) (b)

Fig. 15.  Comparison of eddy-current flow in the prior model and pro-
posed model. (a) Prior model flow path. (b) Proposed model flow path.

Retaining-. magnet resistivity : p,,
] plate resistivity: p,
rotor radius :r

pole angle : 6

magnet thickness: T

Permanent
magnet

magnet length: L
magnet width: W

barrier | magnet width ratio:W,

magnet — plate contact resistance : R

Fig. 16.  Design parameters of the region near the eddy-current path.

The main design parameters are presented in Fig. 16 and it
shows the positional relationships of the magnet and plate struc-
ture schematically. Fig. 16 shows the half-length rotor with the
retaining plate model in which the width, length, and thickness
of the permanent magnet are W, L, and T, respectively. The
shaded area on top of the permanent magnet is the part where
the 3-D barrier exists inside the retaining plate. In the case of
the proposed model, the eddy current cannot pass through the
shaded part as shown in Fig. 14(b):

1
Rcont : (pm + pp) < + Oél)

dna
where
n number of contacting asperties;

a average radius of contacting asperties. (14)

Equation (14) is a generalized expression of the contact
electrical resistance per unit area between the two conductors
[34]. It is difficult to determine the exact value because the
variables n and a contain variables for temperature and contact
pressure, but it is useful to determine the expected range of
contact resistance based on the facts discovered in previous
studies and certain assumptions. The range of contact resistance
between the magnet and the optimal design panel obtained
by applying the material properties and shape parameters is
455E —4Q/m < Reon < 6.38E-3)/m, and it can be applied
to (13). Assuming that the air-gap permeance is the same, the
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(b)

Fig. 17.  Rotor assembly of the manufactured model. (a) Prior model.
(b) Proposed model.

TABLE VI
PROPOSED MODEL TEST RESULTS ACCORDING TO OUTPUT REGION

Output Power 25%  50%  75% 100%
Rotation speed (r/min) 6000

Output power (kW) 1.06  2.06 3.00 4.04
Input current (A) 397 726 10.34 13.7

Current phase angle (degE) 5 10 15 15
Efficiency (%) 90.6 944 953 95.7
Power factor 098 097 0.97 0.95

ratio of magnitude of the eddy-current loss of the proposed
model calculated using the above method is distributed at a
ratio of at least 0.78 to a maximum of 0.84 times as compared
to the conventional method.

B. Verification of Output Characteristics of the
Proposed Model

The proposed design model was manufactured and tested to
verify its effectiveness. Two types of rotor assemblies were man-
ufactured as shown in Fig. 17. The previous model is shown in
Fig. 17(a) and the proposed design model is newly manufac-
tured as shown in Fig. 17(b). The retaining plate was fabricated
to be bolted to the rotor assembly. The plate and bolt are made
of stainless steel. The rotor assembly of Fig. 17 is coupled to
the shaft with lock nuts. Table VI shows the test characteristic
results according to the output region of the proposed model.
The current magnitude and phase angle that produce the max-
imum efficiency were controlled while changing the output at
the same operating speed. The current phase angle was adjusted
by 5 degE. The operating efficiency characteristics according
to the output region are shown in Fig. 18. The characteristics
of the proposed design model are compared with the efficiency
characteristics of the prior model. As evident from the results,
an efficiency improvement of approximately 2.5% under light
load was achieved.

For the analysis of the loss-reduction effect achieved by the
panel change as shown in Fig. 18, the magnitude of the estimated
loss from the test result and the calculated loss from FEM were
compared. From the test results, the sum of the iron loss and the

98

96

94

92

Efficiency (%)

90
—-TEST result (optimal model)
88
-=-TEST result (5mm panel)

86
25 50 75 100

Output power (%)

Fig. 18.  Comparison of efficiency characteristic of the proposed model
according to output power region.
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Fig. 19. Comparison of loss ratio according to output region.

eddy-current loss is obtained as follows:

Pcore+ eddy — Pin - Pcopper — 4"mechanical — Pout- (15)

After replacing the plate part, the predicted eddy-current loss
values in each output region from the test results are shown in
Fig. 19. The copper losses were calculated using input current
and phase resistance. The mechanical losses during rotation
were measured using the aforementioned dummy rotor test.
The iron losses can be calculated from the magnetic flux density
from FEM and the inherent core loss data. The expected eddy-
current loss value is the calculated total loss excluding copper
loss, core loss, and mechanical loss. It was observed in a test at
constant speed operation that the estimated eddy-current loss is
approximately 57 W in the conventional model over the entire
area and approximately 24 W in the proposed model.

Fig. 20 shows the 3-D FEM model composed of an open cir-
cuit and the applied current waveform to confirm the magnitude
of the eddy-current loss during the load in the final model. The
current waveform during the actual test shown in Fig. 20(b) was
applied to each phase. The current was sampled considering
the analysis time step from the current waveform data at 4-kW
output. The time step of the analysis model is 2.78E-05 s. The
analysis results were obtained with aloss 0f 26.06 W at 4.09-kW
output. This result is almost equal to the predicted eddy-current
loss, and it is concluded that the resulting difference is due to the
error in the analysis model and the selection error of the current
data sample.
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(a) 1/4 periodic 3-D FEM model of the proposed model. (b)

Applied PWM current waveform in the analyzed output region.

VI. CONCLUSION

In this study, the cause of the eddy-current loss in the rotor
retaining plate of an IPMSM was investigated, a 3-D barrier
structure inside the retaining plate was derived using the result
obtained from the topology optimization technique, and the
loss-reduction effect was analytically and experimentally ana-
lyzed. It is confirmed that there is an optimum design point that
can change the path of the eddy-current flow, and, consequently,
minimize the total ohmic loss. Additionally, the prediction of
accurate loss amounts in complex geometry using effective
eddy-current analysis techniques will be studied in further
research.
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