This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3105119, IEEE Access

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Date of publication xxxx 00, 0000, date of current version xxxx 00, 0000.

Digital Object Identifier 10.1109/ACCESS.2017.Doi Number

A Stepwise Optimal Design Applied to an
Interior Permanent Magnet Synchronous Motor
for Electric Vehicle Traction Applications

Jae-Gil Lee! and Dong-Kuk Lim?, (Member, IEEE)

*Intelligent Mechatronics Research Center, Korea Electronics Technology Institute, Bucheon 14502, South Korea

2School of Electrical Engineering, University of Ulsan, Ulsan 44610, South Korea

Corresponding author: Dong-Kuk Lim (e-mail: I[dk8745@ulsan.ac.kr)

This work was supported by the National Research Foundation of Korea (NRF) funded by the Korean Government (Ministry of Science and ICT) under

Grant 2019R1F1A1061132.

ABSTRACT This paper presents a stepwise optimal design (SOD) for an interior permanent magnet
synchronous motor (IPMSM) applied to electric vehicle traction, which sequentially utilizes a magnetic
equivalent circuit (MEC), finite element analysis (FEA), and a newly proposed optimization algorithm. The
design of an IPMSM for the traction motor of a fuel cell electric vehicle (FCEV) is challenging due to its
tough requirements, such as high torque density, high efficiency, and low torque ripple; as a result, an
iterative trial and error process is required. However, FEA, which is the most generally used analysis
technique for electric machine design, has a drawback in terms of the analysis time required when being
applied to the entire design process. In this regard, the proposed SOD is presented, which consists of initial,
detailed, and optimal design stages, to design an IPMSM with a reasonable design time.

INDEX TERMS Fuel cell electric vehicle, interior permanent magnet motor, magnetic equivalent circuit,

optimal design

|. INTRODUCTION

An important part of the movement toward a more eco-
friendly automobile industry, fuel cell electric vehicles
(FCEVs) powered by hydrogen are emerging as the next
generation of automobiles in the near future [1]-[3]. The
traction motor of the FCEV requires a wide speed range
and compactness due to the limited mounting space; thus,
high-efficiency and high-torque-density characteristics are
required [4], [5]. An interior permanent magnet
synchronous motor (IPMSM) is the most suitable type for
FCEV traction applications in terms of the high-torque and
high-efficiency performances covering a wide speed range
because the excellent field-weakening characteristics,

reluctance torque, and magnet torque can be utilized [6]-[9].

In the design of an IPMSM, finite element analysis
(FEA), which can analyze complex structures and nonlinear
characteristics, is commonly wused because accurate
electromagnetic field analysis is essential for accurate
estimation of motor performances. However, since the
design of the IPMSM requires a considerable amount of
analysis, it is time-consuming for the designer to utilize
FEA for the whole design procedure [10]-[12].
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Meanwhile, a magnetic equivalent circuit (MEC) can be
used to rapidly analyze the characteristics of various types
of electric motors, such as surface-mounted permanent
magnet (SPM) motors [13]-[16]; spoke-type motors [17],
[18]; brushless DC (BLDC) motors [19], [20]; interior-
mounted permanent magnet (IPM) motors [21]-[24]; and
induction motors [25], [26]. Although the MEC technique
has the advantage of a short computation time, it also has
difficulties directly utilizing the whole design procedure
due to its somewhat lower accuracy compared to the FEA.

To address this problem, this study presents a stepwise
optimal design (SOD), which performs the design process
step by step. At first, in the initial design stage, the
sequential stage MEC (which can be utilized even for a
multi-layered IPMSM while considering the saturation
effect) is used to quickly derive motor performances,
including the back-electromotive force (back-EMF), total
harmonic distortion (THD), average torque, and terminal
voltage, according to the design variables of the motor [24].
In the second stage, the electromagnetic characteristics that
are difficult to calculate by the MEC, such as the cogging
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torque, torque ripple, demagnetization aspect of a
permanent magnet (PM), and mechanical stress, are
analyzed using FEA during the detailed design stage. In this
stage, the thermal characteristics are also analyzed by
utilizing lumped parameter thermal network (LPTN)
analysis. Finally, optimal design using an initial model
obtained from the previous design stages is used to improve
the machine performance and to derive the optimal design
with the design variables and objectives. In previous study,
Yoo et al. presented a multimodal optimization algorithm
which is the big-bang big-crunch multimodal optimization
algorithm: BB-MOA) based on the surrogate model [27].
They reported the BB-MOA reduced the number of function
evaluations by about 90% compared to the probabilistic
optimization algorithms. In this study, a simpler and
improved algorithm based on the Kriging surrogate model is
developed to minimize the computational cost for the
optimization time.

The remaining parts of this paper are organized as
follows. The main requirements and parameters for the
design of the FCEV traction motor are presented in Section
I1. Sections Ill, 1V, and V describe the initial design by
MEC, detailed design by FEA, and optimal design by the
optimization algorithm, respectively. Finally, Section VI
concludes this paper.

Il. Stepwise optimal design of the IPMSM for an FCEV

A. Design requirements

This paper describes an SOD based on an IPMSM design for
FCEV traction applications. The specifications and
requirements of the IPMSM are shown in Table I.

At first, the dimensions of the stator outer diameter and
axial length were determined as 240 mm and 230 mm,
respectively, which are limited in size due to the mounting
space. The number of poles should be determined by
considering the maximum frequency of switching
components in the inverter depending on the driving speed.
In this design, the number of poles was determined as eight,
which is the highest possible number that guarantees the
frequency capacity.

TABLE|
DESIGN REQUIREMENTS

Items unit Values
Number of poles/slots/phases EA 8/36/3
Max. torque Nm 300
Max. power kw 100
Stator outer diameter mm 240
Stator inner diameter mm 172
Air-gap length mm 1
Stack length mm 230
Required maximal torque Nm 310
Remanence of PM T 1.3
Thickness of steel sheet mm 0.35
Maximal current A 520
DC link voltage \Y 240
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Next, the number of slots was chosen as 36 by considering
several aspects, e.g., the number of available parallel circuits,
the winding factor, the period of the cogging torque, and the
manufacturability.

Meanwhile, various rotor topologies according to the PM
construction inside the rotor core, such as V-shape, double
V-shape, or delta shape, can be applied to the IPMSM [28]-
[31]. In this research, a multi-segmented and multi-layered
(MSML) structure is selected owing to advantages like a high
degree of design freedom, convenience of manufacturing,
and good space utilization with excellent electromagnetic
performances, e.g., high reluctance torque, low torque ripple,
and good flux-weakening properties.

The required maximal torque value is 300 Nm and the
maximal power value is 100 kW from 3,600 r/min to 9,000
r/min in the flux-weakening operating region. The
instantaneous current limitation and DC link voltage are
determined as specifications of the mounted components of
the inverter drive. Meanwhile, the steel sheet thickness and
PM remanence are chosen as 0.35 mm and 1.3 T,
respectively, by considering the high-torque-density and the
high-efficiency design. The corresponding requirements
described above are listed in Table I.

B. Overview of the SOD of the IPMSM

This paper describes the SOD procedure, which is divided
into three design stages by sequentially utilizing different
analysis methods and design strategies. Fig. 1 shows the
whole procedure of the proposed SOD, which consists of an
initial design stage using an MEC, a detailed design stage
using FEA, and an optimal design stage using an
optimization algorithm. Detailed descriptions of each design
stage are given in the next sections.

Ill. Initial design using a MEC model

In the initial stage of the motor design, it is very important to
rapidly grasp how the motor performances vary with a
variety of design parameters, including the machine
dimensions, materials, and input conditions. The MEC
concept, which simplifies the complex motor structure into
lumped circuit parameters, can be effectively utilized in the
initial design stage due to its great merit in terms of the
computational time compared to the commonly used analysis
technique, i.e., FEA, even if there are some inevitable
calculation errors.

[ Requirement determination ]

| 1) Initial design using the MEC |

| 2) Detailed design using the FEM |

| 3) Optimal design |

1

| Termination |

FIGURE 1. Overview of the whole procedure for the proposed SOD.
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Step 1) Initial design using MEC

| Design (material, dimension)

No-load MEC
eration

| No-load analysis (Back-EMF, THD) |

| Coil design (turns, resistance) |

‘

Load analysis using d-, ¢- axis
MEC with no-load analysis results

+

Performance calculation with
steady-state equations

Performance, no
constraints satisfied?

Load MEC

Go to step 2

FIGURE 2. Flowchart of the initial design stage.

For example, the analysis time taken to estimate the
average torque for each current phase angle of a motor model
can be significantly reduced from several hours to a few
seconds. The total design process can become more efficient
if as many as possible parameters are considered in the initial
design stage. The saved design time can be utilized later to
improve the design quality by considering optimization,
multi-physics, and systematic matters.

Fig. 2 shows the flowchart of the initial design stage,
which consists of no-load and load MECs. At first, the outer
diameter and height of the motor in the limited space are
determined. The material of the iron core and permanent
magnet are also considered in terms of the cost and required
operating point. When designing the example EV traction
motor in this study, an electrical steel sheet with excellent
iron loss characteristics in the high-speed range is preferred.
Meanwhile, the EV motor should maintain robust
performance, even at high-temperature conditions. Hence, an
NdFeB-series rare earth PM that has high coercivity and
excellent tolerance for demagnetization is preferred. Using
the determined material and required size, no-load analysis is
performed according to the shape of the motor determined
from various design variables.

A. No-load MEC analysis

First, referring to previous studies [3], [4], the MSML
IPMSM with the design parameters shown in Fig. 3 is
modeled as an MEC model for the no-load analysis. The no-
load MEC model consists of flux source, magnet reluctance,
air-gap reluctance, bridge leakage, and center post leakage
components, as shown in Fig. 4. Here, we use a symmetrical
circuit and assume infinite permeability for the iron core for
simplification. In Fig. 4, the flux components (¢;: the flux
sources over the j® PM in i layer, ¢ i the leakage flux
around the PM in i layer, ¢mpi: the leakage flux of bridge
area in i layer, ¢mei: the leakage flux of center-post in
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FIGURE 3. Design parameters of the IPMSM for the FCEV.
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FIGURE 4. The simplified MEC for the no-load analysis of the IPMSM.

i"" layer, and ¢ g the flux passing the air-gap area) can
respectively be calculated by (1)-(3) with dimension
parameters represented in Fig. 4.

¢rij = Br Anij (1)
¢mbi = Bsat A’nbi = Bsatbi Lst (2)
¢mci = Bsat ATICi = Bsatcpi Lst . (3)

Moreover, the reluctance components (Rg: the air-gap
reluctances of i pole layer and Rithe total leakage
reluctance of ith pole layer) be calculated by (4)-(8) , where g,
Lo, opi, SO, Np, and Lg represent the air-gap length,
permeability of air, pole-arc-to-pole pitch ratio of i" pole
layer, length of slot opening, number of poles, and stacking
length respectively. Meanwhile, the leakage reluctances Rmoij
and Rmiij, which compose of R; represent the self-leakage and
the end-leakage of j" PM in i pole layer. More details
calculate the circuit parameters can be found in [23]-[24].

R, =9 ! 14y A 4)
27(so+g/2)L
Ay =y —a,) T 2 ®
p
27(so+g/2)L
Agz =qp ( Ng )b (6)
p
R = 2Rmon 11 Riins 11 Rt )
RZ = 2Rm021// le21// le22 //2RmI22 // le23 // le24 . (8)
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Then, The MEC model in Fig. 4 can be represented as (9) by
using Kirchhoff’s rules, where the air-gap flux values ¢q: and
@q2 can be solved by calculating the inverse matrix, and the
corresponding air-gap flux densities Bq1 and By are obtained.
Finally, the air-gap flux density considering the slotting
effects can be derived by applying the conformal mapping
technique, which analytically calculates the permeance
function of the stator slot, to the previously calculated air-gap
flux densities [32]-[33].

R 0 -R, 04 0

0 R Ry Ryl 0 ©
0 2 01 ¢3 ¢r21+¢r22_2¢mb2_2¢mc2

2 -2 10 ¢4 ¢r11+ mb2_2¢m02_ r21‘¢r22_2¢mh1_2¢mc1

Then, the back-EMF can be calculated by (10) after
deriving the flux linkage by summing up the air-gap flux
density according to the winding pattern.

In (10), ea, s, 6, and wr represent the back-EMF, flux
linkage of phase A, angular position, and rotational speed of
the rotor, respectively.

di, _dodi, _ A,

AT dt dt dt " A

Fig. 5 shows comparison result of the back-EMF for the
verification of no-load MEC with FEA. It can be seen that
the results from the MEC and FEA are well matched in a
small difference. In the no-design process, many candidate
designs with varying the design variables, e.g., the pole arc
ratio, magnet usage and dimension, center post, bridge, and
flux barrier (shown in Fig. 3) can be analyzed. Here, the total
harmonic distortion (THD), which can be calculated by (11),
must be suppressed due to the effects not only on the torque
fluctuation appearing with multiplied by the current
harmonics but the controllability as well. In (11), the
subscript i represents the harmonic index. Fig. 6 illustrates
the THD characteristics of the back-EMF according to op:
and ap, Which represent the pole arc to pole pitch ratio of
each magnet layer of the IPMSM for the FCEV.

JeZ e e+
THD=Y2 2% 100 (11)

&

(10)

B. On-load MEC analysis

Before analyzing the on-load performance of the motor, the
coil must be specified by considering the back-EMF constant,
maximum current, winding connection, continuous current
density, slot dimension, and coil fill factor. Then, the number
of coils and coil diameter determine the armature resistance.
Meanwhile, the on-load analysis of the synchronous motor
can be conducted by dividing it into d-axis and g-axis circuit
analyses in the coordinate system while rotating at the
synchronous speed [34]-[36].
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Back-EMF waveform

Back-EMF [V]

Electrical angle [deg.]
FIGURE 5.
and FEA.

Back-EMF waveform comparison calculated by the MEC
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FIGURE 6. Illustration of the THD analysis results with varying pole

arc to pole pitch ratios with the no-load MEC model

In the g-axis circuit, the flux made by the armature current
with a phase angle 90° ahead of the N pole of the rotor is
applied. At this time, the magnetic flux caused by the current
forms a flux path through the iron core, mainly bypassing the
PMs, which are magnetically regarded as air. Thus, the
saturation degree of the iron core is quite high. On the other
hand, the d-axis armature current with a phase angle of 0°
forms the flux path through the PMs, so that the permeability
of the iron core can be regarded as infinity. Fig. 7 shows the
on-load MEC maodels of the IPMSM for the FCEV, in which
the reluctance elements are constructed to reflect the
permeability. In each MEC model, the air-gap flux density is
calculated in a similar manner to the no-load MEC procedure,
and then the flux linkage values A4 and 44 can be derived [24].

Finally, the average torque and induced voltage can be
calculated by characteristic equations (12) -(15).

sN,
Tavg = 57 (ﬂ’d Iq - ﬂ‘qld ) (12)
V, =Ri, —o,4, (13)
V, =Ri, + o4 (14)

V.=, [’\_/d2 +V (15)
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FIGURE 7. The on-load MEC model of the IPMSM: (a) g-axis model and
(b) d-axis model.

Comparison of torque variation with current density and phase angle

Torque [Nm]

0 10 20 30 40 50 60 0 80 90

Current phase angle [deg

FIGURE 8. Comparison of average torque variation with the current
phase angle according to the current density calculated by the MEC and
the FEA.

In this step, the iterative design modification and analyses
used to obtain design candidates that satisfy the constraints
and requirements are conducted. When the iteration is
terminated, a few candidates can be obtained and the
designer can choose one or more of them to proceed to the
next design step.

For the IPMSM analysis, the maximum torque per ampere
(MTPA) point should be analyzed for each amplitude and
current phase angle whenever the iterative design is
proceeded, which is very time-consuming. However, the
MEC model completes this process in just a few seconds, so
there is no time burden, even for designs with many
iterations. In Fig.8, the average torque variation according to
the current densities and phase angles for the verification of
on-load characteristic is presented. Even though there is
some difference between the results of MEC and FEA, the
analysis time can be significantly shortened by using MEC.
In terms of time consumption, it was possible to analysis
each design case in less than 3 seconds by using MEC
analysis with AMD Ryzen 7 3700X 8-core/ 3.59GHZ CPU
and 16 GB RAM. While, the FEA required about 2 minutes
to analyze a design case in the same computational
environment. Overall, it is concluded that the analysis time
can be reduced by 97% by introducing the MEC.
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Step 2) Detailed design using FEA

Design adjustment considering
detailed dimensions.

Electromagnetic analysis using FEA.

Detailed performance and
demagnetization analyses
by post-calculation

Multi-physics consideration with
lumped parameter thermal network
and stress analysis

Performance,
constraints satisfied?

Go to step 1

FIGURE 9. Flowchart of the detailed design stage.

IV. Detailed design using FEA

In the detailed design stage, FEA is used to analyze various
characteristics with detailed considerations. The FEA can be
utilized to accurately analyze electromagnetic nonlinear
characteristics of local parts and multi-physical phenomena,
such as mechanical stress. In Section Ill, the MEC analysis
was used to calculate the flux distribution by a few number
of lumped parameters simplifying the motor model. In detail,
some geometries (i.e. pole shoe fillet or rounding of teeth,
rounding on the slot back yoke side) which have little
influence on the overall field distribution, were ignored in the
MEC model for the simplification. However, they can affect
the local filed distribution and machine performances. Hence,
the fine adjustment for reflecting such detailed shapes are
conducted before FEM analysis.

The detailed design concept is represented in Fig. 9. Here,
the complicated and nonlinear characteristics in the local area,
are analyzed via FEA. |In addition, the detailed
electromagnetic field distribution is analyzed to simulate the
transient performances. Then, the post-calculation is
conducted to estimate various aspects, including
demagnetization of the PMs; this is especially important in
the high-temperature environment for EV applications. Also,
the stress analysis is conducted; this simulates the durability
of the iron core by the centrifugal force in high-speed.

A. Detailed electromagnetic analyses

In the initial design stage, MEC was used to model the shape
of the motor by using rough parameters, and only some of
the steady-state characteristics were analyzed. On the other
hand, in the detailed design stage, the performance
characteristics, e.g., the cogging torque, torque ripple, iron
loss, and efficiency considering the detailed shape and rotor
position with the rotational angle, are analyzed through FEA.
Here, torque-speed curve and efficiency maps over the entire
driving range can also be calculated. Then, iterative design
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Torque vs. Current phase angle
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FIGURE 10. Output characteristics calculated by FEA:
(a) Analysis points of PMs and (b) analysis results.

and analyses are performed until a solution that meets the
requirements is obtained. Fig. 10 shows the output
characteristics calculated by FEA for the example IPMSM
for EV traction in this study. At this stage, the design plan for
the improvement is determined by analyzing the output
characteristics by dividing the torque into magnet and
reluctance torque and the output characteristic with and
efficiency for each operating point and the operating range
with flux weakening control. In addition, in order to improve
characteristics like the cogging torque and torque ripple,
which cause vibration and noise in the vehicle drive system,
the magnetic flux path is smoothly improved by modifying
the detailed shape in the vicinity of the gaps of the stator and
the rotor.

B. Lumped parameter thermal analysis

During motor design, thermal analysis must be performed to
prevent extreme situations, such as insulation breakdown of
coils and permanent performance distortion due to
irreversible thermal demagnetization of permanent magnets.
Thermal analysis of electric motors can be mainly performed
using computational fluid dynamics (CFD) [37]-[39] and a
lumped parameter thermal network (LPTN) [39]-[41].
Specifically, it is effective to use a LPTN, which has the
advantages of a short analysis time and convenience of
modeling in the design stage. In this study, thermal analysis
at continuous rating of a water-cooled EV driving system
was performed using an LPTN. Fig. 11 (a) shows a
simplified LPTN and (b) shows the analysis results of the
thermal characteristics according to the driving time in the
main parts of the motor: i.e., the PM, winding, and housing.
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FIGURE 11. Thermal analysis using the LPTN:
(a) Developed LPTN and (b) analysis results.
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FIGURE 12. Demagnetization analysis of the IPMSM for the FCEV:
(a) Analysis points of PMs and (b) analysis results.

C. Demagnetization analysis

Demagnetization analysis of PMs and stress analysis at high
speeds is necessary in the IPMSM. Traction motors generally
operate at a high current density due to their compact size,
resulting in high-temperature driving conditions. Even
though the NdFeB series PM has a superior heat tolerance,
the remanence decreases at higher temperatures with a
temperature constant x according to (16). Here, Br, the
subscript 0, and T represent the remanence of PM, the initial
value, and the temperature, respectively. In particular, a high
d-axis armature current is applied for flux-weakening control
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due to the DC link voltage limit during high-speed operation.
In this situation, irreversible magnetization can occur if the
local operating point of the PM falls below the knee point of
the B-H curve. Fig. 12 shows the demagnetization analysis
results on a few points of the PM when the highest
demagnetizing field of the instantaneous current with a 90°
phase angle is induced; this is the toughest condition.

T-T,
100 ) 10
Fig. 12 (b) can be derived by using (17)-(18) based on the
electromagnetic field analysis values B; and H; for an
electrical period of the element i, where the subscripts x and y
represent the projection values on the x-axis and y-axis,
respectively, and «a is the magnetization angle. As a result, it
can be confirmed that even the edges of PMs, which are
largely influenced by the demagnetizing field, operate above
the knee point.

B, =B, (l+x

r

B =B, cosa+B sina 17)

H, =H, cosa+H, sina (18)

D. Stress analysis

For the high-speed operation of the IPMSM, the stress
analysis of the rotor iron core (especially the stress on the
bridges and center posts caused by the centrifugal force of
the PM) must be considered to prevent structural breakage. It
is essential to analyze the stress caused by the centrifugal
force of the rotor during high-speed rotation of the IPM
motor. In general, it is advantageous to reduce the thickness
of the center post and the bridge of the rotor to minimize the
leakage magnetic flux. However, the mechanical stress
strength in the local area of the laminated steel varies with
the rotor structure, which requires additional analysis. Hence,
the verification of the mechanical stress as well as the
electromagnetic performance via FEA should be included in
the design process.

In addition, Fig. 13 shows the stress analysis using the
structural FEA results at 10,000 r/min, which is higher than
the required maximum speed of the target machine. In the
analysis results, the point with the highest stress is near the
center post (278 MPa).

Mises stress

(Mpa), oo

IO

FIGURE 13. Von misses stress distribution of the IPMSM.
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FIGURE 14. Flowchart of the optimal design stage.

Since the vyield point of the S09 provided by the
manufacturer is about 370 MPa, it has a safety factor above
1.3, even at a rotation speed higher than the required speed.

V. Optimal design for torque ripple reduction

Finally, an additional optimization is performed to improve
some key performance variables of the design candidate from
the previous stages, i.e., the initial and detailed design stages.
In this optimal design process, it is important to utilize an
optimization algorithm that has a small number of function
evaluations because of the expensive computational cost
based on FEA. In this research, we simply developed a
surrogate model-based algorithm, which is intended to
minimize the number of FEA evaluations.

To develop an effective surrogate model, Latin hypercube
sampling (LHS) is used to achieve uniformly distributed
samples; this is related to the quality of the interpolation
function [42]-[43]. However, because the LHS is based on
randomness, it does not always guarantee uniform sampling.
Therefore, a space-filling (SF) method that directly performs
sampling on the largest vacant space in the design domain is
mixed and applied in this research.

Fig. 14 shows the flowchart of the proposed algorithm.
Basically, sampling is performed based on LHS and SF in
the sampling stage, but an adjustment strategy is applied to
each iteration as follows. If the number of peaks is not
improved in the continuous iteration, the sampling number
by both LHS and SF is set to be reduced at the next iteration;
this should reduce the function calls in the mostly converged
condition. While, the number of peaks is updated, the
sampling number at the next iteration is initialized. In this
algorithm, the surrogate model is generated in each steps.
Due to the relatively long analysis time with FEA for the
objective function evaluations, it is not computational burden
to iteratively develop the surrogate model.

To verify the developed optimization algorithm, it is tested
by a mathematical test function as illustrated in Fig. 15. The
test function has twenty-five local optima which can be
represented by (19).

f (X, %,) =20+x° —10c0s 27X, +X,> —10cos 2zx, (19)
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FIGURE 15. lllustration of the mathematical test function:
(a) Mathematical test function (b) Peak positions.

* sample position  sample position

« sample position

* sample position

(c) (d)
FIGURE 16. Illustration of the optimization process
(a) Initial iteration (b) Iteration 4 (c) Iteration 7 (d) Iteration 12.

Then, the developed optimization algorithm was
implemented to search the optima with ten initial samples.
Here, the termination condition was set when the number of
searched peaks is not improved in three consecutive
iterations. Meanwhile, successful peak searches were judged
when the interval of each coordinate with the actual optima
positions was within 1 %. The surrogate models with the
sample positions in initial, 4™, 7, and final iterations in a test
run are illustrated in Fig. 16. Compared to the BB-MOA, the
average number of function evaluations was reduced from
329 to 220 with an identical convergence condition. Thus,
the developed optimization algorithm can be expected more
than 90 % time reduction compared to the commonly used
probabilistic algorithms in multimodal design cases.

In this study, the torque ripple optimization of the IPMSM
for the FCEV based on the reference model from the
previous design stages is performed using the developed

VOLUME XX, 2017

FIGURE 17. Design variables for the optimization.

TABLE Il
OPTIMIZATION RESULTS OF CANDIDATES

Items Candidate 1 Candidate 2 Candidate 3
X1 [mm] 59.69 4455 30.37
X2 [7] 124.75 110.89 130.20
Cogging torque [Nm] 5.62 Nm 5.01 Nm 3.55Nm
Average torque [Nm] 311.18 Nm 309.03 Nm 305.52 Nm
Torque ripple [%] 3.65% 3.34% 3.10%
Efficiency [%] 96.29% 96.26% 96.32%

algorithm. The torque ripple is the fluctuating torque
resulting from the cogging torque and harmonic components
of the back-EMF and driving current [44]-[46].

The torque fluctuation should be minimized because
unwanted vibration and noise as well as loss of
controllability can be caused. From the previous design
results, the high-torque ripple is 5.87%, and an additional
optimization process is required. As shown in Fig. 17, the arc
radius (x1) and shoe angle (xz), which determine the topology
of the stator tooth surface and the shoe, are utilized as the
design variables, while the torque ripple is used as the
objective function. The number of initial samples was set to
20 and the termination condition is when there is no
improvement in the number of peaks. The optimization
results provided some optimal candidates, as shown in Table
Il. Candidate 3 was chosen as the final optimum candidate
due to its low cogging torque, low torque ripple, and high
efficiency.

VI. Conclusion

This paper contributes to the SOD with an efficient, optimal
design process for an IPMSM. The design is rapid and also
accurate. The proposed strategy uses MEC, FEA, and an
optimization algorithm by dividing the entire design process
into initial, detailed, and optimal design stages. The proposed
design strategy can be widely used as an effective design
strategy for electric machines; various performance variables
of a motor can be accurately considered and the
computational cost can be remarkably reduced.
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