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Abstract — This paper deals with the optimum design to
reduce eddy current loss in permanent magnet (PM). Instead
of direct calculation of eddy current loss using 3D transient
magnetic field analysis, indirect method is used. To estimate
eddy current loss indirectly, magneto-static field analysis is
conducted and flux density variation in PM is used for
estimating eddy current loss based on the fact that eddy
current loss is proportional to square of flux density and
frequency. RSM coupled with DOE is used for optimum
design with the object function of THD of flux density
variation in PM. Motor design process ensuring minimum
variation of flux density in PM is presented and transient
analysis is used for verification of optimum design.

I. INTRODUCTION

Interior permanent magnet synchronous motor (IPMSM)
has advantage of high power density compared with surface
mounted permanent magnet motor by utilizing both
magnetic and reluctance torque and also provides wide
speed range by field weakening control. To maximize its
high power density and size effectiveness, rare earth
permanent magnet (PM) is generally used in IPMSM [1].

In designing IPMSM using rare earth magnet,
sometimes eddy current loss in permanent magnet can be
important design consideration, because excessive eddy
current in PM seriously affect the motor performance by
demagnetizing permanent magnet irreversibly. Considering
relatively high conductivity of rare earth magnet, eddy
current in permanent magnet becomes significant issue in
terms of efficiency and irreversible demagnetization of
permanent magnet [2]. Therefore, in the design stage, eddy
current loss in permanent magnet should be considered in
that case.

To calculate eddy current loss, transient analysis is
required. However transient analysis requires huge
computation, moreover eddy current analysis is 3-
dimensional (3D) problem, and this becomes serious time
consuming especially for the optimal design. Instead of
direct calculation of eddy current loss for optimization,
indirect quantity representing eddy current analysis is used
in this paper. THD of flux density variation in permanent
magnet is chosen as an object function for the RSM and
DOE. Prototype of IPMSM is optimized for minimum eddy
current loss and the design result is verified by 3D transient
analysis.
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II. ANALYSIS MODEL

The prototype model is IPMSM which is applied in mild
type HEV traction motor. The configuration of analysis is
indicated in Fig. 1 (a) and Table I is the specification of the
IPMSM. The PM, assembled in IPMSM is rare earth PM
and its demagnetizing curve is indicated in Fig. 1 (b). There
is no knee point from 20°C to 80°C but at 130°C its knee
point exists at 0.16[T] as shown in Fig.1 (b).

III. DESIGN OF EXPERIMENT

A. Objective function

Eddy current is generated by variation of magnetic flux
in the conductor and it causes a rise in temperature. In case
of IPMSM, field weakening control is essential to achieve
high speed operation but at the same time flux density
variation occurs in the PM due to the d-axis current as
shown in Fig.2 [3]. Supposing that core and PM is insulated
electrically, the result of eddy current analysis in the PM
using transient analysis is shown in Fig. 3.

It is time consuming task conducting transient analysis
for the all experiments. Since eddy current loss is
proportional to square of flux density and frequency it can
be predicted by indirect method. Frequency of flux density
variation is determined by pole slot combination. Therefore,
the frequency can not be changed unless pole slot
combination changed. However, amplitude of variation and
its total harmonic distortion (THD) can be minimized by
changing shape of PM or barrier. In this study, average
value of variation of flux density in the PM and its THD is
selected as objective functions and those are given by
equation (1), (2)

TABLE
The specification of IPMSM
Section Value Unit Remark
Input Voltage 155 \Y% DC link
Output Power 17.6 kW Maximum
Pole / slot 16/24 Concentrated winding
Permanent magnet Br 1.28 T 20C
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(a) Configuration of IPMSM (b) Demagnetization curve
Fig. 1. Prototype of optimum design
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B. Optimum design

Optimum design using RSM coupled with DOE is
conducted to reduce THD and variation of flux density in
PM [4]. Design parameters listed in Table II are determined
as shown in Fig. 4 and the effect of each design parameter
is analyzed by full factorial design. After analyzing effects
of parameters on the object function; THD and variation of
flux density in PM, RSM is used to find optimum value of
each parameter. Optimum design is validated by
comparison of eddy current loss with initial model using
3D transient analysis.

IV. coNcLUsION

Optimum design of IPMSM to reduce eddy current loss
in PM is presented. In order to calculate eddy current loss,
3D transient magnetic field analysis is applied. In this paper,
indirect method is applied to optimum design process.
Using the magneto static field analysis eddy current loss is
estimated by indirect way; eddy current loss is expected by
flux density variation in the PM and THD of flux variation.
Using the presented method design variables which mainly
effect to the eddy current loss is investigated and design
result is verified by comparing the eddy current loss of
initial and optimized model calculated by 3D transient
analysis.
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TABLE II
The symbol and name of design variables
Symbol Name
0, Barrier angle
0, Magnet angle
A PM depth
B Flux link thickness
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Fig. 4. The design variables of DOE
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