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Abstract-- This paper provides design process of
concentric winding type interior permanent magnet
synchronous motor (IPMSM) for integrated starter and
generator (ISG). ISG is operated as generator in driving
region. In order to increase efficiency in generating mode,
back EMF shape should be sinusoidal. Therefore in the
optimal design, total harmonic distortion (THD) is
considered as object function. In the design process,
response surface method (RSM) coupled with design of
experiment (DOE) is used for optimal design, and the effects
of design variables on the object function are investigated.
Result of THD is compared with optimal designed model.

Index Terms--back EMF, ISG, IPMSM, THD.

1. INTRODUCTION

With the increasing interest on Electric Vehicles (EV)
and Hybrid Electric Vehicles (HEV), the development of
integrated starter and generator (ISG) is becoming one of
the highly concerned matters. The ISG, which could
operate as a motor and a generator when the vehicle is in
the starting and driving condition respectively, should
have a sinusoidal back electromagnetic force (EMF) to
reduce the torque ripple in motoring region and to
increase generating efficiency in generating region. This
paper provides a design of interior permanent magnet
synchronous motor (IPMSM) in order to reduce total
harmonic distortion (THD) of back EMF using space
harmonic analysis and design of experiment (DOE)
combined with response surface method (RSM) [1].

In the design process, the required range of parameters,
d-q axes inductance and back EMF that satisfy speed
range and output power are researched and the space
harmonic analysis is applied to determine the initial
dimension. Parameters of the IPMSM such as amplitude
of the back EMF, number of turns per phase could satisfy
the object power and pole pitch that minimize the THD of
the back EMF. The design factors are decided and their
combinations are generated and analyzed by full factorial
design (FFD) to confirm the effects of these parameters.
At the same time the ranges of all the parameters are
considered to conduct RSM, which is performed on the
basis of FFD results. Finite element analysis (FEA) is
used to analyze all the experiment combinations in order
to obtain the optimized parameters. And then d-q axes
equivalent circuit analysis is conducted in order to
confirm the characteristics of the optimal model.

II. MOTOR DESIGN

A. Process

The out line of design process is described before the
optimal design. Fig. 1 shows total process of motor
design including optimization.

First of all the specification of IPMSM for ISG is
considered. Then the range of parameters such as back
EMF and d-axis inductance are researched using d-q axes
equivalent circuit equations [2]. The rotor dimension is
decided considering cooling condition and torque per
rotor volume (TRV). Rough dimensions, permanent
magnet (PM), turn per phase of the base model that
satisfy the back EMF range, are determined using space
harmonic analysis. The Back EMF and d-axis inductance
are calculated by FEA. In case of parameters of base
model which satisfy range, the optimal design which
consists of DOE and RSM is conducted to obtain the
optimal model. The parameters, such as back EMF, d-q
axis inductance, phase and core loss resistance of optimal
model, are calculated for characteristics analysis. D-q
equivalent circuit analysis, based on the parameters
calculated above, is applied to get all characteristics,
including torque, power, input current and voltage.
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B. Specification

The object model of this study is the design of IPMSM
for the ISG which can be applied to commercial bus.
Because of battery in the bus and cost of switch device,
input voltage and current are limited. The optimal model
should satisfy the specification as shown in table 1.
Especially the power has to satisfy 12kW in the whole
speed range.

C. Initial design

The base model is decided through the design process
as shown in Fig.1. The object ranges of parameters are
determined considering efficiency and output power of
the entire speed region according to variation of back
EMF and d-axis inductance. The rough shape and
dimensions, grade of PM, number of turns per phase of
the base model are determined using space harmonic
analysis assuming that the TRV is 160kNm/m”. The ISG
is cooled by liquid material. The base model that has
8pole and 12slot is decided as shown in Fig. 2 (a). The
space harmonic analysis is also applied to find pole arc of
the PM that minimize THD of back EMF. Table II is the
result. Fig. 2 (b) shows a back EMF shape of base model.
Table III shows the object parameters range and
parameters of base model [3].
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TABLE III
RANGE OF TARGET PRARMETER
List Line-line EMF d-axis inductance
Unit [Vrms] [mH]
Object range 12.1-13.9 0.12-0.16
Base model 13.11 0.125

TABLEI
SPECIFICATION OF IPMSM FOR ISG
Section Contents Unit Value Remark
Input voltage [V] 42 DC link
Output Power [kW] 12.6 Max value
Motoring Current limit [A] 600
Mode Maximum torque [Nm] 300 0-400 rpm
Base speed [rpm] 400
Maximum speed [rpm] 2500
Output power [kW] 12
Generating Generating region [rpm] 2500-7200
Mode Main generation Max
. [rpm] | 4500-6500| Efficiency
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Fig. 2. Base model of IPMSMTABLE II
THD VARIATION ACCORDING TO THE CHANGE OF POLE ARC  (UNIT: % )

Pole arqg  29°/ 30/ 31°/ 33°/ 35°/
Coil span 45° 45° 45° 45° 45°

D. Full factorial design (FFD)

The Optimal design is performed based on the result of
initial design. The object of the optimal design is to
insure that power is 12 kW at 400rpm at motoring mode
and reduce THD of back EMF to improve efficiency at
generating mode. Fig. 3 shows design variables that are
used in FFD and Table IV describes design variables and
their ranges. The PM angle is selected in order to ensure
the output power and reduce THD of back EMF. Several
simulations using FEA are performed to make main
effect plots of design variables.

Fig. 4 shows the main effect plot produced by the
result of FFD. The PM thickness (C) has most significant
effect on the response which is torque in this design,
because the flux variation highly affects magnetic torque.
On the other side, chamfer at the stator teeth has highly
effect on THD of back EMF because the chamfer can
make the air-gap length increased and air-gap irregular.

Based on the result of FFD, the ranges of the design
variables are determined for RSM

E. Response surface method (RSM)

The design variables and ranges are decided through
FFD mentioned above as shown in Table V. Several
experiments are conducted for RSM through FEA.

In this paper, central composite design (CCD) is
employed as the experimental design to estimate the
fitted model of each response. By adding center point and
axial point to 2* factorial design, the relationship between
design variables and output can be considered. After
implement of CCD, polynomial models of the response
which are torque and THD are shown in (1) and (2)
respectively. Fig. 5 and Table VI show the optimal value
of each variable that satisfies maximum torque and
minimum THD of back EMF [4].
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Fig. 3. Design variables of FFD

TABLE IV
NAME AND RANGE OF DESIGN VARIABLES FOR FFD
Symbol A B C
Name PM angle Chamfer PM thickness
unit [°] [mm] [mm]
Range 89-95 0-0.6 5-7.5
PM angle Chamfer PM angle Chamfer
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Fig. 4. Main eftect plot
TABLE V
NAME AND RANGE OF DESIGN VARIABLES FOR RSM
Symbol A B C
Name PM angle Chamfer PM thickness
unit [°] [mm] [mm]
Range 89-92 0.3-0.6 6.25-7.5
PM angle Chamfer PM thickness
Hi 93.0227 0.7023 7.9261
Cur [91.0] [0.4500] [6.80]
Lo 87.9773 0.1977 5.8239
THD
Object: 1
y=3.93
d=0.00000
Torque
Object: 300
y=299.66
d=0.96584
Fig. 5. Optimal point of each variable
TABLE VI
OPTIMAL POINT OF EACK VARIABLE
Symbol A B C
Name PM angle Chamfer PM thickness
unit [°] [mm] [mm]
Value 91 0.45 6.8
THD 3.93%
Torque 299.6 Nm

F. Optimal model

The back EMF of optimal model, designed using DOE
combined with RSM, is calculated by FEA. Fig.6 shows
configuration of optimal model which has 130mm stack
length and 0.8mm air-gap. Back EMF of the optimal
model and base model is calculated by FEA and
compared as shown Fig. 7 (a), and Fig. 7 (b) is harmonic
distribution of back EMF in the optimal model. Table VII

describes the comparison of the amplitude and THD of
back EMF between base model and optimal model. The
THD of back EMF of the optimal model is ...% less than
that of the base model. However the amplitude of two
models has similar value.

The optimal model is determined using DOE combined

with RSM and parameters are calculated.
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TABLE VII
OPTIMAL POINT OF EACK VARIABLE
Line-Line EMF (@400rpm) THD
unit [Vrms] [%]
Base model 13.8 23.7
Optimal model 14.2 3.7




III. CHARACTERISTICS

A. Calculate parameters

Before the d-q axes equivalent circuit analysis,
parameters such as back EMF, d-q axes inductance, phase
resistance and core loss resistance are calculated. The
back EMF is estimated above as shown in Fig.7 and
Table VII. In order to calculate d-q axes inductance
profile, several equations induced by vector diagram,
which have relationship with no-load flux linkage and
load flux linkage, are applied and calculated. The core
loss resistance is also computed by the relation between
back EMF and core loss which is calculated using FEA at
specified speed.

B. D-q equivalent circuit analysis

In order to calculate the characteristics of optimal
model, parameters which are back EMF, d-q axes
inductance, phase resistance and core loss resistance are
computed. Using the parameters, d-q axes equivalent
circuit analysis is performed to obtain the characteristics.
The equations derived from equivalent circuits are shown

in (3)-(5).
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where P, is number of pole pairs, o is electrical angular
velocity [2].

The characteristics of ISG, especially output power
should be satisfied not only in motoring region but also in
generating region. The analysis that uses d-q axes
equivalent circuit is performed only in motoring mode
due to the reversibility of motor and generator. Assume
that output power is satisfied in the whole speed range of
motoring mode, the power of generator is also satisfied.

The result of d-q equivalent circuit analysis satisfies
output power and torque in all the speed range as shown
in Fig. 10 (a). Fig. 10 (b) shows the voltage and current
mentioned above which must satisfy the limited
conditions, which satisfy the specification.

IV. CONCLUSION

This paper deals with the optimal design of the
IPMSM for ISG that is utilized in the mild type of HEV
bus. The ISG can operate as not only motor but also
generator. Therefore the output power of ISG should be
satisfied in the whole speed range. In order to increase
efficiency of generating mode, the back EMF should be
as sinusoidal as possible. In this paper, an IPMSM which
has both sinusoidal back EMF and object output power in

all speed range is designed using DOE combined with
RSM. Consequently the THD of back EMF is 3.7% and
output power is 12kW in the whole generating speed

range.
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