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Design to Reduce Cost and Improve the Mechanical
Durability of IPMSM in Traction Motors

Ki-Doek Lee” - Ju Lee™

Abstract

The interior permanent-magnet synchronous motor (IPMSM) is often used for the traction motor of
hybrid electric vehicles (HEVs) and electric vehicles (EVs) due to its high power density and wide
speed range. This paper introduces the 120kW class IPMSM for traction motors in military trucks.
This system, as a SHEV (series hybrid electric vehicle), requires a traction motor that can generate
high torque. This study introduces a way to reduce costs by proposing a design approach that creates
reluctance torque that can be maximized by varying the dg—axis inductance. If a model designed by a
design approach meets the desired torque, the magnetic torque can be reduced by an amount equal to
the increase in reluctance torque and consequently the amount of permanent magnets can be reduced.
A reduction gear and high speed operation of motors are necessary for the miniaturization of the
motor. Thus, a fairly large centrifugal force is generated due to the high speed rotation. This force
causes mechanical interference between the rotor and the stator, and a design approach for adding an
iron bridge is explained to solve the interference. In this study, the initial model and the improved
model that reduces cost and improves mechanical durability are compared by FEA, and the models are

& 35-13)

produced. Finally, the FEM results were verified experimentally.

Key Words : PMSM, IPMSM, Traction Motor

1. Introduction

The main application of an interior permanent
magnet synchronous motor (IPMSM) is a traction
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motor for fuel cell electric vehicles, hybrid electric
vehicles, and battery electric vehicles. The hybrid
vehicle systems are divided into three parts: SHEV
(series hybrid electric vehicle)) PHEV (parallel
hybrid electric vehicle) and PSHEV (power split
hybrid electric vehicle). Among them, the SHEV
should operate all driving areas of the vehicle by
pure motor propulsion. For this reason, SHEV
requires a higher torque than other systems[1]. This
paper introduces a 120kW class IPMSM for a
traction motor of series hybrid military trucks.
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Because the costs of neodymium and dysprosium,
which are main materials in the NdFeB magnet,
have been increasing, a competitive price for the
PMSM is indeed a consideration. As a result, a
design approach that fulfills the needed torque and
reduces the amount of permanent magnet is needed.
Because of rotor saliency, an IPMSM generates
additional reluctance torque as well as magnetic
torque [2-3]. The torque per amount of PM
(permanent magnet) can be maximized by the
which
according to the dg-axis inductance. Because the

maximizing reluctance torque, changes
dg—axis inductance is a changing value according to
the rotor shape, a design that increases the torque
per the amount of PM is accomplished by a dg—axis
inductance analysis according to rotor shape.

The traction motor for HEVs is equipped with an
internal combustion engine unlike the traction motor
for EVs. Because of the limited space of HEVS, a
minimal motor size is important. To meet the size
constraints on the motor, a PMSM should be
utilized, as high speed and a reduction gear is
needed. However, the high speed operation will
cause a fairly large centrifugal force on the rotor,
and this force may cause mechanical problems [4-6].
In this study, these problems are addressed and a
design approach explained that will help resolve the
issue.

2. Requirements and Constraints

In this paper, the traction motor of a SHEV
system for 5 ton class military trucks is mtroduced.
The rolling, air drag and slope resistance
considering the harsh operating conditions within
which military trucks are utilized were calculated.
The reduction gear and instantaneous rating were
considered to reduce the motor size, and the final

load points considering these were determined.
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Table 1 represents the required load characteristics
at rated speed and maximum speed. Table 2
represents the required constraints in the design of

a traction motor.

Table 1. Desired Torque and Speed

Specifications Value Unit
Power 120 kW
i i | o [rasom
o @Iﬁzjiiuﬁrzz;d 1156 10000 | Nm @ rpm
Power 65 kW
e | Cmao | BEW e
(60 min) Desired torque
@ maximum speed 62 ¢ 1000 | Nm @ rpm
Table 2. Required Constraints
Specifications Value Unit
Maximum phase current 500 Apeak
Slot fill factor (pure copper) 3 %
Phase voltage limit 346 Vpeak
Core S08 -
Permanent magnet 38UH -
Current density 15 Apeak/mm?2
Temperature 180 degree
Pole/slot 8/12 -
Cooling Water cooling -

3. Machine Design And Problem

A motor size that

satisfies

the desired

torque—speed and constraints can be designed by the

magnetic equivalent circuit and output equation. Fig.
1 shows the flow chart for PMSM design.
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Magnetic Equivalent Circuit
2 By

Output Equation of PMSM(with fixed AC)
=» Rotor size & Stack length

Induced electromotive force equation
= Turns & Coil diameter

Stator design
&
Finish the motor design

Fig. 1. Flow chart for PMSM design

In the first step, the air gap flux density is
calculated from the magnetic equivalent circuit of
the PMSM. The air gap flux density, which does not
consider the leakage flux of the 1ib, can be
represented as Formula (1) through the simplified
magnetic equivalent circuit [2].

B, = —k’b];’iﬂ B,
1+k, 7,,R ()
Where £, 1s the barrier leakage coefficient, 4 1s
the air gap leakage coefficient, 4 is the reluctance
coefficient, g' is the air gap length considering
carter’s coefficient, zir is the relative permeability of
permanent magnet, 7, 1s the magnet thickness, B,
is the residual magnetic flux density of permanent
magnet.

The variables ki, ks, ks g, g, Tm Br can be
determined by the initial setting and experience.

In the second step, the rotor size is calculated. If
the desired torque is calculated by load condition
and the specific electric loading ac is fixed, the rotor
size can be calculated by Formula (2). ac is the 7.7/
1D, and is called the specific electric loading.

@

g stk (2)

w A
T;n = (kaBgl

accos ﬂj D’L

A

Where &, is the winding factor, Ba is the peak
value of the fundamental wave of air gap flux
density, G is the current phase angle, [, is the
diameter of air gap, L« is the stack length.

The variable kuB.:B of the expression (2) can
be determined by the previous calculation and
required constraints.

In the third step, the coil diameter and the number
of stator coils are calculated. If the induced voltage
at zero load 1s established by the required
constraints, the number of stator coils can be
calculated by the expression (3).

Y
" ke, 3)

Where N, is the number of series turns per
phase, £y is the zero load EMF (electromotive force),

%1 is the air gap flux per poles, @, is the rated
angular velocity.

If the number of stator coil is calculated by
Formula (3), the magnitude of current can be
determined through ac. If the magnitude of current
1s calculated, the coil diameter can be calculated by
the current density in constraints.

In the fourth step, the stator design is performed
by the previously obtained value and the basic
design of the motor can be completed.

The characteristic analysis of the initial model and
the shape design were performed, and the
experiment was also performed after production.
The design approach, which reduces the price of
PMSM, was performed in the shape design by FEA.
As a result of these experiments, the torque—speed
requirements were met, but mechanical difficulties
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were encountered. The centrifugal force of the rotor
generated by the high speed operation, which allows
for the miniaturization of the motor, and an
msufficient fixation of the rotor with permanent
magnets cause mechanical interference. Fig. 2 (a)
represents the FEA model, and Fig. 2 (b) represents
the rotor that caused mechanical interference with
the stator. A design approach for resolving this
mechanical problem will be explained in the next

section.

Fig. 2. (a) FEA model (b) Rotor with mechanical
interference

4. Design Approaches by FEA

4.1 Design Approach 1

In order to reduce the cost of the model that was
designed in the flow chart, the amount of permanent
magnets had been reduced through Design
Approach 1. The magnetic torque is reduced
depending on the amount of permanent magnet. If
the reluctance torque that is generated by rotor
saliency increases, the reduced torque can be
complemented. Fig. 3 represents the initial model
and design variables, and Fig. 4 represents the
dg—axis flux path of IPMSM.

The d-axis inductance of IPMSM is determined
by the thickness of the magnet, and g-axis
inductance 1s determined by web width. The
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reluctance torque is generated by the magnitude of
L;Las The Ly can be reduced by the increase of
magnet thickness, but this method is inadequate as
it comes with a high cost. Because the increased
web width that causes the decrease of g-axis
reluctance and thus increases the L, this approach
can consequently reduce the price and increase the
reluctance torque. Torque and dg-axis inductance of
the four models which differ from magnet width and
web width were analyzed by FEA.

~2

< Wiy p % ‘

Web width(=W_w
e

Fig. 3. Initial model and design variables

Fig. 4. dg-axis flux path

Table 3. Design Variables and Output
Characteristics of the Four Models

Model 1] Model 2] Model 3| Model 4
Wﬁ?f[r:;;] M8 | 315 | 4 | 305
Web Width[mm]| 2 65 10 | 137
LdmH] 0255 | 0251 | 0251 | 0256
LmH] 0410 | 0469 | 0499 | 0515
Ly/La 160 | 187 | 198 | 20
TorquelNm] | 43454 | 43029 | 43464 | 41812
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-«-Magnetic torque -e=Reluctance torque -m-Total torque
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Fig. 5. Torque analysis of four models

Table 3 represents the torque and dg-axis
inductance of the four models. Because the magnet
thickness, which is the d-axis flux path, does not
change, the L, value of the four models are very
similar. In Table 3, the rotor saliency of the four
models is different because the Z, is changed by
web  width. Although the magnetic torque is
decreased by reducing the width of the permanent
magnet, the total torque of models 1, 2, and 3 are
almost the same. For this reason, the reluctance
torque has been increased by the same amount that
the magnetic torque has been reduced. As shown in
Table 3, the amount of permanent magnet in Model
3 decreased about 81% than Model 1, but torque
remains constant. The cost decreases by a design
approach in which the amount of permanent magnet
used is reduced. The reluctance torque, magnetic
torque and total torque of each model are shown in
Fig. 5. The rotor saliency of Model 4 does not
increase further. For this reason, the reluctance
torque of Model 4 is not increased and thus the
decrease of its total torque has been verified.

4.2 Design Approach 2

If the rotor operates at high speed, a large
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centrifugal force is induced. The tensile stress in
the rotor core is generated by the centrifugal
force. If the tensile stress is greater than the
yvield stress, permanent deformation (plastic
deformation) occurs. When performing the
experiment on the initial model, permanent
deformation occurred because the permanent
magnet and rotor core had not been properly
fixed[4-6]. In addition, elastic deformation could
occur even without causing permanent
deformation. For this reason, a model that has
the robust structure of mechanical deformation
has been redesigned by the electromagnetic
analysis and mechanical stress analysis. When a
stress analysis is performed, the mechanical
coefficients are found as follows:

- Rotor: Young’s modulus 162.4GPa, Poisson’s

ratio 0.33, Yield point 440MPa
- Magnet: Young's modulus 140GPa, Poisson’s
ratio 0.24, Tensile strength 120Mpa

In addition, the no load rotation condition is
12,000rpm. The boundary condition of the permanent
magnet and the rotor considering construction is
shown in Fib. 6 below. Table 4 represents the
design variables for FEA and the desired
characteristics of the IPMSM. The safety factor was

calculated as (Yield point/Stress).

Fig. 6. Design variables and boundary condition

Journal of KIEE, Vol.28, No.5, May 2014



Table 4. Design Variables for FEA and Desired
Characteristics

Item Specification | Unit

Bridge 0~2(step:0.5) | mm
Design Variables Rib

1~2(step:0.2) | mm

Air gap |1~15(step:0.1)| mm
Condition Speed 12,000 RPM
Torque 403 1 Nm
Desired value
Safety factor 21

First, the width of the permanent magnet was
separated into two pieces with an iron bridge added
between the two pieces. The results, which
represent the electromagnetic analysis and the
mechanical stress analysis of Bridge 0, 0.5, 1, 1.5, 2
mm models, are shown in Fig. 7. The leakage flux
on the bridge is increased by increasing the bridge
thickness, so the torque tends to decrease. The
safety factor was less than 1 at a lmm bridge
model, but the safety factor of a 0.5mm bridge model
increased to approximately 2. The safety factor from
a Omm to a lmm bridge increased significantly.
However, the safety factor of the 1.5 and 2 mm
models was almost equal to the 1 mm bridge model.
Because the 1mm bridge model satisfies the desired
torque, this bridge was applied to the initial model.
Fig. 8 represents the results of the stress analysis of
the no—bridge model and 1 mm bridge model.

The maximum stress point of the no—bridge model
was the rib areas. The FEA results (Fig. 9) were
analyzed depending on increasing rib thickness in
order to counter the force. The leakage flux
increased due to the increased thickness of the rib,
and thus torque was significantly reduced. Unlike
bridge thickness, rib thickness did not have a
significant effect on safety factors. For this reason,
the Imm rib was determined as existing.
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Fig. 7. Torque and safety factor according to the
bridge thickness
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Fig. 8. Stress analysis results
(@) No-bridge (b) 1mm bridge

The expansion and reduction at the rotor are
repeated by elastic deformation even if plastic
deformation does not occur. To prevent interference
between the stator and rotor due to deformation, the
output characteristics (Table 5) were analyzed
depending on increasing the air gap length. The
operating point of the permanent magnet was
lowered when air gap length was increased, and
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torque was consequently reduced. The 1.2mm air and the improved model. As a result, the amount of
gap model considering the torque margin as a the permanent magnet was reduced and thus the
tolerance and a stray-load loss was determined as motor price is reduced. The improved model, which
the improved model. has a 1.2mm air gap and additional 1lmm bridge,
shows improved mechanical durability and meets
--Torque =Safety factor the desired torque.
450 25
430 —_— ) Table 6. Comparison of Initial Model and Improved
Model
— ["d
£ 2
%410 \ 1.53 - Tnitial Improved .
3 > Specification Unit
S390 1 a Model Model
e g
Magnet width| 41.8 34 mm
370 0.5
Desi Web width 2 10 mm
350 0 esign :
Imm 1.2mm 1.4mm 1.6mm 1.8mm 2mm Brldge 0 1 mm
Rib Air gap 1 1.2 mm
Fig. 9. Torque and safety factor according to rib Torque 44 | 41157 Nm
thickness T
Characteristis | "™ | 104 | 12105 |Novim
Magnet width
Table 5. Torque according to the Air Gap Length Safety factor | 0,61 218
Imm | Llmm | 12mm | L3mm | 14mm | 15mm
Torque | 42479 | 41815 | 41157 | 40441 | 39743 | 390.75 6. Experimenfq| Results
5. Comparison of Initial Model Figs. 11 and 12 represent the prototype of the
and Improved Model improved model and the test set. Fig. 13 and Table

7 represent the zero—load back-emf at 3,000 rpm
I compared to the FEA data and experiment data. In

\ \ addition, mechanical durability was verified through
ﬁ an aging test.

Fig. 10. Improved model for FEA

Fig. 10 represents the improved model. Table 6
represents the comparison data of the initial model Fig. 11. Stator and rotor of improved model
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Water Tube

IPMSM for HEV  Load Motor (LM.)

Power Input Terminal

Fig. 12. Test set

Noload EMF[V]

Rotating Angle [DegE]

(@ (b)

Fig. 13. Zero-load back-emf at 3,000 rom
(a) Experiment (b) FEM

Table 7. Comparison of FEM and Experiment

Fundamental
RyS | T s | T/t | THD
Harmonics

Experiment | 6338V 3176V 236% | 09% | 287%

FEM 6451V 91.25V 250% | 083% | 2.82%

Error 0.98% 3.82% 014% | 012% | 0.05%

7. Conclusion

This study introduced a 120kW class IPMSM
for the traction motors of SHEV military trucks.
In the basic design, a model having excellent
electromagnetic performance except for mechanical
durability was designed. To reduce cost, a design
approach that can increase the reluctance torque
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was undertaken. This design approach could reduce
the amount of permanent magnet needed. The
produced motor sustained damaged due to the high
centrifugal force during the high speed rotation
experiment. To compensate for this, the improved
model, which provides the desired torque and
improves mechanical durability, was designed by an
FEA of electromagnetic analysis and stress analysis.
The FEA analysis results of the improved model
were adequately verified through experiment.
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