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Nowadays, interior permanent magnet synchronous motors (IPMSMs) are widely utilized as traction motors. The
permanent magnets used in IPMSMs are an important factor; thus, high-coercivity permanent magnets with lesser
rare-earth elements are in development. This study investigated the performance of IPMSMs typically used in auto-
motive applications modified to contain a strong magnet model (SMM). Rotor models with two permanent magnet
arrangements, that is, a V-shaped single-layered permanent magnet structure (Type 1V) and a double-layered perma-
nent magnet structure (Type 2D), were considered in this study. This paper discusses the characteristics of the analysis
models based on the results of a two-dimensional finite element analysis. The maximum torques of Types 1V and 2D
with the SMMs were approximately the same. In addition, the loss of Type 2D with the SMM was lower than that of
Type 1V with the SMM at two evaluation points and under two driving schedules. Therefore, Type 2D was proved to

be suitable for use with the SMM.
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1. Introduction

In response to the environmental pollution caused by vehi-
cles and the increasing emissions of greenhouse gases, such
as carbon dioxide, the development of hybrid vehicles (HVs),
electric vehicles (EVs) and fuel cell vehicles (FCVs), which
are electrically driven by traction motors, has become in-
creasingly important . The traffic environment and driving
modes of these eco-friendly cars require a wide range of op-
eration conditions. Accordingly, the necessary characteristics
of traction motors of such cars are as follows -

1) high torque density and power density,

2) wide operation area,

3) high efficiency over wide torque and speed ranges,

4) high reliability and robustness,

5) small and light-weight form,

6) low acoustic noise, and

7) reasonable cost.

To develop a motor with these characteristics, interior per-
manent magnet synchronous motors (IPMSMs) are com-
monly utilized as vehicle drive motors @, IPMSMs gen-
erate a high total torque by combining the magnet torque
caused by permanent magnets (PMs) and the reluctance
torque caused by the magnetic saliency. Moreover, flux
weakening (FW) control ensures that the motor terminal volt-
age does not exceed the maximum voltage output of the in-
verter at high speeds, allowing the motor to maintain a high
torque density and high efficiency over wide ranges of torque
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and speed.

The magnetic materials used in IPMSMs are an important
factor in determining their performance, which is particularly
strongly influenced by the PMs they contain”. However,
the PMs used in conventional traction motors have the disad-
vantage of increasing price and providing an unstable supply
of rare-earth materials, such as neodymium and dysprosium.
This problem has led to an investigation of high-coercivity
PMs with lesser rare-earth elements, especially lesser heavy
ones ®.

IPMSMs with higher-remanence PMs are expected to pro-
vide a higher torque derived from increasing magnetic flux
linkage and magnet torque ”. However, there is the risk that
the torque may not be as high as expected because of mag-
netic saturation; moreover, iron loss increases with increas-
ing magnetic flux density. For this reason, the optimal rotor
structure of IPMSMs with higher-remanence PMs should be
examined.

Hence, this paper investigates the performance of two
modified versions of IPMSMs typically used in automotive
applications and compares them with a reference model. The
modified IPMSMs use a strong magnet model (SMM) de-
signed to have the properties of NdFe;,Ny, which is a novel
hard-magnetic compound developed by Hirayama et al.®.
The IPMSM rotor models have two PM arrangements, a V-
shaped single-layered PM structure and a double-layered PM
structure. This paper discusses the characteristics of the anal-
ysis models based on the results of two-dimensional (2-D)
finite element analysis by JMAG-Designer 14.1.

2. Analysis Models
The reference model in this paper is defined as an IPMSM
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Table 1. Motor specifications
. Type Type Type Type
ftem (Unif) IV R ‘ 2D R ‘ IV N ‘ 2D N
Number of pole/slot 8/48
Stator diameter (mm) 264
Rotor diameter (mm) 160.4
Air gap length (mm) 0.75
Shaft diameter (mm) 51
Stack length (mm) 50
Winding resistance’ ' (Q) 0.129
Rotor structure v [ 2p [ 1v [ 2D
Bio 2 (T) 1.50
By > (T) 1.61
g)"r‘; B’ (T) 169
Bioo > (T) 1.81
Wiso > (W/kg) 0.918
PM material NMX-S34GH Strong Magnet
(NdFel2N)
Remanence' (T) 0.99 1.35
Coercivity™ (kA/m) 752 1023
Volume (cm’) 100

*! Under the condition that the temperature is 180 °C.

*? Flux density B, when the magnetic field is x x 10> A/m.

*3 Iron loss when the frequency is 50 Hz and the maximum flux density is 1.0 T.
** Out of consideration of the demagnetization influence.

with a V-shaped single-layered PM structure, which is de-
signed based on the third-generation Prius traction motor .
Figure 1 shows a cross section of the reference model (Type
1V_R). The stator has eight poles and a distributed winding
with 48 slots.

Figure 2 shows the rotor structures of the analysis models,
Table 1 lists their motor specifications, and Fig. 3 shows the
demagnetization curves of two types of permanent magnets.
The Type 1V model has a V-shaped single-layered PM struc-
ture, and the Type 2D model has a double-layered PM struc-
ture intended to increase the reluctance torque in comparison
with the Type 1V model, as the authors previously proposed
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in reference (10). Additionally, Types 1V_R and 2D_R are
Types 1V and 2D models using the conventional magnet
NMX-S34GH, respectively, and Types 1V_N and 2D_N are
Types 1V and 2D models using the SMM, respectively.

The SMM is assumed to have a higher remanence cal-
culated from 95% volume fraction and texture of the main
phase respectively with high magnetization shown in refer-
ence (8). The coercivity of the SMM is assumed to be 25%
of the anisotropic magnetic field.

3. Analytical Results

3.1 No-Load Air-Gap Flux Density Figure 4 com-
pares the no-load air-gap flux densities of the analysis mod-
els, where the mechanical angle a,, is defined as shown in
Fig.2(a) and the total harmonic distortion (THD) is calcu-
lated as

THD =

LEZ 100 (o),
By

where B,; is the i th order harmonic component of the air-gap

flux density.

Comparing models with the same structure and different
PMs, the fundamental components of the no-load air-gap flux
densities of Types 1V_N and 2D_N are higher than those of
Types 1V_R and 2D_R. Additionally, comparing models with
the same PM and different structures, the fundamental com-
ponents of the no-load air-gap flux densities of the Type 2D
models are smaller than those of the Type 1V models. This is
because that the PM arrangement of Type 1V is more central
and closer to the air gap. Furthermore, the angular distribu-
tion of the flux density of Type 2D extends to a wider range
and resembles a sinusoidal wave. The reason of this is that
the PMs of the Type 2D models exert an influence throughout
a wider range of the air gap as a result of the double-layered
PM structure and the sufficient quantity of PMs in the second
layer. Consequently, the harmonic components of the flux
densities of the Type 2D models relative to their fundamen-
tal component are lower than those of the Type 1V models,
resulting in these models having the lower THD.

3.2 Motor Parameters Figure 5 compares plots of
the inductance against the current phase angle for the differ-
ent models, where the phase current /, was set to 134 A (the
current density J, = 17.6 A/mm?). L, and L, are the d- and
g-axis inductance, respectively, and the current phase angle
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B is the leading angle of the current vector from the g-axis.
The inductances L; of the Type 2D models are lower than
those of the Type 1V models. The reason for this is that the
d-axis magnetic reluctance of the magnetic path in Type 2D
is larger because of its double-layered PM structure. In con-
trast, the inductances L, of the Type 2D models are higher
than those of the Type 1V models in the region of large S.
This is because the Type 2D models have the wide g-axis
magnetic path, yielding higher L, in the region of large g,
where the influence of the magnetic saturation is mitigated.
These results reveal that the properties of the magnet do not
affect the inductance characteristics.

Figure 6 compares plots of the PM flux linkage against the
phase current, where the PM flux linkage ¥, was calculated
for 8 = 0°. The flux linkage ¥, of Type 1V_N is the highest
among the models, followed by those of Types 2D_N, 1V_R
and 2D_R, as a result of the fundamental component of the
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Table 2. Motor parameters (I, = 134 A)

Item (Unit) Type 1V_R | Type 2D_R | Type 1V_N | Type 2D N
Ly (mH) 0.99 0.92 0.90 0.87
L, (mH) 2.28 2.42 2.19 2.39
Ly - Ly (mH) 1.30 1.50 1.29 1.52
¥, (Wb) 0.102 0.082 0.145 0.116
Pamin™ (Wb) -0.178 -0.183 -0.119 -0.136

* Calculated from the results under = 90°.

no-load air-gap flux density shown in Fig. 4. In addition, the
plots of the PM flux linkage against the phase current for the
Type 2D models are different from those for the Type 1V
models and decrease almost monotonically. This is because
the narrower outer rib of Type 2D causes magnetic saturation
even in the region of small /.

3.3 Maximum Torque and Power Characteristics

Figure 7 shows the torque characteristics of each model
under the maximum torque per ampere (MTPA) control, Ta-
ble 2 compares the typical motor parameters of the analysis
models, and Fig. 8 shows the flux density distributions. In all
of Fig. 7, Table 2 and Fig. 8, I, = 134 A.

Comparing models with the same structure and different
PMs, the maximum total torques of Types 1V_N and 2D_N
are larger than those of Types 1V_R and 2D_R by approxi-
mately 16% and 12%, respectively. This is because the flux
linkages ¥, of Types 1V_N and 2D_N are larger, and the
magnet torques increase. Similarly, comparing models with
the same PM and different rotor structures, the maximum to-
tal torques of Types 1V_R and 2D_R are approximately the
same, and those of Types 1V_N and 2D_N are also approx-
imately the same. The reason for this is that the magnet

IEEJ Journal IA, Vol.6, No.6, 2017
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(c) Type IVN (B = 48°).
Fig.8. Flux density distributions and magnetic flux lines under MTPA control (I, = 134 A)

torques of the Type 2D models are smaller than those of the
Type 1V models because of the smaller flux linkages ¥, of
the Type 2D models, and the reluctance torques of the Type
2D models are larger because of the higher inductance differ-
ences L,—L, of the Type 2D models.

The parameter ¥, in Table 2 is the minimum d-axis flux
linkage and is defined as

Pimin = Pa = Lalam = ¥a = V3Lalom,

where 1,,, is the maximum armature current and /,,, is the
maximum phase current. ¥, iS an important parame-
ter in estimating the constant power speed range (CPSR). If
Yymin > 0, the motor cannot drive above a certain speed un-
der FW control. Conversely, if ¥;min < 0, the conversion to
maximum torque per voltage (MTPV) control at high speeds
allows the motor to reach infinite speed; in addition, as ¥y min
decreases, the maximum power decreases and the CPSR nar-
rows. Furthermore, the ¥ i, value at which the highest max-
imum power and the widest CPSR can be obtained is ¥ min
=0,1ie., ¥, = Lyl,,. As shown in Table 2, ¥, i, is negative
for every model, and that of Type 1V_N is the highest among
the models, followed by Types 2D_N, 1V_R and 2D_R. This
is attributable to the flux linkage ¥, of Type 1V _N being the
highest among the models and the inductance L, being ap-
proximately the same for every model. Hence, the operation
area of Type 2D_N is estimated to be the widest.

Figure 9 compares plots of the power against the speed for
each model, where 1,,, = 134 A and the maximum terminal
voltage V,,, = 507 V because the DC link voltage Vpc is as-
sumed to be 650 V.

In the speed region below the base speed (under MTPA
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Fig.9. Power plotted against speed (I,,, = 134 A, V,,, =
507 V)

control), the power of each model is proportional to the max-
imum torque shown in Fig.7. In addition, in the speed re-
gion above the base speed (under FW and MTPV control),
the plots of the power against the speed of Type 1V_N are the
highest among the models, followed by those of Types 2D_N,
1V_R and 2D_R; this order is the same for the order of ¥, yin.
As a result, the maximum torques of Types 1V_N and
2D_N are approximately equal and larger than that of the
reference model Type 1V_R. In addition, the power plotted
against the speed for Type 1V_N is higher than that for Type
2D_N, yet the operation area of Type 2D_N is wider than that
of the reference model Type 1V_R.
3.4 Loss Characteristics at Evaluation Points
Considering the operation of an actual EV, conditions
for city driving (20 Nm, 3500 min~') and highway driving
(20 Nm, 11000 min~!) were defined as evaluation points. The
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Table 3. Properties with maximum efficiency at different evaluation points
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loss characteristics of the analysis models were compared at
these evaluation points under maximum efficiency control.
Figure 10 and Table 3 show the loss characteristics and the
other properties at the evaluation points, respectively, where
I, = 134 A and V,,, = 507 V. V, is the terminal voltage, and
n is the efficiency.

Comparing the loss characteristics at the city driving eval-
uation point, the loss of Type 2D_N is the lowest, followed
by those of Types 1V_N, 2D_R and 1V_R. This is because
the models with the SMM require a smaller current than the
models with NMX-S34GH to achieve the same torque, re-
sulting in a reduction in the copper loss; furthermore, the
Type 2D models produce the smaller iron loss than those of
the Type 1V models. Comparing the loss characteristics at
the highway driving evaluation point, the loss of Type 1V_N
is the highest and that of Type 2D_R is the lowest among the
models, and the losses of Types 1V_R and 2D_N are approxi-
mately equal. This is because FW control for the models with
the SMM requires a higher current, leading to higher copper
loss. Additionally, the iron loss is also higher in Type 1V_N
than in Type 1V_R because the SMM has a higher rema-
nence than the conventional magnet. However, Type 2D_N
achieved smaller iron loss because of the smallest THD, re-
sulting in a higher efficiency.
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Iron losses categorized according to the origins of the loss at the evaluation points

To understand the cause of the differences in the iron losses
of each model, the calculated iron losses were categorized ac-
cording to the origin of the loss at the two evaluation points.
Figure 11 shows the results of this categorization. The mag-
net harmonics are the sum of the odd-order harmonic com-
ponents, excluding the fundamental component, and the slot
harmonics are the sum of the multiples of 12th-order har-
monic components that occurred with the motor rotation ",
For each evaluation point, the iron loss originating from the
magnet harmonics of the Type 2D models are lower than
those of the Type 1V models. This is attributable to the Type
2D models having the lower THD, as shown in Fig. 4.

3.5 Efficiency Characteristics Comprehensively
judging from the output characteristics shown in Fig.9 and
the loss characteristics shown in Fig. 10, it can be concluded
that Type 2D_N has the highest performance among the anal-
ysis models, and the Type 2D model is suitable for use with
the SMM. In the following section, therefore, the efficiency
characteristic of Type 2D_N is compared with the reference
model. Figure 12 shows the efficiency maps of Types 1V_R
and 2D_N, and Fig. 13 shows the efficiency difference maps
for Type 2D_N with Type 1V_R. The operation area used to
make this efficiency difference map was that of Type 1V_R.

The efficiency difference map indicates that the efficiency
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of Type 2D_N is higher than that of Type 1V_R in almost
the entire operation area. This is because a smaller current
is used in Type 2D_N to generate the same torque in the
low-speed region, resulting in a reduction in the copper loss,
which is dominant at low speeds. In the high-speed low-
torque region, FW control for Type 2D_N requires a higher
current, leading to a higher copper loss, whereas the lower
THD of Type 2D_N shown in Fig. 3 yields a lower iron loss,
resulting in the higher efficiency.
3.6 Loss Characteristics under Driving Schedules
Two driving schedules, the urban dynamometer driv-
ing schedule (UDDS) and the highway fuel economy test
(HWFET) cycles, which represent city and highway driving
conditions similar to those in the United States, respectively,
were selected to evaluate the loss characteristics.
Figure 14 shows the vehicle speed settings under these two
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driving schedules. The running resistance R,, which is used
in calculation of the loss under these driving schedules, con-
sists of the aerodynamic resistance R,, the rolling resistance
R,, and the acceleration resistance R, as follows:

RO = Ra +Rr +Rc’ ............................. (3)
1

R, = EpCdAVZ, ............................... 4)

Re=CpMg, < vvvvveeeeeiii 3)

Re = M@, «+oevvvvvmmnneeeeeiiinn e (6)

where p is the density of air, C; is the aerodynamic drag
coefficient, A is the projected frontal area, V is the vehicle
velocity, C,, is the rolling drag coefficient, M is the vehicle
mass, g is the gravitational acceleration, M; is the standard
equivalent inertia weight, and a is the acceleration. More-
over, by using the motor torque 7, the transmission output
force F; is calculated as

P (7
’

where 7, is the transmission efficiency, « is the reduction gear
ratio, and r is the tire radius. Because of the balance between
the running resistance R, and the transmission output force
F, the motor torque T is calculated as

L (R, +R, +R.).
an;

T

Table 4 shows the constant values used in calculation of
torques under driving schedules. By using (8) and the values
in Table 4, discrete operating points every one second under
two driving schedules were calculated and shown in Fig. 15.
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Table 4. Constant values used in calculation of torques
under driving schedules

Item (Unit) Value
Density of air p (kg/m®) 1.205 (1 atm, 20 °C)
Aerodynamic drag coefficient Cy 0.25
Projected frontal area 4 (m?) 2.321
Rolling drag coefficient C,, 0.007
Vehicle mass M (kg) 1460
Gravitational acceleration g (m/s%) 1470
Standard equivalent inertia weight M (kg) 9.807
Transmission efficiency 7, (%) 95
Reduction gear ratio « 9.592
Tire radius r (mm) 621

Furthermore, the losses of analysis models at each point in
Fig. 15 were calculated and summed up. Figure 16 shows
the calculation result, where only positive torque was used to
calculate the loss characteristics in order to ignore the regen-
erative brake.

Comparing the loss characteristics under the UDDS cycle,
the loss of Type 2D_N is lower than that of Type 1V_R. This
is because the UDDS operating points are concentrated at low
and medium speeds, at which the efficiency of Type 2D_N is
higher, as shown in Fig. 13. Comparing the loss characteris-
tics under the HWFET cycle, the loss of Type 2D_N is also
lower. This is because that HWFET operating points are con-
centrated at high speeds, at which the iron loss of Type 2D_N
is lower because it has the lowest THD, as shown in Fig. 4,
resulting in lower loss than the reference model Type 1V_R.

4. Conclusions

This paper investigated the performance of IPMSMs used

407

in automotive applications that were modified to contain
SMMs and compared them with a reference model. The
IPMSM rotor models had two PM arrangements, a V-shaped
single-layered PM structure and a double-layered PM struc-
ture. The characteristics of the analysis models were dis-
cussed based on the results of 2-D finite element analysis.
The analysis and comparison results are summarized as fol-
lows.

The maximum torques produced by Types 1V_N and 2D_N
were approximately the same and were larger than those of
the models with the conventional magnets. In addition, the
power plotted against the speed for Type 1V_N was higher
than that of Type 2D_N, yet both operation areas of models
with SMM were wider than that of the reference model Type
1V_R. Furthermore, the loss of Type 1V_N was higher than
that of Type 2D_N at the two considered evaluation points.
Additionally, the efficiency of Type 2D_N was higher than
that of Type 1V R in nearly the entire operation area, and the
loss of Type 2D_N was lower than that of Type 1V_R under
the two considered driving cycles.

Hence, despite its smaller operation area, the better effi-
ciency characteristics of the Type 2D model proved it to be
suitable for use with the SMM.
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