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Abstract—This article proposes a design method of the high-
speed multilayer interior permanent magnet synchronous motor
(HSML IPMSM) employing the ferrite permanent magnet (PM).
Since the maximum speed of the traction motor in this article is
15 kr/min, the mechanical stability must be considered. Addition-
ally, in the case of the HSML IPMSM, as the number of the PM
layers increases, the thickness of the PMs must be reduced to be
mechanically stable. On the other hand, because the ferrite PM
has a relatively low coercive force compared with the Nd PM,
an irreversible demagnetization of the ferrite PM of the HSML
IPMSM is likely to occur. Therefore, the mechanical stability and
irreversible demagnetization must be considered at all design steps.
As the irreversible demagnetization and mechanical stability can
be confirmed only by the finite-element analysis (FEA), the pro-
posed method in this article is a design method that considers the
irreversible demagnetization and mechanical characteristics at all
design steps using the FEA. After the design of the traction motor
is completed using this design method, the designed motor is man-
ufactured. To verify the validity of the design method, experiments
are conducted on the manufactured motor, and the test results are
compared with FEA results.

Index Terms—Demagnetization ratio (DR), ferrite permanent
magnet (PM), high-speed multilayer interior permanent
magnet synchronous motor (HSML IPMSM), irreversible
demagnetization, mechanical stability, rare-earth free motor,
safety factor (SF), traction motor for electric vehicle (EV).

1. INTRODUCTION

ECENTLY, the increasing interest in electric vehicles
(EVs) has increased the demand for electric motors that
canreplace the engines of the conventional vehicle. Such electric
motors for driving a vehicle must satisfy the target power and
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Fig. 1. Normalized inductance according to the number of the PM layers.

efficiency within a limited space in the vehicle; therefore, a high-
power density and high-efficiency characteristics are required.
An interior permanent magnet synchronous motor (IPMSM)
using an Nd permanent magnet (PM) is one of the most attractive
motors satisfying these characteristics [1]. The IPMSM using
Nd PM is advantageous in reducing the size and input current of
the motor to meet the same required power. This is because the
IPMSM not only has a high magnetic torque owing to the Nd PM
with the high residual induction but also has an additional re-
luctance torque that is caused by the difference in the d-axis and
g-axis inductance. However, because of the limited production
area of the rare-earth metals required to make the Nd PM, there
is a problem that the supply of the Nd PM is unstable and the
price fluctuation is large according to the international situation.
Therefore, various studies have been made on the rare-earth free
motors for replacing IPMSM using Nd PM.

Akhtar et al. [2]-[4] studied the induction motor to achieve
high efficiency. Lee et al. [5]-[9] discussed the wound field
synchronous motor having a high efficiency and torque. Liu ez al.
[10]-[13] discussed the optimal design and novel structures of
the synchronous reluctance motor to achieve high torque and
efficiency. In [14]-[17], various design methods to improve
the torque density of the concentrated flux-type synchronous
motor (CFSM) were presented. In addition to CFSM, multilayer
IPMSM in which ferrite PM is arranged in multiple layers has
been studied as the rare-earth free motor. As the number of
PM layers of the multilayer IPMSM increases, the inductance
difference between the d-axis and g-axis increases, as shown
in Fig. 1, such that the reluctance torque can be increased.
Therefore, the multilayer [IPMSM using ferrite PM can be also an
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alternative to IPMSM using Nd PM owing to its large reluctance
torque.

Lim et al. [18]-[21] proposed the analysis and design method
of the multilayer IPMSM using the equivalent magnetic circuit
(EMC). The EMC is useful because it has the advantage of
quickly identifying electrical characteristics, such as torque and
loss, but it is difficult to determine whether the irreversible
demagnetization is occurring. Especially, the local irreversible
demagnetization can only be identified using the finite-element
analysis (FEA). In the case of the ferrite PM, the irreversible
demagnetization may easily occur than in the Nd PM because
of its low coercive force. In addition, in the case of the multilayer
IPMSM, since the PM thickness reduces as the number of PM
layers increases, the multilayer IPMSM using the ferrite PM has
a high possibility of the irreversible demagnetization. In general,
the irreversible demagnetization of the PM is inspected after
the design is completed, so if the irreversible demagnetization
occurs, the design must be restarted from the beginning [22].
Therefore, when designing the multilayer IPMSM using fer-
rite PM, the irreversible demagnetization should be considered
whenever necessary in the design process to prevent the exces-
sive iteration of the design process. In [18]—[21], the mechanical
characteristics were not considered. In [23], the mechanical
stability of the high-speed multilayer IPMSM (HSML IPMSM)
using the ferrite PM is presented but the detailed design process
of the HSML IPMSM considering the mechanical stability is
not proposed. In general, as in [23], the mechanical stability of
the motor is examined at the end after reviewing its electrical
characteristics. However, since the HSML IPMSM not only
rotates at a high speed but also has a lot of stress concentrated
areas in the rotor core, it is necessary to consider the mechanical
characteristics at all design steps just as the irreversible demag-
netization.

In this article, to examine the irreversible demagnetization
and mechanical characteristics at all design stages of the HSML
IPMSM, adesign method employing FEA of the HSML IPMSM
using the ferrite PM for the EV traction is proposed. As listed in
Table I, the maximum rotational speed of the motor in this article
is 15 kr/min, which is a high rotational speed; therefore, the
mechanical stability should be considered as mentioned above.
On the other hand, due to the high maximum rotational speed,
the thickness of the PM of the HSML IPMSM decreases as the
number of PM layers increases to satisfy the mechanical charac-
teristics. As the thickness of the PM decreases, the possibility of
generating the irreversible demagnetization of the PM increases;
therefore, the irreversible demagnetization should also be con-
sidered at all design steps. In [24], the design method of HSML
IPMSM is proposed but is not verified experimentally. Fig. 2
shows the design process of the HSML IPMSM using the ferrite
PM presented in this article. First, to design the initial model,
various design variables of the rotor are determined consider-
ing the mechanical stability and irreversible demagnetization.
Second, the design for improving the electrical characteristics
proceeds. The first part of the improved design is to prevent
the irreversible demagnetization and improve the power factor
to expand the satisfactory area of the target power. The second

TABLE I

BASIC INFORMATION

Content Unit Value Note
Maximum speed rpm 15000 -
Maximum torque Nm 189 -
Maximum power kW 120 -
Maximum current A 300 -

DC Voltage Vbe 680 -
Pole number - 8 -
Slot number - 48 Changeable
variable
Winding method - Distributed winding Full pitch
Rotor core material - 35PNT600Y S trerzltihs tecl
Stator core material - 27PNX1350F -
Residual induction T 0.392 100°C
Demagnetization ratio % <1 -
Safety factor - >1.2 -
( Desi.gl‘start )
Initial design coriling electrical and
mechanical characteristics (Section II) )
- Design variables (Fig. 3)

A. PM Shape

B. Ratio of PM thickness and core thickness

C. The number of PM layers

D. The number of bridges

E. Thickness of bridge

First Improvedd{esig}n (Section III. A) N\

- Objective function (Fig. 15)
A. Prevent the irreversible demagnetization
B. Improve the power factor
- Design variables (Fig. 15)
A. st layer PM thickness  B. 2nd layer core thickness
C. 2nd layer PM thickness  D. 2nd layer side bridge thickness
E. 2nd layer PM fillet radius _

~

Second Improved design (Section III. B) 3

- Objective function
A. Reduce the harmonic of the induced voltage
- Design variables (Fig. 19)

A. The number of slots B. Pole-angle

C. Skew D. Eccentric rotor shape
Final modification considering manufacturability (Section IV)

( Design end )

Design process of HSML IPMSM using ferrite PM.
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Fig. 3. Target torque and power according to the rotation speed.

part of the improved design is to reduce the harmonics of the
induced voltage of the motor. Finally, the rotor shape is modified
considering the fabrication, and the design of the HSML IPMSM
using the ferrite PM is completed. Finally, the designed motor
is fabricated and tested. To verify the proposed design method,
the experimental results of the torque according to the rotation
speed are compared with the results of the simulation.

II. INITIAL DESIGN OF HSML IPMSM CONSIDERING
ELECTRICAL AND MECHANICAL CHARACTERISTICS

A. Design Specification and Analysis Condition

The basic information of the motor in this article is sum-
marized in Table I. The maximum rotation speed is 15 kr/min.
The maximum torque and power are 189 N-m and 120 kW,
respectively. Fig. 3 shows the target torque and power according
to the rotation speed. To input the sinusoidal current into the
motor at the maximum speed, the number of poles is selected
as eight so that the number of the switch ON/OFF of the inverter
is 20 at the maximum speed. The number of slots is determined
as 48 considering the electrical characteristics and vibration
but this design variable can be changed. The winding method
and coil pitch are distributed winding and full-pitch winding,
respectively. Because of the high rotation speed of the motor,
35PNT600Y, which is a high strength steel, is used for the rotor
core. 35PNT600Y has a thickness of 0.35 mm and a yield stress
of 620 MPa. The core material of the stator is 27PNX1350F,
which has a thickness of 0.27 mm. The core loss of 27PNX1350F
is 13.5 W/kg when the flux density is 1.0 T at 400 Hz. The
residual induction of the ferrite PM used in this article is 0.392 T
at 100 °C. Since the coercive force of the ferrite PM decreases
with decreasing the temperature, the lower the temperature, the
easier it is for the irreversible demagnetization of the ferrite
PM to occur. For this reason, the irreversible demagnetization
is examined at -40 °C [25]. To determine the occurrence of the
irreversible demagnetization, a demagnetization ratio (DR) is
introduced in this article. The DR is expressed as

DR (%) _ )\ph,after - )\ph,before

x 100 (1)
)\ph,before

where App after 1S the peak value of the no-load phase linkage flux
after the demagnetization analysis; Ay before 1S the peak value

« Thicknesa}"l
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Fig. 4. Design variables of the rotor of HSML IPMSM.

of the no-load phase linkage flux before the demagnetization
analysis. The demagnetization analysis is the load analysis con-
sidering the demagnetization curve of PM [26]. In this article,
when the DR is less than 1%, it is determined that the irreversible
demagnetization has not occurred. The mechanical stability is
assessed as the safety factor (SF), which is used to account for
uncertainties in the determination of the strength of a part as
well as uncertainties in the evaluation of the stresses in a part
[27]. The SF is expressed as

) )
UIII&X

where o, is the yield stress, which is the value at which the
material begins to acquire inelastic or permanent deformation;
Omax 18 the maximum stress applying to the rotor due to the
rotation. Since the yield stress is the value at which the material
begins to acquire inelastic or permanent deformation, it means
that the material becomes permanently deformed when SF is
less than one. Therefore, to prevent the permanent deformation
of the material, SF is determined one or more. In this article,
when the SF is higher than 1.2, the rotor is considered to be
mechanically stable [28].

The design variables of the rotor of the HSML IPMSM using
the ferrite PM affect the electrical and mechanical characteristics
of the HSML IPMSM. Therefore, in this section, the PM shape,
PM thickness, core thickness, number of PM layers, number of
bridges, and bridge thickness of the initial model are determined
considering the electrical and mechanical characteristics. In
other words, in this article, an objective of the initial design is
appropriately determining the dimension of the design variables
for satisfying the target torque, maximizing the SF, and min-
imizing the DR. The design variables considered in the initial
design are shown in Fig. 4. During the initial design of the motor,
the characteristics examined in this section are the no-load back
electromotive force (BEMF), torque, DR, and SF. The no-load
BEMEF is obtained under the no-load condition at 1000 r/min.
The torque is obtained under 300 A,,s and 45° because HSML
IPMSM has a large reluctance torque. To calculate the DR, the
demagnetization analysis is conducted under 1.2 X the maximum
current. Additionally, to assume the worst condition, the current
phase angle is determined to be 90° such that the armature reac-
tion is applied to the negative d-axis. The SF is obtained under
the condition of 1.2x the maximum speed using the mechanical
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TABLE II
ANALYSIS CONDITION OF INITIAL DESIGN

Content Current Current phase  Rotation speed
(Army) angle (°) (rpm)
No-load BEMF - - 1000
Torque 300 45 -
Demagnetization ratio 300 x 1.2 90 -
Safety factor - - 15000 x 1.2
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g
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(b) (©

Fig. 5. Rotor shape, and mechanical and electrical characteristics according
to the PM shape. (a) Rotor shape. (b) Mechanical characteristics. (c) Electrical
characteristics.

field FEA [29]. The analysis conditions for obtaining the DR
and SF are the internal standard of our laboratory determined
empirically. The analysis conditions for examining each of the
characteristics are summarized in Table II. The electromagnetic
field FEA is conducted by the nonlinear analysis considering
the magnetic saturation of the core. In addition, the transient
analysis with respect to the time is used for the nonlinear FEA.
The input current used in the FEA is the ideal sinusoidal current
without considering the pulsewidth modulation. The mechanical
field FEA is analyzed using the structural analysis of the Ansys
Workbench.

B. PM Shape

The PM shape affects the mechanical characteristics. Gener-
ally, the PM shape used in the [IPMSM is a rectangular, but in this
article, a C-shaped PM is used. Fig. 5(a) shows the rotor of the
multilayer [IPMSM using the rectangular-shaped and C-shaped
PM. The maximum stress applied to the motor decreases as the
pole piece area [red area in Fig. 5(a)] decreases [30]. As shown
in Fig. 5(a), it can be seen that the PM usage of the C-shaped

Total torque Reluctance torque

130

Normalized torque
8

0.95

Fig. 6. Rotor shape and torque according to the ratio of PM thickness and core
thickness. (a) Rotor shape. (b) Torque.

PM is about 18% larger than that of the rectangular-shaped PM,
although the pole piece area of the C-shaped PM is smaller than
that of the rectangular-shaped PM. Fig. 5(b) shows the SF of
both models. As shown in Fig. 5(b), when the C-shaped PM is
used, the maximum stress is reduced and the SF is increased
because the pole piece area of the C-shaped PM is smaller than
that of the rectangular-shaped PM. Fig. 5(c) shows the BEMF
and torque of the HSML IPMSM using the two PM shapes.
As shown in Fig. 5(c), the electrical characteristics, such as the
BEMF and torque of the C-shaped PM, are better than those
of the rectangular-shaped PM because the PM usage of the
C-shaped PM is increased above that of the rectangular-shaped
PM. Therefore, the PM shape used in this article is determined
to be the C-shaped PM because the C-shaped PM is not only
mechanically stable but also better the electrical characteristics
than the rectangular-shaped PM.

C. Ratio of PM Thickness and Core Thickness

The ratio of the PM thickness and core thickness is determined
considering the torque characteristics because the PM thickness
affects the reluctance torque. The ratio of the PM thickness and
core thickness is expressed as

ky = oM 3)
le

where k; is the ratio of the PM thickness and core thickness;
tpu 1s the PM thickness; ¢ is the core thickness. The total sum
of the PM thickness and core thickness is the same, although
k; changes. In this section, since the number and thickness
of bridges to be determined in the latter section affect the
electrical characteristics, the bridges are ignored to exclude an
effect of bridges on the electrical characteristics. Also, because
the bridges are ignored, the mechanical characteristics are not
considered. Fig. 6(a) and (b) show the rotor shape and torque
characteristics according to k;, respectively. In Fig. 6(b), the
normalized torque is obtained dividing the torque according to
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Fig. 7. Rotor shape and electrical characteristics according to the number of
PM layers. (a) Rotor shape. (b) Electrical characteristics.

k into the target torque. As shown in Fig. 6(b), when k; = 1.0, the
reluctance torque and total torque are in their maximum values.
Therefore, the ratio of the PM thickness and core thickness is
selected to 1.0.

D. Number of PM Layers

The number of PM layers is determined by considering the
torque characteristics and irreversible demagnetization. Fig. 7(a)
shows the rotor shape according to the number of PM layers. The
PM thickness decreases as the number of PM layers increases
but the total PM thickness is the same for all models. As shown
in Section II-C, the bridges are ignored to exclude an effect
of bridges on the electrical characteristics. Since the bridges
of all the models are neglected, the mechanical characteristics
are not considered. The normalized torque and DR are shown
in Fig. 7(b). In Fig. 7(b), the normalized torque is obtained
dividing the torque according to the number of PM layers into
the target torque. As shown in Fig. 7(b), the total torque of two
layers is not significantly different from that of the other layers.
However, since the PM thickness decreases with the increase
in the number of PM layers, the DR of two layers is much
smaller than that of the other layers. Therefore, the number of
PM layers is selected as two, which is advantageous to prevent
the irreversible demagnetization.

E. Number of Bridges

The number of bridges affects the mechanical and electrical
characteristics. Fig. 8(a) shows the rotor shape according to the
number of bridges. At this step, the thickness of the bridges
is 1.0 mm. The SFs according to the number of bridges are
shown in Fig. 8(b). As shown in Fig. 8(b), the SF increases with
the increase in the number of bridges. Fig. 8(c) shows the DR
and normalized torque according to the number of bridges, and
the normalized torque is obtained dividing the torque according

\
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Fig. 8. Rotor shape, and mechanical and electrical characteristics according

to the number of bridges. (a) Rotor shape. (b) Mechanical characteristics.
(c) Electrical characteristics.
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Fig. 9. Rotor shape, and mechanical and electrical characteristics according
to the thickness of bridges. (a) Rotor shape. (b) Mechanical characteristics.
(c) Electrical characteristics.

to the number of bridges into the target torque. As shown in
Fig. 8(c), the DR and torque decrease, as the number of bridges
increases. When the number of bridges is four or five, the SF is
satisfied, and the DR has a similar value. However, the torque of
the model with four bridges is larger than that of the model with
five bridges. Therefore, the number of the bridges is selected as
four.

F. Thickness of Bridges

Like the number of bridges, the thickness of bridges also
affects the mechanical and electrical characteristics. Fig. 9(a)
shows the rotor shape according to the thickness of the bridges.
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Fig. 9(b) and (c) shows the SF and electrical characteristics,
respectively. In Fig. 9(c), the normalized torque is obtained
dividing the torque according to the thickness of bridges into the
target torque. As the thickness of the bridges decreases, the SF
decreases, and the torque and DR increase. The relation between
the torque and DR is the tradeoff relation. In this article, among
the models satisfying the mechanical characteristics, a model
having a larger torque is selected. Therefore, the thickness of
bridges is determined to be 0.8 mm.

G. Performance Curve of Initial Model

The initial model is designed through Section II-A-E. The
rotor shape of the initial model is the rotor shape in the middle
of Fig. 9(a). The SF and DR of the initial model are 1.22 and
11.1%, respectively. Since the DR is 11.1%, the irreversible
demagnetization occurs. Thus, the improved design to reduce
the DR is performed in the following section. The performance
curve, including the torque and power according to the rotation
speed, is calculated using the d- and g-axis equivalent circuit [9],
[14]. To accurately calculate the performance of the motor, the
end winding leakage inductance is considered. The end winding
leakage inductance is expressed as [31]

NZ 5l
2l @)

Lend =24 x 4
end ></}6013102

where L.,q is the end winding leakage inductance; i is the
permeability of the vacuum; N is the number of series turns; P is
the number of poles; k,, is the winding factor of the fundamental
component; /.1 is the end winding height. The end winding
leakage inductance calculated using (4) is reflected in the d- and
g-axis inductance as

3 3
Ld,end =Lg+ ELend; Lq,end = Lq + ELend (5)

where Lg cna and Lg eng are the d- and g-axis inductance con-
sidering the end winding leakage inductance, respectively; Ly
and L, are the d- and g-axis inductance. Lj eng and Ly end
calculated using (5) are reflected in the d- and g-axis equivalent
circuit and used to calculate the performance of the motor. The
performance of the motor is calculated using the d- and g-axis
equivalent circuits of the synchronous motor, which are shown in
Fig. 10. Since the d- and g-axis equivalent circuits are generally
considered only the fundamental component of the electrical
parameters, the motor performance can be quickly reviewed.
The performance of the motor, including the torque, induced
voltage, and input current of the d- and g-axis equivalent circuits
is calculated using the following equations:

T= pp {’L/)fioq + (Ld,end - Lq,end) iodioq} 6)

Va = \/m = \/(Raid + Uod)z + (Raiq + v0f1>2 (7)
1 } .

(b)

Fig. 10.  Equivalent circuit of the synchronous motor. (a) d-axis. (b) g-axis.
240 180
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Fig. 1.  Torque and power according to the rotation speed of the initial model.
where
Vod | _ 0 *WLq,end iod + 0 (9)
Voq WLd,end 0 loq \@W'(/)f
Z.d = i()d + Z.(:d (10)
iq = g + fcq (11)

where T is the torque; pp is the number of pole pairs; 9y is
the rms value of the flux linkage by field; i,, and i,q are the
magnetizing g-axis and d-axis current, respectively; V, is the
induced voltage; v and v, are the d-axis and g-axis voltage,
respectively; R, is the phase resistance of the armature winding;
ig and i, are the d-axis and g-axis current, respectively; voq
and v,, are the d-axis and g-axis induced voltage; i.q and i,
are the d-axis and g-axis core loss current, respectively. The
torque and power according to the rotation speed of the initial
model calculated using (6)—(8) are shown in Fig. 11. As shown
in Fig. 11, the maximum torque satisfies the target torque within
the current limit. However, there is a problem that the torque and
power are not satisfied in the high-speed operating region (after
9 kr/min). This is because the induced voltage by the inductance
accounts for a large proportion, as shown in the vector diagram
of Fig. 12(a). Due to this, the vector of the induced voltage is in
the third quadrant in the vector diagram. On the other hand,
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due to the control characteristics of the IPMSM, the vector
of the input current is in the second quadrant. Therefore, the
phase difference 6 between the induced voltage and input current
increases, and this phase difference and power factor have the
following relationship:

PF = cos@ (12)

where PF is the power factor. As a result, the power factor in
the high-speed operating region is low and the target torque and
power in the high-speed operating region are not satisfied. In the
following section, the improved design is conducted to expand
the satisfactory area of the target torque and power and reduce
the DR.

III. IMPROVED DESIGN OF HSML IPMSM

The improved design consists of two steps. The first improved
design is to reduce the DR and increase the power factor of the
initial model and the second improved design is to reduce the
harmonic of the induced voltage of the model designed in the
first step.

A. First Improved Design: Reduction of DR and
Increase of Power Factor

To expand the satisfactory area of the target power, the power
factor should be increased. To increase the power factor, the
vector of the induced voltage should be placed in the second
quadrant. The design plan to move the vector of the induced
voltage to the second quadrant is shown in Fig. 12(b). As shown
in Fig. 12(b), the design plan is such that the induced voltage
due to the d-axis inductance decreases and the induced voltage
due to the PM increases. In addition, to reduce the magnitude
of the induced voltage, the induced voltage due to the g-axis
inductance is reduced.

To reduce the DR, this article proposes two methods. The
first method is an increase in the thickness of the PM because
increasing the thickness of the PM is a common method to
prevent the irreversible demagnetization. The second method
involves installing a flux barrier between the PM and rib of the
rotor. Fig. 13 shows the result of the demagnetization analysis
of the initial model. As shown in the white circle of Fig. 13, in

DR of initial model : 11.1%

Part occurring
irreversible demagnetization

Fig. 13.  Result of demagnetization analysis of the initial model.
Flux barrier __
Variable Level
No. Name Low | Middle | High
(€)] Ist layer core thickness 3.5 4 4.5
Ist layer PM thickness 8 8.5 9
3 Ist layer bridge thickness 0.6 0.7 0.8
) 1st layer PM fillet radius 1.0 1.25 1.5
(0] 2nd layer core thickness 35 4 4.5
(6) 2nd layer PM thickness 8 8.5 9
(7) | 2nd layer center bridge thickness 0.8 0.9 1.0
(8) | 2nd layer side bridge thickness 0.8 0.9 1.0
)] 2nd layer PM fillet radius 1.0 1.25 1.5
Fig. 14.  Design variables for the ANOVA.

the PMs of the second layer, the irreversible demagnetization
of the PM adjacent to the rib of the rotor is particularly severe.
This irreversible demagnetization generated in the white circle
of Fig. 13 is due to the flux flowing in the rib. Therefore, by
placing the flux barrier between the rib and PM, the irreversible
demagnetization due to the flux flowing in the rib is prevented.
The installed flux barrier can be seen in Fig. 14.

To solve these two problems, the response surface method-
ology (RSM) is performed on several design variables of the
rotor. Before performing the RSM, the design variables that
contribute significantly to the design plan are determined using
the analysis of variance (ANOVA). The design variables for the
ANOVA are shown in Fig. 14. When determining the design
variables using the ANOVA, the considerations are the SF, torque
atbase speed, d- and g-axis inductance, linkage flux by field, and
DR. Fig. 15(a)—(f) shows the contribution ratios of the design
variables to the SF, torque, d- and g-axis inductance, linkage
flux by field, and DR, respectively. The design variables, which
have a significant effect on the design plan, are selected as the
things that have the first and second largest contribution ratios
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Fig. 15.  Contribution ratio according to design variables. (a) SF. (b) Maximum

torque. (c) d-axis inductance. (d) g-axis inductance. (e) Flux linkage by field.
(f) DR.

for each design plan. As shown in Fig. 15(a)—(f), the selected
design variables are as follows.

1) (2) is the thickness of the first layer PM.

2) (5) is the thickness of the second layer core.

3) (6) is the thickness of the second layer PM.

4) (8) is the thickness of the second layer side bridge.

5) (9) is the fillet radius of the second layer PM.

The values of the other design variables are determined based
on the trend of the main effects plot of six considerations of each
design variable and they are selected tobe 4, 0.6, 1.5, and 0.9 mm,
in the order of variable number. The RSM is performed using
the selected design variables through the ANOVA. The objective
functions and design constraints are shown in Fig. 16. Since an
increase in the power factor causes a decrease in the reluctance
torque, the efficiency decreases in the constant torque region.
Therefore, to prevent a significant reduction in motor efficiency
in the constant torque region, maximizing the torque at the base
speed was selected as one of the objective functions of the first
improved design. The result of the RSM is given in Table III. As
given in Table III, the SF and DR of the first improved model are

- Objective functions

P Max. Safety factor (@ 18krpm)

» Max. torque

» Min. L,

» Min. L,

P» Max. linkage flux by field
P Min. demagnetization ratio

- Constraints
» Safety factor > 1.2
P» Maximum torque > 195Nm

P Demagnetization ratio < 1%

- Design variables

P First layer PM thickness

P Second layer core thickness
P Second layer PM thickness

0.9mm

X, (8.0<x,<9.0)
X, 3.5<x,<4.5)
8.0=x;<9.0)

Xy (1.0<x,<1.2)

x5 (1L0<x<1.5)

P Second layer side bridge thickness
P Second layer PM fillet radius

N 20\ 20 2 2\ 2

Fig. 16.  Objective function, design constraints, and design variables of RSM.
TABLE III
RESULT OF FIRST IMPROVED DESIGN
Content Unit Initial 1st Improved

Ist layer PM thickness mm 6.0 8.5

2nd layer core thickness mm 6.0 3.5

2nd layer PM thickness mm 6.0 8.6

2nd layer side bridge thickness ~ mm 0.8 1.0
Fillet radius of 2nd layer PM mm 1.0 1.5
Normalized PM volume - 1.0 1.4
Safety factor - 1.22 1.27
Demagnetization ratio % 11.1 0.07
Satisfactory area of power - 0 - 9krpm All areas

1.27 and 0.07%, respectively. The DR of the improved model
is lower than that of the initial model and satisfies the criterion
proposed in this article. Fig. 17(a) shows the comparison of the
rotor shape between the initial and first improved model, and
Fig. 17(b) shows the performance curves of the initial and first
improved model. As shown in Fig. 17(b), the torque and power
of the first improved model are satisfactory in all areas unlike
those of the initial model. This is because of the decrease in
the d- and g-axis inductance and the increase in the linkage flux
by field, as shown in Fig. 18. Therefore, it can be seen that the
improved design is performed in accordance with the desired
design plan.

B. Second Improved Design: Reduction of
Harmonics in Induced Voltage

Since the current phase angle increases with the increase in the
rotation speed, the local magnetic saturation of the motor is also
increased. Due to the increase in this local magnetic saturation
of the motor, the harmonics of the induced voltage are increased.
The desired current cannot be applied to the motor because the
increased harmonics of the induced voltage can instantaneously
exceed the dc voltage of the controller. Therefore, it is important
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Fig. 17. Comparison of rotor shape and performance curve between the initial
and first improved model. (a) Rotor shape. (b) Performance curve.
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Fig. 18.  Parameter comparison between the initial and first improved model.
(a) Inductance. (b) Flux linkage by field.

that the induced voltage at the maximum rotation speed does
not exceed the dc voltage of the controller. Fig. 19(a) shows the
waveform of the induced voltage at the maximum rotation speed.
As shown in Fig. 19(a), the peak value of the induced voltage
at the maximum rotation speed is approximately 1596 V, whose
value exceeds the dc voltage of the controller. Therefore, the
second improved design is conducted that the induced voltage
does not exceed the dc voltage of the controller. The result of
the harmonic analysis of the induced voltage at the maximum
rotation speed is shown in Fig. 19(b). As shown in Fig. 19(b),
the 11th and 13th components of the induced voltage are signif-
icantly larger than other harmonics. To reduce the magnitude
of the harmonics of the induced voltage, four methods are
applied, that is, changing the number of slots, changing pole
angle, the three-step skew of the rotor, and the eccentric rotor
shape. The advantages and disadvantages of the four methods
are summarized in Fig. 20. First, the number of slots is changed

Induced voltage (V) @ 15krpm

1 L L 1
0 60 120 180 240 300 360

Electrical angle (°)
(a)
800

-
2
7 600 pry
— Z
®
2 400 Y
)
E 7
s /
> 200 /
B %
8 %
2 %
2 2
=N 7 N 7 . L PA e

1 3 5 7 o9f11 13|15 17 19

Harmonic order

(b)

Fig. 19. Induced voltage at the maximum rotation speed of first improved
model. (a) Waveform. (b) Harmonic analysis.

Method | Advantage ” Disadvantage

The nun:kf; Ll 5 Pole-angle (PA) i Skew i Eccentric rotor shape
s i ] ]

N1 5 PA| > E Induced voltage |, i Eccentric length 1 >

Toput Svolta ol \| Induced voltage |, [|| Almostnochange || Induced voltage |,

P 8 \| SF 1, Max. torque 1 |i in torque i SF 1
| [Higher induced voltage]! .
M: suT:ue Lol :\Llr-) j || thanexpected value j %)C:;:ctfni? JT
- torq f a S S ¥y | due to saturation || - ord
Fig. 20.  Four methods to reduce the induced voltage.

from 48 to 96 to reduce the 11th and 13th component of the
induced voltage. This is because the winding factors of the 11th
and 13th harmonics of the 8 poles 48 slots are 0.966, while
the winding factors of the 11th and 13th harmonics of the 8
poles 96 slots are 0.126. Second, the pole angle is changed
from 28° to 27°. Third, the three-step skew is applied to the
rotor. At this time, the step skew angle is 2.5° in the mechanical
angle to reduce the 11th and 13th component of the induced
voltage. Finally, the eccentric rotor shape is applied and the
applied eccentric length is 5 mm [1]. The result of the second
improved design is summarized in Table IV. The model applying
the four methods is called the second improved model. Fig. 21
shows the comparison of the configuration between the first and
second improved model, and Fig. 22 shows the induced voltage
at the maximum rotation speed of the second improved model.
As shown in Fig. 22, the peak value of the induced voltage at
the maximum rotation speed of the second improved model is
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TABLE IV
RESULT OF SECOND IMPROVED DESIGN

Content st improved model ~ 2nd improved model
The number of slots 48 96
Pole-angle 28° 27°
Skew Not applied 3-step skew
(2.5° per step)
Eccentric rotor shape Not applied Smm

&

Ist improved model 2nd improved model

Rotor radius of
Ist improved model

Fig. 21. Comparison of configuration and induced voltage between the first
and second improved model.

I
0 60 120 180 240 300 360

Induced voltage (V) @ 15krpm

_800 I I I

Electrical angle (%)

Fig. 22. Induced voltage of the second improved model.

approximately 676 V and does not exceed the dc voltage of the
controller. The second improved model is modified to be easy to
fabricate the PM, which is described in the following section.

IV. FINAL MODEL OF HSML IPMSM

As mentioned earlier, the second improved model is modified
by changing the PM shape. Fig. 23(a) and (b) shows the shapes
of the rotors of the second improved model and the final model,
respectively. To be easy to fabricate, the first-layer PM shape of
the second improved model is modified, as shown in Fig. 23(b).
Also, to fix the PMs, a new structure called a guide is additionally
made. The SF and DR of the final model are 1.22 and 0.01%,
respectively. Fig. 24 shows the mechanical stress distribution
and the performance curve of the final model obtained using
(6)—(8). As shown in Fig. 24(b), the torque and power of the
final model meet the target torque and power in all areas. Also,
since the flux weakening control is performed in the high-speed

(a) (b)

Fig.23.  Rotor shape of the second improved model and final model. (a) Second
improved model. (b) Final model.
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180 300 360 1600
—‘ = J=Torque —"==Line current

=== Induced voltage = Power _

5 25 ; — 15
wop 2% A—A—%—&-ﬁ-ﬁ%,ﬂﬁbﬁﬁbﬁ‘?ﬁﬁiﬁ? B
2 e
120 200 ﬁ 240 TE{400 %"
S 2 D—D—D—D?L - < <

g 77‘ <
2 90! Z 150 - : i ligo B {300 §
= 2 %\ Lﬂ'ﬁ"u‘-[u) é s
= = >
£ 60} £ 100 z ! '/—\*Mlzoz 200 g
Lol = A LD - =3
30 50 q_/}" T 60 = {100 B
Pk
0 0 0 0
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(b)
Fig. 24.  Mechanical and electrical characteristics of thefinal model. (a) Me-

chanical stress distribution. (b) Performance curve.

region by the current vector control, the induced voltage does
not exceed the dc voltage and is maintained after 7 kr/min. The
information of the final model is summarized in Table V. In
Table V, the split ratio and shape ratio are the ratio of the stack
length to the outer diameter of the stator and the ratio of the stack
length to the outer diameter of the rotor, respectively. The split
ratio and shape ratio are expressed as (13) and (14), respectively

L
Split ratio = ke (13)
S
. Lstk
Sh tio = 14
ape ratio D, (14)

where Lg is the stack length; Dy is the outer diameter of the
stator; D,. is the outer diameter of the rotor.
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TABLE V
INFORMATION OF FINAL MODEL
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Content Unit Value
The number of poles - 8
The number of slots - 96
Split ratio - 0.54
Shape ratio - 0.74
Safety factor - 1.22
Demagnetization ratio % 0.01
Satisfactory area of power - All areas

PM group of a pole

180r 240 [ O Exp.torque A Exp. power [/ Emor | .
150 | 200 — FEA torque -110
120 _ 160 | FEA power -8
= g 3
Z 9l € 1} 16
o) ] 8
Z = =1
S oof 3 80 | 4 4
All errors 2% |
30+ L e e e e 2
0 - 0 1 E 1 E 1 1 m 0
0 3 6 9 12 15
Speed (krpm)
Fig. 27. Torque and power comparison of experiment and FEA.

TABLE VI

Fabricated motor

Fig. 25. Fabricated motor and experimental setup. (a) Rotor. (b) Stator.
(c) Experimental setup.

—O=Line to Line BEMF : 23.03 V_

Line to Line BEMF (V)
<

Time (ms)

(a) (b)

Fig. 26.  No-load line to line BEMF. (a) FEA. (b) Experiment.

V. VERIFICATION

To validate the result of the design, the final model is manufac-
tured and experimented. Fig. 25(a) and (b) shows the fabricated
rotor and stator, respectively. The PM group of a pole can be
seen in Fig. 25(a) and the PM group of a pole is arranged in eight
poles. The test motor is connected to the load through the torque
sensor and coupling. The performance of the final model is
measured using a power analyzer and the measured experimental
results are compared with those of the FEA. Fig. 25(c) shows
the experimental setup. The no-load experiment is measured at
1000 r/min. Fig. 26 shows the FEA and experimental results

RESULT OF LOAD EXPERIMENT AND FEA

Speed  Load condition Category Torque Power Eff.
(rpm) (Ams /°) (Nm) kW) (%)
FEA 189.0 108.9 89.5
5500 283.9/48.7
Exp. 1914 110.2 90.2
FEA 146.9 1154 92.6
7500 224.4/47.7
Exp. 144.9 113.8 92.8
FEA 50.9 80.0 90.0
15000 122.2/66.4
Exp. 50.5 79.4 92.6

of the no-load line-to-line BEMF of the final model. As shown
in Fig. 26, the FEA and experimental results of the line-to-line
BEMF are 23.03 V5 and 22.63 Vs, respectively, and the
error between the FEA and test results is 1.77%. The load
experiment is conducted at 5.5, 7.5, and 15 kr/min. Fig. 27 shows
the torque and power results of the experiment and FEA. The
input current conditions of the load experiment are the same as
those calculated from the FEA and are summarized in Table VI.
As shown in Fig. 27, it can be seen that the torque and power of
the experiment are similar to that of the FEA. Compared with
the FEA, the result of the experiment at 5.5 kr/min is increased
by 1.2%. At 7.5 kr/min and 15 kr/min, the torque and power of
the experiment are decreased by 1.4% and 0.8% compared with
that of the FEA, respectively. The differences between all the
experiments and FEA results are less than 2%. Additionally, the
efficiency of the experiments is similar to that of the FEA. The
efficiency of the experiment and FEA are indicated in Table VI.
Finally, since the fabricated motor was stably driven at a maxi-
mum speed of 15 kr/min, the mechanical stability at 15 kr/min
is also experimentally verified. From these experimental results,
it can be seen that the design of the HSML IPMSM using the
ferrite PM applying the proposed design method is well designed
to satisfy the target specifications. Therefore, it can be concluded
that the proposed design method in this article is an appropriate
design method of the HSML IPMSM using the ferrite PM.

VI. CONCLUSION

This article proposed the design method of HSML IPMSM
using the ferrite PM. The electrical and mechanical charac-
teristics were considered simultaneously at all design steps.
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Especially, the irreversible demagnetization of the ferrite PM
and mechanical stability of the rotor were continuously consid-
ered during the design. In the initial design, the design variables,
such as the pole shape, PM thickness, core thickness, number
of PM layers, number of bridges, and bridge thickness were
determined considering the DR, torque, and SF. The initial
model was improved to reduce the DR, extend the satisfactory
area of the power, and satisfy the SF. The first improved model
had the problem that the peak value of the induced voltage
exceeds the dc voltage of the controller due to the harmonics
of the induced voltage. To solve this problem, various methods
were applied to the rotor and stator. The final model was then
determined considering the assembly and manufacture. The final
model was fabricated for verification. The test was conducted
under specific speed conditions. The difference between the
torque of the experiment and FEA was less than 2%, and the
efficiency of the experiment was similar to that of the FEA. The
mechanical stability was also confirmed by the experiment at
the maximum rotation speed. Therefore, it is concluded that the
proposed design method of the HSML IPMSM using ferrite PM
is valid.
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