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Design and Verification for the Torque Improvement
of a Concentrated Flux-Type Synchronous Motor
for Automotive Applications

Jong-Hyun Park *“, Kyung-Tae Jung

Jung-Pyo Hong

Abstract—1In this paper, the design of the concentrated flux-type
synchronous motor (CFSM) using ferrite permanent magnets to
improve torque is proposed for an automotive chassis actuator.
The thin pancake type CFSM of this paper has considerable axial
magnetic leakage flux due to structural reasons. It is, therefore, nec-
essary to improve the torque. In order to meet the required specifi-
cations in a constrained installation space, this paper proposes two
methods for torque improvement. The first method is the alternate-
stacking core as this structure removes the magnetic leakage flux
path. The second method is the rotor overhang that increases the
air-gap flux density. Furthermore, the structures require a three-
dimensional (3-D) finite element method (FEM) analysis for accu-
racy. However, to analyze the characteristics easily and quickly,
the 3-D structure is made into the equivalent 2-D FEM through an
analytical method using an equivalent magnetic circuit. Finally, in
this paper, the validity of the design process and the effectiveness
for torque improvement is verified through experiments.

Index Terms—Alternate-stacking cores, automotive chassis
actuator, axial magnetic leakage flux, concentrated flux-type syn-
chronous motor (CFSM), equivalent magnetic circuit (EMC), fer-
rite permanent magnet (PM), rotor overhang, shape ratio (SR),
torque improvement, two-dimensional (2-D) equivalent method.
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I. INTRODUCTION

ECENTLY, the automobile industry has seen an increased
R emphasis on both vehicle safety and the environment. Im-
provement in automotive technology has contributed greatly to
the safety of vehicles and the environment. Increased function-
ality has resulted in products such as electric power steering
(EPS), anti-lock brake system (ABS), adaptive front lighting
system (AFLS), electronic stability control (ESC), and the au-
tomotive chassis application assist system. Furthermore, in an
effort to continue this improvement in functionality and reduc-
tion in both environmental pollution and vehicle accidents, au-
tomotive component manufacturers and car manufacturers are
developing electro-mechanical systems. This has resulted in a
demand for electric motors increasing significantly for auto-
motive parts such as a hybrid system, brake, and turbocharger
[1]-[4]. There are various types of permanent magnet syn-
chronous motors (PMSM) applied to many automotive chas-
sis applications, such as EPS, ABS, AFLS, ESC, the electric
booster, etc. Recently, the majority of motors in automotive ap-
plications actuator use a surface-mounted permanent magnet
synchronous motor (SPMSM) because it is relatively small in
size and has a simple rotor structure. However, the SPMSM de-
signed for the automotive application usually has a retainer in
the rotor to prevent the scattering of the permanent magnet (PM).
This additional structure increases the volume, weight, and mag-
netic air-gap. To overcome such a disadvantage of the SPMSM,
on improving torque characteristics and optimizing the design of
the interior permanent magnet synchronous motor (IPMSM) has
been researched [5]—[11]. Furthermore, the IPMSM that uses the
rare-earth PMs has attracted attention for its high-power density
which is greater than that of the SPMSM, and because it can use
the magnetic and reluctance torque with the current phase con-
trol method [12], [13]. However, the prices of the rare-earth PMs
have increased, and there are concerns about the stability of the
raw material supply for Neodymium and Dysprosium. In severe
cases, exports have been limited. Therefore, the use of rare-earth
PMs should be reduced [14]-[19]. To reduce the dependence on
rare-earth PMs, various motors without the rare-earth PM, such
as induction motors, synRMs, and concentrated flux-type syn-
chronous motor (CFSM), have entered development. Among
the many various motors without the rare-earth PMs, the CFSM
that uses ferrite PM is one of the most effective. However, the
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TABLE I
INSTALLATION SPACE AND SPECIFICATIONS OF MOTOR

Parameter Unit Value
Stator outer diameter mm 75
Stack length mm 22.5
Rated torque Nm 1.7
Rated speed rpm 3,300
Line to line voltage (rms value) \Y% 7.34
Limit current (rms value) A 65
Connection - Delta

residual induction of the ferrite PMs is one-third of that of the
rare-earth PMs. On the other hand, the cost of the ferrite PMs
compared to the rare-earth PMs is about one-tenth and the sta-
ble supply of the ferrite PMs is readily available. As previously
mentioned, due to the low residual induction of the ferrite PMs, it
is necessary to increase the amount of ferrite PM so as to satisfy
the performance in terms of both power and torque [14]-[23].
This means an increase in the motor size.

In contrast, as the automotive industry becomes ever more
sophisticated, there is an increasing demand for CFSMs with a
short axial length and that are able to use more ferrite PMs. The
shape of this motor resembles that of a thin pancake. A disadvan-
tage of these thin pancake CFSMs is the axial magnetic leakage
flux. Because of this drawback, CFSMs designed in the form of
a thin pancake degrade performance at the same volume. Thus,
while volume increase is essential to satisfy the equivalent per-
formance, the installation space for the vehicle is constrained.
Previous research related to the CFSM using the ferrite PMs did
not take the installation space and specifications into consid-
eration, while the automotive actuator was required to meet the
output power in a constrained installation space. The installation
space of the actuator used in this study is shown in Table I. There-
fore, this paper proposes a method and a process for improving
the torque. The first method is the alternate-stacking core and this
structure removes the magnetic leakage flux path. The second
method is the rotor overhang and this structure increases the air-
gap flux density. Those structures require a three-dimensional
(3-D) finite element method (FEM) for accurate analysis. How-
ever, to analyze the characteristics more easily and quickly, the
3-D structure is made into the equivalent 2-D FEM. Finally, in
this paper, the validity of the torque improvement methods is
verified through load tests.

II. AXIAL MAGNETIC LEAKAGE FLUX
A. Axial Magnetic Leakage Flux Effect

Fig. 1(a) shows the rotor structure of the CFSM. As shown in
Fig. 1(a), the rotor core is separated by the PM. The magnetic
flux of the PMs arranged on both sides is concentrated and mag-
netized to the rotor core. Therefore, the adjacent rotor cores are
magnetized to different poles. The magnetized rotor core is only
connected to the magnetically saturated bridges. Magnetically
saturated bridges and PMs have similar permeability. As a result,
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Fig. 1. Axial magnetic leakage flux of CFSM. (a) Geometry of CFSM.
(b) Axial magnetic leakage flux path.

Fig. 2.

Axial magnetic leakage flux of CFSM through 3-D FEM.

different polarities are magnetized in the neighboring rotor core,
so that axial magnetic leakage flux occurs as shown in Fig. 1(b)
[24]. Moreover, Fig. 2 demonstrates the axial magnetic leakage
flux path can be confirmed through 3-D FEM.

B. Axial Magnetic Leakage Flux With Shape Ratio (SR)

The aforementioned problem of the CFSM is that there is
a magnetic leakage flux to the other pole of the adjacent rotor
core without concentrated magnetic flux being transmitted to the
stator via the air-gap. More specifically, as the SR representing
the ratio between the outer diameter of the rotor and the stack
length is lower, the no-load Back Electromotive Force (BEMF)
tends to decrease due to the increase in the magnetic leakage
flux, as shown in Fig. 3. Where SR is defined as follows:

Lstk
D,
where D, is the rotor diameter and L is the stack length.

As shown in Fig. 3, the no-load BEMF of the CFSM and the
SPMSM decreases as the SR lowers. When the pancake type
(SR <1) with a thinner stacking length than the rotor diame-
ter becomes, so that the influence of the magnetic leakage flux
becomes larger, the no-load BEMF decreases. At the same SR
(=0.3), the decrease in the no-load BEMF due to the axial mag-
netic leakage flux of the CFSM is four times greater than the de-
crease in the SPMSM. The relation between the no-load BEMF
and the mechanical power can be expressed by (2) based on the
energy conservation law. If the input current and mechanical an-
gular velocity are constant, the no-load BEMF and the torque

SR =

ey
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Fig. 3. Normalized no-load BEMF according to shape ratio.

are proportional. Therefore, the torque of the CFSM is lower
than that of the SPMSM as the BEMF decreases due to the axial
magnetic leakage flux

w1 = mei (2)

where wy, and T are the mechanical angular speed and torque,
respectively. m is the number of phases. e is the no-load BEMF.
i is the input current.

In summary, the CFSM has a considerably large axial mag-
netic leakage flux that does not pass through the air-gap for
the structural reasons discussed above. In particular, the CFSM
with alow SR should consider torque reduction due to axial mag-
netic leakage flux. This paper thus proposes torque improvement
methods to compensate for the torque reduction due to the axial
magnetic leakage flux and meet the desired performance in the
constrained installation space.

III. METHODS FOR TORQUE IMPROVEMENT

Previous research work related to the CFSM using ferrite mag-
nets did not consider either the installation space or the speci-
fication. The designed motors did not face space constraints.
However, the automotive applications should meet the torque
in a constrained installation space and specification. Those of
the automotive application motor used in this study are shown
in Table 1. Here, the SR of the automotive application motor
should be less than 1 due to the restricted installation space. (In
practice, SR = about 0.3).

A. Torque Improvement Method

There are many methods capable of improving torque
[14]-[29]. The methods in [14], [15], [20], [28] and [16], [21]
have improved torque using a PM-assisted motor and axial gap
motor, respectively. The methods in [17]-[19], [22], [24], and
[26] increased the torque using CFSM and dual-stator. The op-
timal design has been conducted to improve the torque in [23]
and [25]. In [27], the torque is improved from the control point
of view. The method in [29] improved the torque performance
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Core shape 2
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Fig. 4. CFSM structure of alternate-stacking cores and rotor overhang.
Core shape 1 <:|
1
i
Fig. 5. Alternate-stacking cores of two shape.

by applying the magnetic leakage reduction structure. Among
the various methods, this paper proposes two methods that are
able to increase torque in a constrained installation space and
then discuss how to apply them to rotor design. The first method
is to apply an alternate-stacking core of two-shapes as shown in
Fig. 4. The alternate-stacking core consists of two different rotor
core shapes. More specifically, core shape 1 is a general CFSM
rotor core, and core shape 2 removes the bridge shaft side which
is the main magnetic leakage flux path as shown in Fig. 5. The
advantage of the alternate-stacking core of two-shapes is that
they can be alternately stacked at an appropriately selected ratio
to reduce magnetic leakage flux. Second, the rotor overhang is
applied to increase the usage of PMs as shown in Fig. 6. The
rotor overhang means that the stack length of the rotor, includ-
ing the PMs, is longer than that of the stator. The advantage
of this structure is to increase the air-gap magnetic flux density
[30], [31].

Unfortunately, both the above-proposed methods have a 3-D
magnetic field distribution and the characteristics of the motor
can be confirmed by 3-D FEM. In other words, the two
proposed methods capable of improving the torque do not have



PARK et al.: DESIGN AND VERIFICATION FOR THE TORQUE IMPROVEMENT OF A CFSM FOR AUTOMOTIVE APPLICATIONS

Rotor overhang

Fig. 6. Rotor overhang including the PMs.

a symmetrical structure in the axial direction (z-direction) as
shown in Fig. 4. The 3-D FEM provides precise simulation re-
sults. However, the 3-D FEM is not an effective solution because
of the tremendous computation costs. Moreover, it has a com-
plicated preprocessing method, including geometry and mesh
modeling [30]-[32]. It is also difficult to confirm the torque and
various characteristic tendencies according to the motor param-
eters. Therefore, in this paper, we propose a method to evaluate
the tendency of the 3-D magnetic field distribution with the 2-D
FEM, and we will use this to reflect the design of the rotor.

B. 2-D FEM Analysis Considering Alternate-Stacking Core

In the 2-D FEM analysis, only the magnetic flux in the x-
and y-direction can be considered in the analysis. However, the
alternate-stacking cores of two-shapes are not uniform and un-
symmetrical in the axial direction (z-direction). It is not appli-
cable in a typical 2-D FEM and is therefore considered for the
3-D FEM. However, to solve the problem of the 3-D FEM, this
paper proposes a method of equalizing the 3-D FEM with 2-D
FEM using an equivalent magnetic circuit (EMC). For this ana-
lytical approach, the simplified geometry of the CFSM is shown
in Fig. 7. The EMC taking into consideration the bridges are
shown in Fig. 8. The EMC used in this paper applies the same
assumptions available in previous work [17].

In Fig. 7, g is the air-gap length in mm. p is the number of
pole-pair. «y, is half of pole arc in radian. ¢, and h,, are the
thickness and height of the PM in mm, respectively. ly,;; and ¢y,
are the length and the thickness of the bridge in mm, respectively.

In order to equalize the 2-D FEM and 3-D FEM, two types of
EMC are designed and compared. The first EMC is a 2-D EMC,
and the second EMC is a 3-D EMC. The meaning of the 2-D
EMC means to stack only 1 core shape continuously, whereas
the 3-D EMC means to alternate-stacking cores of core shape 1
and 2.

The characteristics of the motor have a considerable effect on
the magnetic flux density in the air-gap. Similarly, the air-gap
magnetic flux density should be the same in the 2-D and the
3-D EMC. The relationship between magnetic flux density and
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magnetic flux is shown in the following equation:
B =yl 3)

where B and H are the magnetic flux density in T and the mag-
netic field intensity in A/m, respectively. u is the permeability
in H/m. And the air-gap magnetic flux ®,,, of EMC can be
expressed by (4) according to the Gauss’s law

¢PM = (I)gm + (I)bri (4)

where ®py; and Py, are the magnetic flux of PM in Wb and the
magnetic flux of bridge in Wb, respectively. Fpy is the magne-
tomotive force of the PM. R, is the magnetic reluctance of the
PM in A/Wb. Ry,; and I, are the magnetic reluctance per one
pole of the bridge and the air-gap in A/Wb, respectively.

In (4), it is possible to equalize the 2-D EMC and 3-D EMC
by making the air-gap flux the same. That s, if the 2-D EMC and
3-D EMC have the same amount of magnetic flux in the PMs and
the same magnetic leakage flux in the bridge, the air-gap flux
density is the same. As a result, for the magnetic leakage flux of
the 2-D EMC and the 3-D EMC to be the same, the reluctance
expressed by the geometric dimensions should be the same. The
same reluctance of the 2-D EMC and the 3-D EMC is expressed
by the following equation:

lbri_3D lori_2D

pofrtori_3D Lstk_bri Motrtori_2D Lstk_total

(&)
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where [pyi 3sp and lpy op are the bridge length of 3-D and
2-D, respectively. po and p, are the air permeability and rel-
ative permeability, respectively. tp,i sp and ¢y, op are the 3-D
bridge thickness and 2-D bridge thickness, respectively. Ltk bri
and Lgxk_total represent the stack length of core shape 1 and total
stack length of rotor cores, respectively.

Equation (5) can be rearranged to derive (6). In conclusion, it
can be concluded that the alternate-stacking cores can be equal-
ized through the bridge thickness of the 2-D FEM

Lstx bri

(6)

tori_2D = tbri_3D
Lstk_total

The bridge thickness of the 2-D FEM model can be verified
by (6). thyi_op represent the 2-D FEM bridge thickness in mm.
Therefore, the alternate-stacking cores that need to be verified
by 3-D FEM can be replaced by 2-D FEM.

C. Rotor Overhang for Torque Improvement

In this paper, the second method capable of improving the
torque in a constrained installation space is to apply the rotor
overhang as shown in Fig. 6. The rotor overhang structure also
requires a 3-D FEM analysis as did the alternate-stacking core
structure. However, the proposal of this paper is to reflect the
rotor overhang including the PMs at 2-D FEM. The PM’s resid-
ual induction of the 2-D FEM is then modified by increasing the
ratio of the 2-D FEM no-load BEMF to the 3-D FEM. Although
the on-load has a significant influence on the characteristic of
the motor, the air-gap flux density, which has a significant effect
on the output torque, has a direct effect on the no-load BEMF.
Therefore, preliminary prediction can be made based on the no-
load BEMF as the open-circuit result. It is, therefore, reasonable
to make a prediction based on the ratio according to (2).

For the 2-D FEM analysis, the modified residual induction of
the PM that reflects the rotor overhang is given by the following
equation:

€1st_rms_3D

Bp = B, @)

€1st_rms_2D
where Bsp and B, are the modified residual induction of the 2-D
FEM PM in T and the residual induction of the PM in T, respec-
tively. e1s¢_rms_3D and e1s¢_rms_op are the fundamental no-load
phase BEMF of 3-D FEM considering the axial magnetic leak-
age flux in V and the fundamental no-load phase BEMF of 2-D
FEM in V, respectively.

To verify the validation of the proposed equivalent method,
the 3-D FEM and the equivalent 2-D FEM are compared in
Fig. 9. The no-load BEMF of the 3-D FEM and equivalent 2-D
FEM according to the stack ratio is compared because the no-
load BEMF is the main characteristic of the motor. The stack
ratio is the ratio of the length of the core shape 1 to the total
length of the rotor. The stack ratio of 0 means that it is only
composed of core shape 2, whereas the stack ratio of 1 means
thatit consists of core shape 1 only. As shownin Fig. 9, the results
of the equivalent 2-D FEM are similar to those of the 3-D FEM.
Therefore, it is confirmed that the proposed equivalent method is
valid. The proposed method is also an effective method because
it can confirm the results faster than the 3-D FEM.
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D. Pole Angle Determination

The rotor tips of the air-gap side are necessary to prevent scat-
tering of PMs due to centrifugal force. The rotor tips are shown
in Fig. 1. The rotor tips are important for the mechanical prop-
erties as well as for the torque characteristics of motors. The
circumferential length of the rotor tips at both ends of the mag-
netized rotor iron core is defined as the pole angle. As mentioned
above, the no-load BEMF is related to the torque of the motor.
Therefore, the no-load BEMF tendency according to the change
of the pole angle is shown in Fig. 10. The minimum of the pole
angle is 24° to prevent the scattering of the PMs. As shown in
Fig. 10, the BEMF increases as the polar angle decreases. In
other words, the torque of the CFSM is better with the smaller
pole angle. In conclusion, the pole angle was finally chosen at
26°, as the PMs and rotor tips had to make sufficient contact for
mechanical stability reasons. The configuration of the motor is
shown in Fig. 11.
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Fig. 12. Design process for improving the torque density in a constrained
installation space.

IV. VERIFICATION

A. Specifications of Designed Motor

The rotor was designed by the above-mentioned equivalent
method of the alternate-stacking core and rotor overhang. The
important design variables are the bridge thickness and the stack
ratio. The bridge thickness and stack ratio are determined by tak-
ing into consideration the mechanical strength and electric char-
acteristics. Fig. 12 is the design process for improving the torque
density in a constrained installation space. In the pre-design
process, the outer diameter and the stack length of the stator
are selected considering the space where the motor can be in-
stalled. Then, the methods of the torque improvement proposed
in this paper are applied. Next, the electrical and mechanical
characteristics are considered simultaneously. To quickly and
easily examine the electrical characteristics of the motor ap-
plied the proposed method, the 3-D model is equivalent to the
2-D model using (6) and (7). The 2-D electromagnetic FEM is
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Result of structural analysis by centrifugal force of the designed

performed using the equivalent 2-D model. On the other hand,
the mechanical characteristics are analyzed through 3-D me-
chanical FEM analysis considering the bridge thickness and the
stack ratio. As a result, the bridge thickness is determined as
0.9 mm considering the mechanical strength and the manufac-
turable minimum thickness. The stack ratio is designed to be
about 0.1 which is also the manufacturable minimum stack ra-
tio. This stack ratio consists of the core shape 1 in 5 sheets and
the core shape 2 in 40 sheets. Fig. 13 shows the result of struc-
tural analysis by the centrifugal force of the designed motor.
The structural analysis is conducted on 1.2 times the maximum
rotation speed and the material properties are shown in Table II.
Since the same rotor structure is repeated along the direction of
the stack length, it is used to analyze only the repeated minimum
structure to reduce the analysis time. As shown in Fig. 13, the
maximum stress is applied to the bridge and is about 60.9 MPa.
Therefore, the safety factor of the designed motor is 4.5, which
is considered stable enough. The safety factor of the proposed
model applying the calculated bridge thickness and the stack
ratio is 4.5, which is considered stable enough. In the alternate-
stacking method, core shape 1 is evenly arranged to withstand
the centrifugal force of the PM and core shape 2 as shown in
Fig. 4.

It is clear in Table I that the stack length of the installation
space is constrained to 22.5 mm. Thus, the stack length of the
stator is selected as 18 mm considering the end turn height of
the coils. As a result, the rotor stack length applying the rotor
overhang is selected as 22.5 mm, the maximum available length.
The rotor overhang structure can be seen in Fig. 6. The motor
was driven via I3 = 0 control. The detailed specifications of the
CFSM are shown in Table III.

B. Verification of Designed Motor

To verify the validity of the equivalent method of the alternate-
stacking core and rotor overhang, the designed model was set up,
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TABLE II
MATERIAL PROPERTIES FOR STRUCTURAL ANALYSIS

Unit Core (50PN470) PM (Ferrite)

Density kg/m’ 7,700 5,100

Young’s Modulus GPa 180 150

Poisson’s Ratio - 0.30 0.25

Yield Point MPa 275 276

TABLE III
SPECIFICATIONS OF DESIGNED MOTOR

Parameter Unit Value
Stator slot / Rotor pole - 12/10
Stator outer diameter mm 75
Stack length (stator / rotor) mm 18/22.5
Bridge thickness mm 0.9
Stack ratio - 0.1
Rotor outer diameter mm 56
Air-gap length mm 0.5
Pole angle ° 24
PM size mm? 16.5 %6
PM residual induction (NMF-9G) T 0.41
The number of series turns per phase - 34

and an experiment was conducted. The prototype of the designed
motor is shown in Fig. 14. The specifications of the designed
motor that fulfilled the requirements are shown in Table III.

In this paper, we compare and verify the original motor with
the designed motor. Here, the original motor does not apply the
torque improvement method proposed in this paper. However,
the designed motor does apply the torque improvement method
proposed in this paper.

In addition, the proposed 2-D equalization method was ap-
plied to verify the characteristics of the designed motor. Through
this, the 2-D equivalent method is thus verified. The no-load
BEMF, which has a significant effect on the characteristics of
the motor, is compared and shown in Fig. 15.

As shown in Fig. 15, it is confirmed that the amplitude of the
no-load BEMF waveform of the designed motor is larger than
that of the original motor. In addition, the FEM analysis result
of the designed motor is seen to be almost equal to the test.
Specifically, when comparing the rms value of the fundamental
of each waveform, the original motor is 1.51 V, the FEM result
of the designed model is 1.81 V, and the experimental result
is 1.73 V at 1000 r/min. As a result, the no-load BEMF of the
model designed by the original motor is increased by 16.6%,
and the error between the FEM analysis result and the test of the
designed model is 4.6%. Through this, we indirectly confirmed
the validity of the proposed method and the method capable
of improving the characteristics of the motor by the method
proposed in this paper.

Second, the torque test results were compared in the same way
as the no-load BEMF and the test results are recorded in Fig. 16.
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Fig. 14.  Prototype of designed motor.

The motor was driven via I3 = 0 control. As shown in Fig. 16,
the torque according to each input current is compared. It was
confirmed that the torque of the designed motor was increased
more than that of the original motor, whereas the FEM analysis
results and experimental results were confirmed to be almost the
same. Specifically, the torque was confirmed at a limited input
line current of the rms value 65 A and rated speed 3300 r/min.
The original motor is 1.51 N-m, the FEM result of the designed
motoris 1.75 N-m, and the test resultis 1.76 N-m. As aresult, the
motor using the method for improving the torque has improved
about 10% torque compared with the original motor. The FEM
analysis results and the test result show an error of 0.6%.
Finally, we compared the torque, the core loss, copper loss,
and efficiency of the original motor with the designed motor
under the same input current conditions. The core loss analysis
is based on the 3-D FEM. The volume of the bridge and the
rotor yoke is reduced by 86% compared with that of the original
model, while the core loss increases by only 1 W in comparison
to the original motor. Because the percentage of the copper loss
is the majority of the total loss, the total loss barely increases.
On the other hand, the torque of the designed motor increased
by 16.7%, from 1.51 N-m to 1.75 N-m compared with that of the
original motor. Therefore, the efficiency of the designed motor
increased by 3.1%, from 77.4% to 80.5%. This is because the
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Comparison of 2-D FEM and test results according to line current

TABLE IV
PERFORMANCE COMPARISON BETWEEN ORIGINAL AND DESIGNED MOTOR

Performance Unit Original Designed
motor motor
Power \ 522 605
1.75
Torque (@ 3,300 rpm) Nm 1.51 (+16.7%)
Core loss w 16 17
Copper loss w 118 118
. 80.5
0,
Efficiency % 77.4 (+3.1%)

total loss was almost the same and the torque was improved
compared with those of the original motor. This is shown in
Table IV.

In conclusion, based on the above-mentioned results, it is
confirmed that the torque improvement method and equivalent
method proposed in this paper are valid.
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V. CONCLUSION

In this paper, the design of the CFSM to improve torque
methods are proposed. The thin pancake type CFSM covered
in this paper has considerable axial magnetic leakage flux due
to structural reasons. To meet the required specifications in a
constrained installation space, this paper proposes two meth-
ods to improve both the torque and design process. The first
method is the alternate-stacking core and this structure removes
the magnetic leakage flux path. The second method is the rotor
overhang and this structure increases the air-gap flux density.
Although these methods have a 3-D magnetic field distribution,
we have proposed and verified a method of equalizing the 3-D
magnetic field distribution with the 2-D magnetic field distribu-
tion. This is done using the EMC to confirm the characteristics
of the motor quickly and easily.

In conclusion, the motor using the method for improving the
torque has improved about 10% of the torque compared to the
original motor, while the FEM analysis result and the test result
show an error of 0.6%. The efficiency of the designed motor
increased by 3.1%, from 77.4% to 80.5%.

Therefore, itis confirmed that the torque improvement method
and equivalent method proposed in this paper are valid.
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