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ABSTRACT Recently, a motor for an in-wheel system—which is advantageous when applied to electric
vehicles and self-driving systems—has received much attention. In this paper, we propose an analysis and
design method that can be used for an in-wheel motor. In-wheel motors require high torque density and
a compact form factor to be wheel-mounted. To meet these requirements, an axial flux permanent magnet
motor is proposed for the in-wheel system. The end-winding length of the coil is a key factor to be considered
in this design. Hence, we propose a novel method to study the end-winding length. Due to the structural
characteristics of an axial flux permanent magnet motor, a three-dimensional finite element analysis, which
requires much time and expense, is essential. To solve this problem, we propose a novel analytical method
combinedwith finite element analysis tomitigate the time and cost factors in the development of the axial flux
permanent magnet motor. The magnetic saturation and the slot opening effect, which are considered during
the analysis and design phase, are extremely difficult to analyze due to their nonlinearity. Therefore, a novel
analytical method and algorithm, which can consider nonlinear effects, such as the magnetic saturation
and slot opening, is proposed. The usefulness of the proposed analysis and design method and the axial
flux permanent magnet motor for an in-wheel system were verified via 3D finite element analysis using a
commercial simulation tool (JMAG).

INDEX TERMS Axial flux permanent magnet motor, electric vehicle analytical method, flux concentration,
in-wheel system, magnetic equivalent circuit, magnetic saturation, quasi-3D, slot opening effect.

I. INTRODUCTION
In recent years, the electric vehicle market has been rapidly
growing in keeping upwith global trends—as advanced coun-
tries adopt eco-friendly policies due to climate change, envi-
ronmental pollution, and the depletion of fossil fuels [1], [2].
In addition, as the self-driving vehicle market has grown,
so too has the convergence of automobiles and informa-
tion and communication technologies (ICT). Consequently,
motors for an in-wheel system, which has advantages
in applications alongside emerging autonomous driving
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technologies, such as electronic stability control and smart
parking assist systems, is receiving great attention.

An in-wheel system is a system that drives the wheels using
wheel-mounted drive motors and control motors. Because
individual control of each wheel is possible, it is relatively
simple to apply ICT. However, the available space for an
electric motor in an in-wheel system is limited by the wheel
size because the motor is installed inside the wheel itself.
Consequently, the electric motor must be compact and have
a high torque density within the constraints of these dimen-
sions [3]–[5]. In this paper, considering these constraints,
a flow chart of the design and analysis process of themotor for
an in-wheel system is proposed in three stages: fundamental
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design of the motor, no-load magnetic field analysis of the
motor using the proposed analytical method, and finite ele-
ment analysis (FEA) of the designed motor.

An axial flux permanent magnet (AFPM) motor for an
electric vehicle’s in-wheel system can be designed following
the process proposed in this paper. AFPMmotors boast higher
power density, torque density, and efficiency, compared to
radial magnetic flux type permanent magnet motors of the
same volume and weight, and are advantageous for miniatur-
ization and disk shape manufacturing because they exhibit no
change in performance based on shaft length [6]–[8].

Research on all motors including AFPM motors can be
largely categorized into analysis and design, materials, and
control. Analysis and design research mainly focuses on
multiphysics modeling, such as electromagnetic field, stress,
vibration, noise, and heat, design through these analyses, and
analytical methods to reduce the analysis time and cost of
the motors [9]–[11]. Materials research is actively conducted
for the purpose of improving performance or reducing man-
ufacturing costs by using materials such as amorphous cores
and ferrite magnets [12]–[14]. Control research focuses on
the development of inverters and sensors for speed and sta-
bility control of motors, motor fault detection and diagnosis,
and fault tolerance control [15]–[18]. In this study, consid-
ering these various motor research issues, a novel analytical
method is studied in which numerical methods are combined
to reduce the time and cost required for motor design and
electromagnetic field analysis.

In general, when designing a motor, its design parameters
are determined using sizing equations [19]–[23]. One issue
to be aware of is that a gap occurs due to the end-winding
in the segment where the coil is wound around the stator,
and this affects the total diameter of the motor. A method to
find the end-winding length was proposed in [24]. However,
it is actually determined by the minimum bend radius of
copper, the material of the coil. In this paper, a novel equation
that more accurately calculates the end-winding length by
applying the minimum bend radius to the bending of the coil
occurring at the corner of each core is first proposed.

FEA is generally used for electric machine characteristic
analysis [25]–[28]. FEA is a time consuming but highly accu-
rate analysis method. FEA does not take more than one hour
when the analysis target is a two-dimensional (2D)model, but
in the case of a three-dimensional (3D) model, it can take a
day or more to complete. The AFPMmachine requires a very
long analysis time because a 3D model analysis is required
due to its structural characteristics, which leads to an increase
in design time and cost.

In this paper, an analytical method is proposed to solve this
problem, which significantly lowers the analysis time by cre-
ating an analytical model that combines the quasi-3D method
and a magnetic equivalent circuit (MEC). As shown in Fig. 1,
the quasi-3D method is used to approximate the 3D analysis
results by uniformly dividing the AFPM machine into mul-
tiple 2D cross-sectional models and combining the analysis

FIGURE 1. The principle of the quasi-3D method.

results [29]–[31]. The MEC method is used to analyze the
characteristics of the model by simplifying the structure of
the motor to be designed into a magnetic circuit form. The
MEC modeling used in this study was proposed in [32]–[36].
However, in [32]–[36], the MEC modeling was conducted
under the assumption that magnetic saturation did not occur.
Because the magnetic saturation of the AFPM motor mainly
occurs in the stator, this paper proposes a novel MEC that
adds a stator core reluctance to address this.

If the cross-sectional area of the iron core through which
the magnetic flux passes is insufficient compared to the mag-
netic field strength of the permanent magnet, the magnetic
saturation effect may occur. In the case of a motor, the mag-
netic saturation effect is likely to occur in the stator core, and
it is a factor that can significantly reduce the performance
of the machine, so it must be considered [37]. To consider
this, various methods for inducing the relative permeability
of the iron core by approximation and interpolation of the B-
H relationship, based on the B-H curve characteristic data of
the iron core material, have been proposed [38]–[43]. In this
paper, a method to calculate the relative permeability function
using a piecewise cubic Hermite interpolating polynomial
(PCHIP), based on the B-H curve data, is proposed, as is a
novel stator core permeability correction algorithm applica-
ble to the proposed MEC.

The slot opening effect is a phenomenon occurring in the
slot opening of a machine, and it is a matter to be considered
when designing a motor because it distorts the waveform of
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the air-gapmagnetic flux density and changes the electromag-
netic characteristics of the machine [44]–[47]. In this paper,
two methods are used to consider the slot opening effect. The
first method is to use a conformal transformation based on
complex functions. This method for an AFPM machine was
proposed in [48]. However, in [48], there is only mention
that the quasi-3D method was used, and it was not clearly
formulated. Therefore, in this paper, the analysis model that
considers the slot opening effect is proposed by formulating
variables that change for each slice model obtained using the
quasi-3D method during the process of calculating the slot
opening effect through conformal transformation.

The second method is to obtain the magnetic flux concen-
tration coefficient of the slot, which was proposed in [49].
However, [49] was a method targeting interior permanent
magnet (IPM) machines. In this study, this method is first
applied to an AFPM machine using the quasi-3D method,
and an analysis model that considers the magnetic flux con-
centration effect is proposed by formulating variables that
change for each slice model obtained using the quasi-3D
method during the process of calculating the magnetic flux
concentration coefficient.

Therefore, in this paper, a novel MEC analytical method
is proposed, which applies a process for considering the
slot opening effect as well as a process for considering the
magnetic saturation of the stator. The proposed method has
much faster analysis speed than FEA and accuracy similar to
that of FEA. The accuracy and speed of analysis are verified
by comparison with 3D FEA results.

The main reason why AFPM motors are not used exten-
sively even though they have various advantages over conven-
tional radial flux permanent magnet (RFPM) motors is that,
asmentioned earlier, the design and analysis of AFPMmotors
are time-consuming and expensive owing to their structural
characteristics. Therefore, the main objective of this study is
to significantly reduce the time required for designing AFPM
motors through the proposed analytical method.

The performance of the motor designed using the analy-
sis and design process proposed in this paper was verified
by obtaining the total harmonic distortion (THD), the back
electromotive force (EMF), torque, torque ripple, power,
and efficiency map through 3D FEA obtained using JMAG,
a commercial tool of proven accuracy.

II. PROPOSED ANALYSIS AND DESIGN METHOD
Fig. 2(a) outlines the design and analysis process of the
proposed electric vehicle in-wheel motor. This process com-
prises Stages A, B, and C, and Fig. 2(b) shows the steps
of each stage in detail. This section describes the specific
process involved for each step of each stage.

A. FUNDAMENTAL DESIGN OF THE MOTOR
In this stage, the initial design is preceded by selecting the
motor requirements, structure, and materials, and determin-
ing the size parameters using the sizing equation.

STEP 1. DETERMINATION OF DESIGN TARGET AND
REQUIREMENTS
This study is aimed at the in-wheel motors of electric vehi-
cles, so the required performance is determined by accounting
for this. For example, the required performance of a car can be
represented using a simple dynamic model [23]. For a car to
move, it must have a driving force greater than the minimum
driving force of the vehicle. The minimum driving force Frm
can be expressed as the sum of the rolling resistance force fro,
the climbing resistance force fst , and the aerodynamic drag
force fl :

Frm = fro + fst + fl (1)

The rolling resistance force is determined by the tire condi-
tions on the road, as follows:

fro = fr ·M · g (2)

where fr , M , and gare the rolling resistance coefficient,
the vehicle mass, and the gravitational acceleration, respec-
tively. The climbing resistance force is determined by:

fst = M · g · sin δ (3)

where δ is the angle between the vehicle on horizontal ground
and the slope. Since air is a Newtonian fluid, Newton’s law
of viscosity applies. So, the aerodynamic drag force is deter-
mined by:

fl =
1
2
ρa · Cd · Ap · (v+ v0)2 (4)

where ρa is the air density,Cd is the air-resistance coefficient,
Ap is the frontal projected area, v is the vehicle speed, v0 is
the headwind speed.

Therefore, the minimum torque for the vehicle to travel on
a slope of angle δ is:

τmin = r × Frm (5)

where r is the position vector. The minimum power required
is:

Pmin = τmin · ωm (6)

where ωm is the angular speed. For the vehicle to acceler-
ate, additional power is required, depending on the required
acceleration. The force applied when the vehicle accelerates
is called the acceleration resistance force. It is also called the
inertia resistance force, as it is a force that overcomes the
inertia of the vehicle and can be expressed as:

fa = (M +1M ) ·
a
g

(7)

where 1M is the equivalent mass of rotating parts and
changes according to the transmission ratio of the vehicle,
and a is the required acceleration.

Therefore, the additional torque and power required for the
vehicle to accelerate is:

τa = r × fa (8)

Pa = τa · ωm (9)
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FIGURE 2. Design and analysis flow chart diagram of the motor for an electric vehicle in-wheel system (a) simplified version (b) detail version.
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The total power required is:

Pout = Pa + Pmin (10)

The required performance of the vehicle can be determined
through (1) to (10).

STEP 2. SELECTION OF MOTOR TOPOLOGY
The size of the motor is a key requirement as the electric
vehicle in-wheel motor must be mounted inside the vehicle
wheel. In particular, the axial length must be short, and
despite the limited size, sufficient power and torque to drive
the vehicle are required. In this paper, an AFPM motor was
selected to meet these requirements. Unlike conventional
motor structures, the AFPM motor can effectively generate
torque in a confined space—with a thin structure and a large
diameter—because the main magnetic flux flows in the axial
direction [50], [51]. Therefore, it is suitable for use as an
in-wheel motor, as proposed in this paper.

The AFPM motor can be designed in various topologies,
as shown in Fig. 3, depending on the configuration of the
stator and rotor, and the arrangement of the permanent mag-
nets [52]. In this paper, a single-stator & dual-rotor structure
was adopted to increase the amount of torque generated.
This structure can be of two types depending on the per-
manent magnet arrangement of the two rotors: north-north
(NN) and north-south (NS) topologies. In the NN topology,
performance loss due to magnetic saturation may occur if
the thickness of the stator yoke is not large enough. How-
ever, since the NS topology has a structure in which the
magnetic flux of the one rotor flows to the opposite rotor,
rather than the stator yoke, the design is simplified. Therefore,
the design incorporated the NS type topology. In addition,
to maximize the advantage of the magnetic flux not flow-
ing to the stator yoke, the design was carried out with a
yokeless and segmented armature (YASA) topology, with
the stator yoke removed. The YASA structure is easy to
manufacture, can reduce the stator iron loss, and since it is
made of a split core, it has the advantage of high-efficiency
operation and high power density, as it can improve the coil
area and reduce copper loss [53]–[55]. Therefore, in this
paper, we used the YASA AFPM topology for the in-wheel
system.

STEP 3. SELECTION OF POLE-SLOT NUMBER
In this step, the combination of the number of poles and slots
of the motor is selected. Since the magnetic flux distribution
in the stator becomes more uniform as the number of poles
increases, the saturation in the core decreases even when
the same current is applied. Therefore, the magnetic flux
linkage by the permanent magnet does not decrease in a pre-
cisely inversely proportional manner, as the number of poles
increases. In other words, the torque of the motor increases,
as the number of poles increases [56]. Therefore, a multi-pole
structure was adopted to design a high torque motor. How-
ever, for stable performance control, the switching frequency
of the invertermust be ten times (ormore) that of the electrical

frequency at the maximum speed of the motor [56]. Conse-
quently, considering this, the number of poles of the motor
designed in this paper was set to 20. The fundamental winding
factor, winding layout, periodicity, and cogging multiplier
were considered to determine the appropriate number of slots
for the number of poles [47], [48]. In addition, the design of
fractional slots, such as a combination of 2-poles–3-slots or
3-poles–4-slots, uses the asymmetry of the magnetic circuit
to cancel spatial harmonics, thereby reducing the back EMF
harmonics and torque ripple. Consequently, considering all
these factors, a 20-poles–30-slots structure was selected.

STEP 4. DETERMINATION OF THE CORE AND PERMANENT
MAGNET MATERIAL
When designing a motor, the material of the core and the
permanent magnet should be determined by comprehensively
considering the performance, cost, and commercialization
of the motor. In this paper, 35JN230 electric steel plate
and N36Z permanent magnet material were selected for the
AFPM motor in-wheel system requirements.

STEP 5. DETERMINATION OF THE PARAMETERS USING
SIZING EQUATIONS
Various size parameters of the motor can be determined using
sizing equations. Here, the size parameter is determined using
the sizing equation proposed in [19] and proposing a novel
equation to consider the end-winding length.

5.1. DETERMINATION OF MAIN DIMENSIONS
In general, when the leakage resistance and inductance of
the stator are neglected, the main dimensions of the electrical
machine can be obtained through the output power equation
for electrical machines, expressed as:

Pout = η
m
T

∫ T

0
e(t) i(t)dt = mKpηEpk Ipk (11)

where Epk is the peak value of the phase air-gap EMF, Ipk
is the peak value of the phase current, η is the machine
efficiency, m is the number of machine phases, and T is the
period of one EMF cycle.Kp is the electrical power waveform
factor, defined as:

Kp =
1
T

∫ T

0

e(t) · i(t)
Epk · Ipk

dt =
1
T

∫ T

0
fe(t) · fi(t)dt (12)

where fe(t) = e(t)/Epk and fi(t) = i(t)/Ipk are expressions
for the normalized EMF and current waveforms.

The EMF of AFPM machine e(t) is:

e(t) = d
3g

dt
= KeNtBg

f
p
(1− λ2D)D

2
out fe(t) (13)

where 3g is the air-gap linkage flux per phase, p is the
machine pole pair, Ke is the EMF factor which incorporates
the winding distribution factor Kw and the ratio between the
area spanned by the (salient) poles and the total air-gap area,
Nt is the number of winding turns per phase, and γ is the
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FIGURE 3. Topologies of the AFPM machine.

diameter ratio of the AFPM machine defined as:

λD =
Din
Dout

(14)

where Dout is the outer diameter of the AFPM machine, and
Din is the inner diameter of the AFPM machine.

Through (13), Epk can be obtained as:

Epk = KeNtBg
f
p
(1− λ2D)D

2
out (15)

For the effect of the current, the current waveform factor
Ki is defined as:

Ki =
Ipk
Irms
=

(
1
T

∫ T

0

(
i(t)
Ipk

)2

dt

)− 1
2

(16)

where Irms is the rms value of the phase current.
Table I lists typical waveforms and their corresponding

power waveform factor Kp and current waveform factor Ki.
Ipk is determined as:

Ipk = AπKi
1+ λD

2
Dout

2m1Nph
(17)

where m1 is the number of phases of each stator, and A is the
electrical loading. Substituting (15) and (17) for (11), Pout is:

Pout =
1

1+ kφ

m
m1

π

2
KeKiKpηBgA

fe
P
(1− λ2D)

1+ λD
2

D3
out

(18)

To express (18) in terms of volume D2
outLe, it is useful to

consider the aspect ratio coefficient KL . KL is the coefficient
related to a specific machine structure, with consideration
for the effects of losses, temperature rise, and the design’s
efficiency requirements.

TABLE 1. Typical prototype waveforms.

Therefore, the sizing equation of the generally presented
AFPM machine is:

Pout=
1

1+kφ

m
m1

π

2
KeKiKpKLηBgA

fe
P
(1−λ2D)

1+λD
2

D2
outLe

(19)

This equation is the key sizing equation, and it can be
applied to the double-sided AFPM motor presented in this
paper [59].

5.2. DETERMINATION OF TOTAL DIAMETER USING
PROPOSED END-WINDING LENGTH EQUATION
In this step, the total outer diameter of the motor to be
designed is obtained through the key sizing equation obtained
in the previous step.
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FIGURE 4. Geometry of the AFPM machine coil.

Through (18), the outer diameter Dout is determined as:

Dout = 3

√√√√ Pout
1

1+kφ
m
m1

π
2KeKiKpηBgA

fe
P (1− λ

2
D)

1+λD
2

(20)

The total outer diameter of the double-sided AFPM
machine Dout is:

Dt = Do + 2Wcoil,out (21)

where Wcoil,out is expressed as the sum of the thickness of
the outer diameter coil and the clearance distance due to the
end-winding. Since Wcoil,out is determined by the minimum
bend radius of copper, the material of the coil, the equation
for calculating Wcoil,out using the minimum bend radius is
proposed.

Fig. 4 shows the geometry of the coil used to determine
Wcoil,out . θ is the outer arc angle of the stator teeth. Draw
a line segment CD perpendicular to the line segment AB.
The length of line segment AC is the minimum bend radius
Rbend , and the length of AD is the thickness of the coil
Tcoil . Draw circles centered at point C, the length of segment
AC and the length of AD being the radius of each circle,
respectively. Through this process, the geometry of the coil
can be obtained. Therefore, the end-winding length Wcoil,out
is proposed as:

Wcoil,out = Rbend (1+ sin θ )+ N · Tcoil −
Do
2
(1− cos θ )

(22)

where N is the number of coil-wound layers.
The thickness of the coil is determined by the maxi-

mum current density, which itself is determined as Jmax =

Ipk/Acoil . There is a typical criterion that is dependent on the
cooling method of the motor.

B. NO-LOAD MAGNETIC FIELD ANALYSIS OF THE MOTOR
USING PROPOSED ANALYTICAL METHOD
It is necessary to analyze the characteristics of the machine
to ensure that the motor designed in Stage A is designed

FIGURE 5. The cross-sectional structure of the AFPM motor.

correctly. FEA is used to analyze the characteristics of elec-
tric machines, and although it offers high accuracy, it con-
sumes an enormous amount of time. Therefore, in this stage,
the no-load magnetic field analytical method applicable to
AFPM motors, yielding a faster analysis time compared to
FEA, is proposed. In addition, to ensure that the proposed
analytical method has FEA levels of accuracy, a stator core
permeability correction algorithm to consider magnetic satu-
ration and other methods that consider slot opening effects,
are proposed.

STEP 6. NO-LOAD MAGNETIC FIELD ANALYSIS USING
PROPOSED QUASI-3D MEC METHOD
The MEC method is used to analyze the characteristics of
the model by simplifying the structure of the motor to be
designed. Using this method, the average air-gap magnetic
flux density of the target model can be obtained. Therefore,
theMECmethod for the dual-sided AFPMmotor, which adds
a new parameter to consider magnetic saturation using the
quasi-3D method, is proposed.

STEP 6.1. MEC MODELING OF SLOTLESS MOTOR
Fig. 5 shows the cross-sectional structure of the AFPMmotor
cut in the radial direction [32]. To simplify the value of
the parameter to be obtained using the MEC method, it is
assumed that it is a slotless structure.

When designing themotor, the thickness of the rotor’s back
iron is designed to be sufficiently thick in consideration of the
durability and magnetic saturation of the motor. Therefore,
if magnetic saturation does not occur in Rr , Rr is very small
compared to Rg and can be ignored. However, the stator
is prone to magnetic saturation, which is directly related
to the performance of the machine. Therefore, to consider
performance change due to magnetic saturation, the stator
core reluctance is defined. Thus, based on the three magnetic
flux flows shown in Fig. 5, theMECmodeled by adding stator
core reluctance is shown in Fig. 6.
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FIGURE 6. Magnetic equivalent circuit for Fig. 5.

The parameters in Fig. 6 are defined as:
8g : Air-gap flux for one magnet pole
8r : Flux source of one magnet pole
Rg : Reluctance of the air gap
Rmo : Reluctance of a magnet, corresponding to 8r
Rs : Reluctance of the stator
Rr : Reluctance of the rotor back iron
Rmr : Reluctance corresponding to the magnet-to-rotor

leakage flux
Rmm : Reluctance corresponding to the magnet-to-magnet

leakage flux
Since the circuit diagram is symmetrical, Fig. 6 can be

simplified to Fig. 7 and Fig. 8.

STEP 6.2. CALCULATION OF THE RELUCTANCES OF THE
PROPOSED MEC
In Fig. 6, the reluctance parameter is:

Rmo =
LPM

µ0µrmAm
(23)

Rg =
g

µ0Ag
(24)

Rmm =
π

µ0h ln(1+ πg/wf )
(25)

Rmr =
π

µ0h ln
[
1+ π min

(
g, wf2

)
/LPM

] (26)

Rs =
Ls

µ0µrs(B)Ag
(27)

FIGURE 7. The reduced form of Fig. 6.

FIGURE 8. The reduced form of Fig. 7.

where:

Am = wmh (28)

Ag = (wm + 2g)h (29)

h =
Dout − Din

2
(30)

The permeability of the stator core is µrs(B) = µrs,ini =

3000. In Fig. 8, Rm is calculated as:

Rm =
Rmo

1+ 2α + 4β
(31)

where:

α =
Rmo
Rmr

(32)

β =
Rmo
Rmm

(33)
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STEP 6.3. CALCULATION OF AIR-GAP FLUX DENSITY OF
PROPOSED MEC
Using flux division, the total air-gap magnetic flux obtained
by the proposed MEC method can be expressed as:

8g =
Rm8r

Rm +
(
Rg +

Rs
2

)
=

8r

1+
(
2Rg+Rs
2Rmo

)
(1+ 2α + 4β)

(34)

8m =

(
Rg +

Rs
2

)
8r

Rm +
(
Rg +

Rs
2

)
=

1+
(
2Rg+Rs
2Rmo

)
(2α + 4β)

1+
(
2Rg+Rs
2Rmo

)
(1+ 2α + 4β)

8r (35)

Therefore, the air-gap magnetic flux density is:

Bg =
Am/Ag

1+
(
2Rg+Rs
2Rmo

)
(1+ 2α + 4β)

Br (36)

Bm =
1+

(
2Rg+Rs
2Rmo

)
(2α + 4β)

1+
(
2Rg+Rs
2Rmo

)
(1+ 2α + 4β)

Br (37)

STEP 6.4. APPLYING PROPOSED QUASI-3D METHOD
TO MEC
To apply the proposed MEC method to the AFPM machine,
the quasi-3D method is employed. Each 2D model slice
obtained using the quasi-3D method has a different value of
wf and wm for each radius length. wf and wm for each slice
model can be expressed as:

wf ,i =
2πθf
360

ri (38)

wm,i =
2πθm
360

ri (39)

ri =
h

ns − 1
(i− 1)+

Din
2

(40)

where i is a natural number from 1 to ns.
The air-gap magnetic flux density varies according to the

values of wf and wm. The air-gap magnetic flux density for
each slice model Bg,i can be expressed as:

Bg,i =
Am,i/Ag,i

1+
(
2Rg,i+Rs,i
2Rmo,i

)
(1+ 2αi + 4βi)

Br (41)

STEP 7. CONSIDERATION OF MAGNETIC SATURATION
Most of the magnetic saturation of the motor occurs in the
stator, which leads to a significant deterioration in the perfor-
mance of the machine. Therefore, based on the B-H curve
data, the relative permeability µrs(B) is calculated using a
PCHIP. A method of considering magnetic saturation is pro-
posed by applying the calculatedµrs(B) and the parameters
calculated in step 6 to the proposed stator core permeability
correction algorithm.

FIGURE 9. Comparison of the experimental B-H curve and a PCHIP.

TABLE 2. Coefficient of B-H curve polynomial using a PCHIP.

STEP 7.1. INTERPOLATION OF STATOR CORE PERMEABILITY
FUNCTION
A PCHIP, an interpolation polynomial used in this paper, has
the following characteristics [60].

1. It is a shape-preserving interpolation.
2. It seeks to match only the first-order derivatives at the

data points with those of the intervals before and after.
3. The interpolation polynomial’s minimum value matches

the minimum value of the data.
4. On intervals where the data is monotonic, so are the

interpolation polynomials.
5. It has no overshoots and less oscillation if the data is not

smooth.
6. In general, a PCHIP curve does not have peaks and

valleys. Curves can be differentiated at any point.
Therefore, it is an interpolation method suitable to be

applied to a monotonic curve, such as the B-H curve, without
peaks and valleys.

When the data are given as (an, bn), where n is the number
of data, the basic form of the polynomial obtained by applying
a PCHIP P(x) is as (42) where A, B, C, and D are coefficients
obtained through a PCHIP.

In this paper, 12 B-H curve data points are used. Based
on this, the functions obtained by applying a PCHIP using
MATLAB are shown in Table II and Fig. 9, respectively.

Since the permeability is the slope of theB-H curve, the rel-
ative permeability of the material can be expressed as

µrs(H ) =
1
µ0

dB(H )
dH

(43)
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TABLE 3. Coefficient of Core permeability polynomial using a PCHIP.

TABLE 4. Coefficient of H-B curve polynomial using a PCHIP.

Thus, the relative permeability function has the form of
differentiating (42) and can be expressed as (44), as shown
at the bottom of the page.

Therefore, the relative permeability function obtained by
substituting the B-H curve function obtained through a
PCHIP into (43) has the form of (44), and the coefficient of
the function is shown in Table III.

The relative permeability function for the magnetic flux
density µrs(B) is a composite of the inverse function of the B-
H curve functionH (B) and the permeability function µrs(H ),
and is calculated as:

µrs(B) = µrs(H (B)) (45)

whereH (B) has the same form as in (44), and each coefficient
is shown in Table IV.

STEP 7.2. CALCULATION OF STATOR CORE PERMEABILITY
OF SLOTLESS MOTOR
The core magnetic flux density of the slotless motor is
obtained using the air-gap magnetic flux density obtained
through the MEC analysis method proposed in Step 6. The
core magnetic flux density Bs,slotless is:

Bs,slotless = Bg ×
Ag

As,slotless
(46)

where:

As,slotless = (wm + wf )L (47)

Subsequently, the relative magnetic permeability of the
core is updated by substituting the calculated Bs,slotless to the
relative permeability function µrs(B) obtained through (46),
the core reluctance is recalculated, and the new air-gap mag-
netic flux density is calculated. Based on the newly calculated
air-gap magnetic flux density, the relative permeability of the
core is recalculated. This process is repeated until:

µrs(Bs,slotless) = µrs,new(B) (48)

This algorithm is the stator core permeability correction
algorithm proposed in this paper.

STEP 8. ANALYSIS OF SLOT OPENING EFFECT USING
PROPOSED QUASI-3D METHOD
The analytical method proposed in steps 6 and 7 is a method
targeting a slotless model. However, the model designed in
this paper has a slot structure. Since the electromagnetic char-
acteristics of the machine change depending on the existence
of the slot, the analysis must be conducted in consideration
of the slot opening effect.

In this step, two methods are used to consider the slot
opening effect. First, a method of calculating the slot open-
ing effect coefficient of the AFPM motor by combining the
quasi-3D method with a complex function-based conformal
transformation is proposed.

Second, to consider the concentration of magnetic flux
occurring in the slot, a method of calculating the flux con-
centration coefficient of the AFPM motor by combining the
method using the ratio of the slot opening area and the tooth
area with the quasi-3D method is proposed.

P(x) =


A1(x − a1)3 + B1(x − a1)2 + C1(x − a1)+ b1 at a1 ≤ x < a2
A2(x − a2)3 + B2(x − a2)2 + C2(x − a2)+ b2 at a2 ≤ x < a3
...

An−1(x − an−1)3 + Bn−1(x − an−1)2 + Cn−1(x − an−1)+ bn−1 at an−1 ≤ x < an

(42)

dP(x)
dx
=


A1(x − a1)2 + B1(x − a1)+ C1 at a1 ≤ x < a2
A2(x − a2)2 + B2(x − a2)+ C2 at a2 ≤ x < a3
...

An−1(x − an−1)2 + Bn−1(x − an−1)+ Cn−1 at an−1 ≤ x < an

(44)
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FIGURE 10. Slot opening of the AFPM machine (a) in the z-plane, (b) in
the w-plane, (c) in the t-plane.

STEP 8.1. DETERMINATION OF SLOT OPENING EFFECT
COEFFICIENT
The conformal transformation for the AFPM machine pro-
ceeds through the transformation of three planes: the z-, w-,
and t-planes [48], [61]. The slot opening in each plane is
shown in Fig. 10.

The first transformation, the conformal transformation
from the z-plane to the w-plane, is also known as the
Schwarz-Christoffel transformation. The equation for z-w
conformal transformation is:
dz
dw
= A(w− a)(α/π)−1(w− b)(β/π)−1(w− c)(γ /π)−1 · · ·

(49)

The equation for the z-w conformal transformation of the
AFPM motor obtained using (49) is:

dz
dw
= j

Y2
π

(w− a)1/2(w− b)1/2

w(w− 1)
(50)

where coefficient a and b is:

b =

 tso
2Y2
+

√(
tso
2Y2

)2

+ 1

 2

(51)

a =
1
b

(52)

If p2 = (w− b)/(w− a) is defined, (50) can be derived as:

z= j
2Y2
π

∫
(b+1)2(b−1)p2

(1−p2)(b2−p2)(b+p2)
dp (53)

z= j
Y2
π

(
ln
[
1+p
1−p

]
−ln

[
b+p
b−p

]
−
2(b−1)
√
b

tan−1
p
√
b

)
+C

(54)

By substituting w= b for (54), the integral constant C can
be calculated as:

C = Y2 + jx2 (55)

The second conformal transformation is from the w-plane
to the t-plane, and the equation is:

dt
dw
=
A
w
dw (56)

The equation for the w-t conformal transformation of the
AFPM motor obtained using (56) is:

t = j
Y2
π
w+ Y2 + j

τs

2
= q+ jp (57)

Therefore, the slot opening effect coefficient can be calcu-
lated using (54) and (57) as:

λ =
∂t
∂z
=
∂t
∂w

∂w
∂z
=

(w− 1)
(w− a)1/2(w− b)1/2

(58)

This slot opening effect coefficient is also known as the rela-
tive air-gap permeance. The slot opening effect coefficient for
the azimuth angle of the AFPM motor is shown in Fig. 11.

STEP 8.2. APPLYING QUASI-3D METHOD TO SLOT
OPENING EFFECT COEFFICIENT
To apply the calculated slot opening effect coefficient to
the AFPM machine, a novel slot opening effect coefficient
calculation method combined with the quasi-3D method is
proposed. Each 2D model slice obtained using the quasi-3D
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FIGURE 11. Slot opening effect coefficient graph.

FIGURE 12. Flux flow line graph of the AFPM motor.

method has a different value of x2 for each radius length. x2
can be expressed as:

x2,i =
x2,Rin − x2,Rout

h
li + x2,Rout (59)

where x2,Rin is the value of x2 of the 2D model sliced with the
inner radius length of the designed AFPM motor, and x2,Rout
is the value of x2 of the 2D model sliced with the outer radius
length of the designed AFPM motor.

Therefore, the slot opening effect coefficient of the i-th
slice model λi is:

λi =
∂t
∂z
=

(wi − 1)
(wi − a)1/2(wi − b)1/2

(60)

STEP 8.3. DETERMINATION OF FLUX CONCENTRATION
COEFFICIENT
Fig. 12 shows the graph of the magnetic flux flow of the
AFPM motor. In the slot model, the magnetic flux is concen-
trated in the tooth segment, which has a reluctance smaller
than that of the slot opening segment. In this step, a method
is proposed to consider the effect caused by magnetic con-
centration [49].

Fig. 13 is an equivalent model proposed to consider the
magnetic flux concentration phenomenon occurring in the

FIGURE 13. Equivalent model of the magnetic flux concentration effect
consideration in (a) slotless AFPM motor (b) slotted AFPM motor.

AFPM motor. By calculating the ratio of each region to the
total magnetic flux through Fig. 13(a), the magnetic flux of
the slot opening segment and the magnetic flux of the tooth
segment of the slotless model can be calculated as:

φslot = φrotor ·
wopen

wopen + wtooth
(61)

φtooth = φrotor ·
wtooth

wopen + wtooth
(62)

From Fig. 13(b), (61), and (62), the magnetic flux of the
slot opening segment and of the tooth segment of the slot
model can be calculated as follows:

φ′slot = φslot · λave (63)

φ′tooth = φrotor − φ
′
slot (64)

where λave is the average relative air-gap permeance and is
calculated as:

λave =
1

wopen

∑
wopen

Re{λ(x)} (65)

Therefore, the flux concentration coefficient is calculated
as:

kcon =
φ′tooth

φtooth
(66)

STEP 8.4. APPLYING QUASI-3D METHOD TO FLUX
CONCENTRATION COEFFICIENT
To apply the calculated magnetic flux concentration coeffi-
cient to the AFPMmachine, a novel magnetic flux concentra-
tion coefficient calculation method combining the quasi-3D
method is proposed. Each 2D model slice obtained using
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the quasi-3D method has a different value of wtooth for each
radius length. wtooth can be expressed as:

wtooth =
wso − wsi

h
li + wso (67)

In addition, since λave is different for each 2D model slice
by (60) and (65), λave for each i-th 2D model is expressed as:

λave,i =
1

wopen

∑
wopen

Re{λi(x)} (68)

Therefore, the flux concentration coefficient kcon,i for each
i-th slice 2D model can be expressed as:

kcon,i =
φ′tooth,i

φtooth,i
(69)

STEP 9. CALCULATION OF MAGNETIC FLUX DENSITY OF THE
SLOTTED MOTOR
The air-gap magnetic flux density of the AFPM motor
Bg,slotted calculated by applying the analysis method pro-
posed in Steps 6, 7, and 8 is:

Bg,slotted =
1
ns

ns∑
i=1

Bg,i × Re(λi)× kcon,i (70)

where ns is the number of slices, and the larger ns is,
the higher the accuracy. However, the analysis time also
increases, so an appropriate value should be selected accord-
ing to the designer’s environment.

Next, two things are checked to make sure that the correct
design is performed. First, the core magnetic flux density of
the slotted model Bs,slotted is compared with the maximum
allowable core magnetic flux density Bs,max. The core mag-
netic flux density of the slotted model Bs,slot is calculated as:

Bs,slotted = Bg,slotted ×
Ag

As,slot
(71)

where As,slot is the cross-sectional area of the stator tooth in
the slotted model.

If Bs,slotted is larger than Bs,max, magnetic saturation will
occur and the efficiency will be significantly reduced, so the
design must be changed.

Second, whether Bg,slotted is satisfied with the design target
performance is checked by comparing Bg,slotted and the target
air-gap magnetic flux density Bdesigned .
The results of applying the proposed analysis method to

the AFPM motor designed in this paper are confirmed in
Figs. 14 and 15.

When comparedwith the results obtained through 3DFEA,
the error from the proposed analytical method is less than 1%,
and the analysis time is approximately 20 seconds, which is
much faster than 3D FEA. Therefore, the proposed analytical
method has very high accuracy and analysis speed; thus, it is
practicable and can be applied to the AFPM motor design.

FIGURE 14. The air-gap flux density using the proposed analytical
method.

FIGURE 15. The Back EMF of the AFPM motor using the proposed
analytical method.

C. FEA OF THE DESIGNED MOTOR
To determine the parameters of the AFPM motor designed
through stages A and B, which cannot be obtained through
analytical methods, such as the reduction of cogging torque,
and to obtain all the characteristics of the designed motor to
verify that it is designed correctly, FEA of the motor is con-
ducted using JMAG, a commercial tool of proven accuracy.

STEP 10. APPLYING COGGING TORQUE REDUCTION
TECHNIQUE
Cogging torque is the force that the rotor applies to align in
the direction of minimum reluctance during no-load opera-
tion and is caused by the difference in reluctance between
the stator slot and the rotor permanent magnet. This is the
parameter that must be minimized, as it lowers the control
precision of the machine and causes vibration and noise.

There are many ways to reduce the cogging torque,
but in this paper, the most representative method—magnet
skewing—is used. Magnet skewing is a method of skewing
the shape of a magnet by a certain angle as shown in Fig. 16.

The smallest skew angle that minimizes the cogging torque
is shown in [62] as:

θskew =
2π
Nc

(72)

where Ns is the number of motor slots.
However, (72) is an equation for an RFPM machine in

general, and the optimum skew angle is different from (72),
as the inner and outer radii of an AFPMmachine are different.
Therefore, it is necessary to find the optimal skew angle
of the designed model by obtaining the magnitude of the
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FIGURE 16. Magnet skewing of the AFPM machine rotor.

FIGURE 17. Variation of the peak-to-peak cogging torque with skew
angle.

peak-to-peak cogging torque based on the skew angle. The
results are shown in Fig. 17, and based on this, the final skew
angle was determined to be 15◦.

STEP 11. FEA OF ELECTROMAGNETIC CHARACTERISTICS OF
THE DESIGNED MOTOR
In this step, FEA is conducted to determine the electromag-
netic characteristics of the designed motor in the no-load and
load conditions and to check whether the motor is designed
to satisfy the requirements. Fig. 18 shows the structure of
an AFPM motor designed using the process proposed in this
paper.

STEP 11.1. NO-LOAD ANALYSIS USING FEA
In the no-load analysis, the back EMF of the motor, THD of
the back EMF, and cogging torque can be obtained. This anal-
ysis was conducted at a base speed of 2,400 rpm. The back
EMF is the voltage induced in the no-load operation. When
a Fourier transform is applied to the back EMF waveform,

FIGURE 18. Designed AFPM motor structure.

FIGURE 19. The Back EMF of the AFPM motor using 3D FEA.

FIGURE 20. The cogging torque of the AFPM motor using 3D FEA.

harmonics can be obtained, and the THD is calculated as:

THD =

√
V 2
2 + V

2
3 + V

2
4 + · · ·

V1
(73)

Fig. 19 shows the back EMF waveform of the designed
motor. The THD of the designed motor is very small, approx-
imately 2.3%. The smaller the THD, the closer the waveform
is to a sine wave, which means that heat, vibration, and core
loss of the motor are reduced, improving the performance of
the motor.

Fig. 20 shows the magnitude of the cogging torque of the
designed motor, which was also very small, approximately
3.02 N·m.

Fig. 21 shows the magnetic flux density distribution in the
no-load state of the designed AFPM motor. The maximum
magnetic flux density was approximately 1.2 T, confirming
that the motor had been designed correctly. The maximum
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FIGURE 21. The no-load magnetic flux density distribution of the
designed AFPM motor.

FIGURE 22. The load torque of the AFPM motor using 3D FEA.

FIGURE 23. The load magnetic flux density distribution of the designed
AFPM motor.

magnetic flux density was also small enough to not have to
consider magnetic saturation.

STEP 11.2. LOAD ANALYSIS USING FEA
In the load analysis, the torque, power, torque ripple, and
efficiency of the motor can be obtained. This analysis was
conducted at a base speed of 2,400 rpm.

Fig. 22 shows the load torque and torque ripple magnitude
of the designed motor. The designed motor had a torque
of 212 N·m and a torque ripple of approximately 4.7%. This
was more than the target torque size of 200 N·m and less
than a torque ripple target of 5% (or less), confirming that
the motor had been designed correctly.

Fig. 23 shows the distribution of magnetic flux density in
the loaded state of the designed AFPMmotor. The maximum
magnetic flux density was about 2.1 T, which was large

FIGURE 24. (a) The speed-torque-power curve and (b) efficiency map of
the designed AFPM motor.

TABLE 5. Parameters of the AFPM motor for an in-wheel system.

enough to consider magnetic saturation. However, it occurred
only in parts of the stator teeth and had a relatively low mag-
netic flux density in the main flux path. As such, the perfor-
mance reduction due to magnetic saturation was very small.

Fig. 24 shows the speed-torque-power characteristic and
efficiency map of the AFPM motor calculated by FEA under
the load condition. The maximum efficiency of the motor was
98.2% at 2,000 rpm, confirming that the designed motor had
very high efficiency.
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STEP 12. CONFIRMING THE FINAL PARAMETERS OF THE
DESIGNED MOTOR
The parameters and characteristics of the motor designed in
this paper are shown in Table V.

The motor designed satisfies the requirements of an elec-
tric vehicle in-wheel system motor, such as a maximum
torque of 212 N·m, maximum power of 53 kW, maxi-
mum efficiency of 98.2%, and a wide high-efficiency oper-
ating range. In addition, through electromagnetic analysis,
the motor was designed correctly by having a torque ripple
of approximately 4.7%, a low core magnetic flux density that
did not require magnetic saturation be considered, and a THD
of approximately 2.3%.

III. CONCLUSION
As the interest in eco-friendly technology increases daily, the
demand for electric vehicles increases. Therefore, this paper
presents an AFPM motor analysis and design method for use
in an in-wheel system that is suitable for electric vehicles.

When designing an AFPM motor, it is difficult to estimate
the exact outer diameter of the motor and the shape of the coil
windings because of the clearance distance required by the
end-winding. Therefore, it is noteworthy that a novel analyti-
cal method can precisely estimate the outer diameter and the
shape of the coil winding as proposed in this paper, making it
possible to effectively design the housing and cooling system
of such a motor.

An AFPM motor inevitably needs to perform 3D FEA
due to its structural characteristics, which requires significant
time and expense in its analysis. Therefore, this paper has
significant implications in that respect, proposing a novel
analytical method combined with a numerical method, which
considers not only the motor’s 3D structural effects but also
its complex geometry and can reduce both the development
time and cost of an AFPM motor.

Due to the nonlinearity of the magnetic saturation in the
core, it is difficult to consider it in the analysis, and thus it
lowers the analysis accuracy. Remarkably, the novel algo-
rithm and analytical method proposed in this paper can con-
sider the magnetic saturation with high accuracy.

An in-wheel motor requires a high torque density and
efficiency within the context of a small volume and compact
shape. In this respect, it is noteworthy that the motor designed
using the proposed analysis and design method improved
torque density and efficiency, compared with conventional
RFPM motors, and significantly reduced the energy con-
sumption and motor volume, thus satisfying the requirements
for the in-wheel system of electric vehicles.

The proposed analysis and design method can be applied
to AFPM motors as well as to a diverse array of electrical
machines.

In our future work, we will add stress analysis to verify the
reliability of the designedmotor, andmanufacture a prototype
motor to experimentally verify and supplement the reliability
of the proposed analytical method. In addition, AFPMmotors

are more prone to failure than RFPM motors owing to their
structural characteristics. Therefore, we will aim to study the
fault detection and diagnostic control applicable to AFPM
motors.
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