
Citation: Hong, M.-K.; Pyo, H.-J.;

Song, S.-W.; Jung, D.-H.; Kim, W.-H.

A Study on the Improvement of

Power Density of Axial Flux Motors

for Collaborative Robot Joints

through Same-Direction Skew.

Machines 2023, 11, 591. https://

doi.org/10.3390/machines11060591

Academic Editor: Bingnan Wang

Received: 21 April 2023

Revised: 23 May 2023

Accepted: 24 May 2023

Published: 26 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

machines

Article

A Study on the Improvement of Power Density of Axial Flux
Motors for Collaborative Robot Joints through
Same-Direction Skew
Min-Ki Hong 1 , Hyun-Jo Pyo 1 , Si-Woo Song 2 , Dong-Hoon Jung 3 and Won-Ho Kim 1,*

1 Department of Electrical Engineering, Gachon University, Seongnam 13120, Republic of Korea;
chapcher01@naver.com (M.-K.H.); phj00700@naver.com (H.-J.P.)

2 Department of Electrical Engineering, Hanyang University, Seoul 04763, Republic of Korea;
thdtldn93@naver.com

3 Deptartment of Mechanical, Automotive and Robot Engineering, Halla University,
Wonju 26404, Republic of Korea; dh.jung@halla.ac.kr

* Correspondence: wh15@gachon.ac.kr

Abstract: Axial flux motors have a large output density with a large outer diameter of the motor
and a short axial length. Since it is advantageous in short axial length, the axial thickness of motor
components becomes a very important parameter when designing axial flux motors. Among the
components, the back yoke exists to serve as a path for magnetic flux and must have a certain
thickness to prevent magnetic saturation. However, as the thickness of the back yoke increases within
the axial size limit of the motor, the output of the motor may decrease. In this paper, same-direction
skew that increases the cross-sectional area of the magnetic flux path without increasing the thickness
of the back yoke is presented. Same-direction skew is a way to increase the cross-sectional area of the
back yoke by skewing the rotor and stator in the same direction. The back yoke thickness that can be
reduced by same-direction skew was calculated. Performance with same-direction skew designed
using the equations was analyzed and compared, and the effectiveness of each type of rotor was
verified. The validity of the proposed model was examined using the finite element analysis method.

Keywords: permanent magnet (PM) motor; axial flux permanent motor; skew

1. Introduction

Recently, as interest in environmental conservation issues has increased in various
industrial fields, various studies on electric motors have been conducted [1–3]. Axial flux
motors are being considered and actively researched for many applications where high
power density is critical, including electric vehicles, UAMs, and collaborative robotics [4].
Axial flux motors have the advantage of high power density and high efficiency operation
compared to radial flux motors in structures with short axial lengths and large inner and
outer diameters of the stator and rotor [5–7]. Axial flux motors are divided into coreless
types and cored types according to the presence or absence of a core. A coreless-type
axial flux motor has less attraction between stator and rotor permanent magnets than the
cored type, but it cannot concentrate magnetic flux. Generally, the coreless type is used
in small devices [8,9]. As a representative example of the coreless type, the method of
manufacturing a stator using a PCB board is being actively researched. PCB boards can
reduce torque ripple and axial attraction between the stator and rotor, making the motor
more efficient and reliable [8,9]. Recent research has focused on improving the air gap flux
density with a rotor using a Halbach array [8]. Axial flux motors can be categorized into
topologies based on the number of rotors and stators. Axial flux motors can be simply
categorized into single-rotor single-stator types and double-rotor single-stator types [6,10].
For the single-rotor single-stator type, the effect of air gap length is relatively less due
to the single-air-gap structure. However, stator back yoke is required, and additional

Machines 2023, 11, 591. https://doi.org/10.3390/machines11060591 https://www.mdpi.com/journal/machines

https://doi.org/10.3390/machines11060591
https://doi.org/10.3390/machines11060591
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0002-9632-1516
https://orcid.org/0000-0002-5835-8596
https://orcid.org/0000-0002-8236-3002
https://orcid.org/0000-0002-7279-5928
https://doi.org/10.3390/machines11060591
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines11060591?type=check_update&version=1


Machines 2023, 11, 591 2 of 17

support structures are needed to reduce the attraction between the rotor and stator [6,10].
The double-rotor single-stator type has the advantage of not requiring a stator yoke and
offsetting the attraction forces on the stator [4,6,10]. However, in this case, since it has a
double-air-gap structure, the performance degradation is large according to the air gap
length. The components of axial flux motor are rotor back yoke, permanent magnet, shoes,
teeth, windings, and stator back yoke (not required for double-rotor type) [6,7]. The back
yoke acts as a magnetic path between the permanent magnets. If the thickness of the back
yoke becomes thinner than a certain thickness, magnetic saturation occurs in the back
yoke and performance is impaired [11]. In the past, when magnetic saturation occurred
in the back yoke, the design method was to reduce the tooth length or the thickness of
the permanent magnet within the size limit of the motor. However, reducing the length
of the teeth reduces the number of turns, and reducing the thickness of the permanent
magnet reduces the flux, which reduces performance. This is why axial flux motors are
advantageous in multipole combinations. The more multipole, multislot combinations,
the greater the reduction in the magnetic flux through the back yoke which allows the
back yoke to be thinner. Since the number of turns can be secured with the reduced yoke
thickness, the multipole structure shows high performance. In the previous paper [5], the
performance of the back yoke and tooth saturation as the number of poles increased was
compared, and it was shown that the performance was higher in multipole structures.
For applications such as motors for robotic joints in drones or collaborative robots, the
structures have large inner and outer diameters and short lengths of axial direction [12–14].
However, the small size of the motor makes it physically difficult to have a multipole
structure [15,16]. In this paper, a method is presented to increase performance by reducing
the thickness of the back yoke in combination with fewer than 20 slots through the same
directional skew in the electric motor for collaborative robot joints. The paper is organized
into four sections. Section 1 describes the characteristics of axial flux motors and explains
the relation between the thickness of the back yoke and performance. Section 2 describes
the specifications and features of the motor for the target application: collaborative robot
joints. Section 3 describes the principle, characteristics, and modeling method of same-
direction skew. In addition, the formula used to calculate how to reduce the yoke thickness
by fixing the cross-sectional area of the back yoke and increasing the same-direction skew
variable is explained. In Section 4, the formulas calculated in Section 3 were applied to the
target motor in a single-rotor single-stator type and a double-rotor single-stator type, which
were designed based on the basic design. The optimal model was selected by analyzing
the no-load line voltage and load torque and loss for each rotor type. In addition, the
torque ripple analysis according to the change in shape described in the previous paper
was referred to [17–22]. Based on the referenced contents, the torque ripple of each final
model was analyzed. The validity of the proposed model was verified using finite element
analysis.

2. Features of Axial Flux Motors

Figure 1 shows the types of motors depending on the magnetic path. In (a), we can see
a radial flux motor, and (b) is an axial flux motor. At the same speed, the power of the motor
is proportional to the torque. Equations (1) and (2) show the torque expressions for radial
flux and axial flux motors in terms of flux density and size [18]. In Equations (1) and (2),
ac represents the specific electric charge divided by the total electric charge from the void
to the circumference, and k represents the winding factor. ˆBg1 is a fundamental of air gap
magnetic flux density. If the non-electrical and non-magnetic fields are equal, the torque
of the radial flux motor is proportional to the square of the diameter and proportional
to the axial length. The torque of an axial flux motor is proportional to the cube of the
motor diameter. Therefore, there is a possibility that an axial flux motor can increase power
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density compared to a radial flux motor in a structure with a large inner and outer diameter
and a short axial length [17].
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Figure 2. Magnetic path of axial flux motor: (a) single‐rotor single‐stator type and (b) double‐rotor 

single‐stator type. 

Figure 1. Motor types by magnetic path: (a) radial flux motor and (b) axial flux motor.

Figure 2a shows the flux path of a single-rotor single-stator-type axial flux motor, and
(b) shows the flux path of a double-rotor single-stator-type axial flux motor. The magnetic
path of a single-rotor single-stator-type axial flux motor is permanent magnet (PM)—shoe—
teeth—stator back yoke—teeth—shoe—PM—rotor back yoke. The magnetic path of a
double-rotor single-stator-type axial flux motor is PM—shoe—teeth—shoe—PM—rotor
back yoke—PM—shoe—teeth—shoe—PM—rotor back yoke—PM. The back yoke acts as
a magnetic path between the permanent magnets. If the thickness of the back yoke is
not selected sufficiently, magnetic saturation will occur in the back yoke. When magnetic
saturation occurs, the magnetic properties of the material become the same as air, which
adversely affects performance [11]. To prevent magnetic saturation, a design that maintains
the maximum flux density of the back yoke below a certain value is required. In this study,
a value of 1.7 T or less was selected for the load analysis.
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Figure 2. Magnetic path of axial flux motor: (a) single-rotor single-stator type and (b) double-rotor
single-stator type.

Flux density is the flux per unit area, and there are two ways to reduce flux density:
increase the path of the flux or decrease the flux. One way to increase the flux path is
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to increase the thickness of the back yoke. Increasing the thickness of the back yoke
increases the cross-sectional area through which the magnetic flux can pass, preventing
magnetic saturation. Figure 3a shows that saturation occurred in the rotor back yoke of a
16-pole, 18-slot motor of the single-rotor single-stator type due to the insufficiently selected
thickness of the rotor back yoke. Figure 3b shows that by increasing the thickness of the
rotor back yoke in Figure 3a by 45%, the cross-sectional area through which the magnetic
flux can pass increases and magnetic saturation is eliminated. However, given the size
limitations of the motor, as the thickness of the rotor back yoke increases, the tooth length
must decrease, resulting in a decrease in the number of turns. The decrease in the number
of turns means a decrease in performance, which can be seen in the line voltage at no load,
which decreased from 35.7 V to 31.6 V. One way to reduce flux is to reduce the thickness
of the permanent magnet. Reducing the thickness of the permanent magnet reduces the
flux through the back yoke in the magnetic flux loop. Figure 3c shows that the magnetic
saturation of the back yoke is eliminated when the permanent magnet thickness is reduced
by 31.3% in Figure 3a. However, as the thickness of the permanent magnet decreases, the
amount of flux from the permanent magnet decreases, which degrades performance. This
can be seen by the reduction in line voltage from 35.7 V to 34.3 V at no load. As the number
of poles increases, the magnetic flux through the back yoke of the permanent magnet
decreases, preventing magnetic saturation. Figure 3d shows the saturation for the same
back yoke thickness as in Figure 3a with the number of poles changed to 32 and the same
winding factor. Magnetic saturation is also eliminated compared to Figure 3a, allowing the
design to further reduce the thickness of the back yoke and gain more turns. This means
that the multipole, multislot combination is advantageous in axial flux motors. However, if
the application is small, it can be difficult to fabricate a single component (teeth, shoe, etc.),
and the winding tension can be difficult to handle. Therefore, high slot count combinations
in small sizes should be avoided when considering manufacturing.
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Figure 3. Magnetic flux density of single-rotor single-stator-type axial flux motor and line-to-line
voltage at no load: (a) 16-pole 18-slot magnetic flux density with thin rotor back yoke thickness and
line-to-line voltage at no load; (b) magnetic flux density according to back yoke thickness increase and
line-to-line voltage at no load; (c) magnetic flux density and line-to-line voltage at no load according
to the decrease in permanent magnet thickness; and (d) magnetic flux density of 32 poles and 18 slots
and voltage between line-to-line voltage at no load.
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3. The 200 W Collaborative Robot Joint Motor

Figure 4a shows the robot joints of a collaborative robot being mass-produced by
a company, and Figure 4b shows a collaborative robot in action. The motors for the
collaborative robot joints are built in the form of one module per joint, so the wiring must
be routed through the hollow shaft. Therefore, the larger the axial and radial diameters of
the motor and the shorter the axial length, the more favorable the shape. This is in line with
the advantages of axial flux motors, which have a high power density in a structure with a
large inner and outer diameter and a short axial length. However, the size of a collaborative
robot operating in the same space as a human is not much larger than a human, and the size
of the motors for the robot’s joints is small. The small size of the motor makes it physically
difficult to have a multipole structure with more than 20 poles.
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Figure 4. Conventional collaborative robot: (a) collaborative robot joints and (b) collaborative robot
in action.

Table 1 shows motor specifications for 200 W target collaborative robot joints. Figure 5a
shows a radial-flux-type motor for a 200-W-class collaborative robot joint, which is the
target motor of this paper. This motor has a 19.6 [mm] stack length with an 82 [mm] outer
diameter and 44.8 [mm] inner diameter, which can be advantageous for axial flux motor
applications due to its large inner and outer diameters and short stack length. Figure 5b is
a double-rotor single-stator type based on the design of (a) as an axial flux motor. Figure 5c
is the basic design of (a) as a single-rotor single-stator type. In this geometry, a combination
of high pole and slot counts can be used to reduce the thickness of the back yoke to allow
for more turns. However, for practical manufacturing considerations, combinations with
more than 20 slots require very thin tooth thicknesses. This is very difficult to manufacture,
so a 16-pole 18-slot combination with a high winding coefficient in the 18-slot combination
was selected as the basic model. In addition, the maximum saturation of the rotor back
yoke is less than 1.7 [T], so the basic design was carried out within the same size.
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Table 1. Motor specifications for 200 W target collaborative robot joints.

Dimensions Conventional
Radial Flux Motor Axial Flux Motor

Rated output 200 200 W
Rated speed 3500 3500 rpm

Rated current 5.3 5.3 Arms
Pole/slot 20/18 16/18 -

Stator outer/inner diameter 82/54 82/54 mm
Rotor outer/inner diameter 52.2/44.6 82/54 mm

Air gap 0.6 0.6 mm
Stack length 13 19.6 mm

Winding length 19.6 10.6 mm
Permanent magnet N42SH N42SH -

Stator core 35PN230 Somaloy 700 3P -
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(b) single-rotor single-stator-type motor; and (c) double-rotor single-stator-type motor.

4. Same-Direction Skew
4.1. Principal of Same-Direction Skew

Applying skew to the rotor’s permanent magnets increases the cross-sectional area
of the flux path through the rotor back yoke. Figure 6a shows a cross section of the rotor
back yoke with the original geometry with no skew applied to the permanent magnet.
Figure 6b shows the geometry and back yoke cross section with skew applied to the
permanent magnet. For the same thickness of the rotor back yoke, the cross-sectional length
increases from 18.6 mm to 24.8 mm as the skew is applied to the rotor’s permanent magnets.
This means that the cross-sectional area of the magnetic flux passing through the rotor is
increased by about 33%.

Figure 7a shows the existing geometry with no skew applied to the rotor’s permanent
magnets. Figure 7b shows the stator geometry with no skew applied, indicating the
winding layout and tooth spacing as G_Teeth. Figure 8a shows the geometry with skew
applied to the rotor’s permanent magnets. Figure 8b shows the stator geometry with skew
applied. In Figure 8b, the winding layout is shown with the tooth spacing as G_Teeth and
the front of the teeth close to the inner diameter as Front of Teeth. G_Teeth also refers to the
physical thickness of winding that the number of turns can be wrapped around at the tooth
spacing. As the skew is applied, the area of the teeth gradually decreases, and the front
part of the teeth gradually becomes thinner. When the front of the teeth is very thin, it is
difficult to manufacture, vulnerable to magnetic saturation, and has difficulty withstanding
winding tension. In this paper, the minimum thickness of the front end of the teeth was
selected to be more than 3 [mm]. In addition, to minimize performance degradation due to
the reduction in tooth area with the increase in SDS, a shoe-shaped structure was adopted.
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The purpose of the skew of the axial flux motor being studied is to reduce cogging
torque and torque ripple. Typically, it is a shape in which skew is applied to the rotor’s
permanent magnet as shown in Figure 7a or a shape applied to the stator as shown in
Figure 8b. In both cases, it is a shape that mitigates the magnetic resistance difference
according to the rotation of the rotor. However, with that shape, cogging torque and torque
ripple are reduced, but the amount of flux linkage is reduced compared to the non-skew
model. As shown in Figure 8, when the skew is applied to the teeth and shoes in the same
size and direction as the permanent magnet of the rotor, there is no reduction in cogging
torque and no reduction in flux linkage. Furthermore, skew in the same direction has the
effect of increasing the magnetic path of the rotor and stator back yoke. For an intuitive
comparison, the performance difference according to skew is shown in Figure 9.
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4.2. Numerical Approach to Same-Direction Skew

Figure 10a shows how to apply skew to teeth, shoes, and permanent magnets. In (b),
we can see the permanent magnet’s shape made using the method in (a). Center Angle
represents the mechanical angle occupied by one tooth or shoe or one permanent magnet
in a counterclockwise direction based on the x-axis. In the case of 16 poles and 18 slots,
the angle occupied by one tooth or shoe is 20 degrees, and, in the case of the permanent
magnets, it is 22.5 degrees. For the convenience of explanation, it is described based on
the permanent magnet. Since the angle occupied by one permanent magnet from the
x-axis passes through the origin at 22.5 degrees and has a tan of (22.5 degrees) as the
slope, a = tan (360 deg/N_Poles). Therefore, Line1 can be defined by Equation (3). To
create a skew applied shape, a new straight line Line1′ with a distance as much as the
red arrow is defined as Equation (4) based on Line1. As b = −SDS/cos(360 deg/N_poles),
the size of the separation distance is expressed as SDS, and it represents a distance vari-
able as an abbreviation of same-direction skew. In addition, a straight line separated by
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SDS from the x-axis in the y-axis direction is defined as x′ by Equation (5). To prevent
leakage between permanent magnets, a straight line with a distance of G_Mag/2 below
the Line1′ standard is defined as line1” by Equation (6) to apply the separation distance.
c = −(SDS + d)/cos (360 deg/N_poles), where d is G_Mag/2 for the permanent magnets
and G_Teeth/2, G_Shoe/2 for the shoes. A straight line with a distance of G_Mag/2 in the
upward direction based on x′ is defined as x” by Equation (7). The shape of the permanent
magnet with the skew applied is determined at the intersection of the inner and outer
diameter of the rotor back yoke and line1” and x”. In the case of the teeth, their shape can
be determined by having an angle of 360/N_Slots in the counterclockwise direction based
on the x-axis and applying G_Mag/2 as L_Slots/2, which is half of the interval between
slots. In the case of the shoes, their shape can be determined by defining G_Mag/2 as
G_Shoe/2, the distance between the shoes, at the same angle as the teeth.

y = ax (3)

y = ax + b (4)

y = −b (5)

y = ax + c (6)

y = −c (7)

x2 + y2 = R_Inner2 (8)

x2 + y2 = R_Outer2 (9)

(a2 + 1)x2 − 2abx + b2 − R_Inner2 = 0 (10)

X1 =
2ab−

√
(2ab)2 − 4(a2 + 1)(b2 − R_Inner2)

2(a2 + 1)
, Y1 = aX + b (11)

(a2 + 1)x2 − 2abx + b2 − R_Outer2 = 0 (12)

X2 =
2ab−

√
(2ab)2 − 4(a2 + 1)(b2 − R_Outer2)

2(a2 + 1)
, Y2 = aX + b (13)

√
(X2 − X1)

2 + (Y2 −Y1)
2 = Length1 (14)

x2 = R_Inner2 − b2 (15)

X3 =

√
(R_Inner2 − b2)

2
, Y3 = b (16)

x2 = R_Outer2 − b2 (17)
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X4 =

√
(R_Outer2 − b2)

2
, Y4 = b (18)

√
(X4 − X3)

2 + (Y4 −Y3)
2 = Length2 (19)Machines 2023, 11, x FOR PEER REVIEW  10  of  18 
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In the rotor back yoke, the area between the permanent magnets is the part where the
magnetic flux is concentrated, and it is the part that is vulnerable to magnetic saturation
even within the back yoke. The sectional area of the rotor back yoke between the existing
permanent magnets was the same, but the cross-sectional area of the two back yokes is
different depending on the application of the same-direction skew. The cross-sectional area
of a given part can be obtained using the formula. The cross-sectional area can be obtained
by multiplying the length of the cross section by the thickness of the rotor back yoke. The
line connecting Line1′ and the intersection of the equation of the circle of the inner diameter
of the rotor and the intersection of the equation of the circle of the outer diameter is the first
section of the rotor back yoke between the permanent magnets. Equation (10) represents a
simultaneous equation consisting of Equations (4) and (8). After solving Equation (10), the
intersection of the inner diameter circular equation and Line 1′ comes out, which can be
summarized as Equation (11). Equation (12) represents a simultaneous equation consisting
of Equations (4) and (9). If you solve Equation (12), the intersection of the outer diameter
circle equation and Line1′ will come out, which can be summarized by Equation (13). If
the lengths of the two intersections are known, the length of the cross section of the rotor
back yoke can be found, and the cross section area of the back yoke of the rotor can be
obtained by multiplying the thickness of the back yoke. Equation (14) represents the length
of Section 1 according to the skew. The line connecting the intersection between x′ and the
equation of the circle of the inner diameter of the rotor and the intersection of the equation
of the circle of the outer diameter is the second section of the rotor back yoke between
the permanent magnets. Equation (15) represents a simultaneous equation consisting of
Equations (5) and (10). After solving Equation (15), the intersection of the inner diameter
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circle equation and x′ comes out, which can be summarized as Equation (16). Equation (17)
represents a simultaneous equation consisting of Equations (5) and (9). After solving
Equation (17), the intersection of the outer diameter circle equation and Line 1′ comes out,
which can be summarized as Equation (18). In the same way as above, the length of the
cross section of the rotor back yoke can be summarized by Equation (19) and represents
the length of Cross Section 2 according to the skew. Since the thickness of the back yoke is
2.7 mm, the table below shows the same back yoke cross-sectional area condition and back
yoke length according to the SDS parameters. In the case of a single type, the stator back
yoke is less prone to magnetic saturation than the rotor back yoke. Therefore, the ratio of
stator back yoke to rotor back yoke was 1:1.5. The length of the cross section of the existing
rotor back yoke is 18.6 mm because it is the distance from the inner diameter of the rotor
back yoke to the outer diameter, and the cross-sectional area is 81.78 mm2. When applying
the same-direction skew, the path of magnetic flux can be increased without increasing the
thickness of the rotor back yoke. According to the same-direction skew application, the
length of the cross section of the back yoke becomes a line connecting the points where
the inner and outer diameters of the rotor back yoke meet Line1′, and a line connecting
the points where the inner and outer diameters of the rotor back yoke meet x′. The length
of the line segment is the intersection of the inner diameter circular equation of the rotor
back yoke represented by Equation (8) and line1, and the distance between the intersection
of line1 and the outer diameter circular equation of the rotor back yoke represented by
Equation (9). Based on the average lengths of the two straight lines, the thickness of the back
yoke was reduced by the amount the cross-sectional area was increased by the application
of the same-direction skew to make it the same as the cross-sectional area of the existing
rotor back yoke. Tooth length was also increased. The contents are presented in Table 2.

Table 2. Design parameters according to SDS.

SDS
[mm]

Rotor Back Yoke Cross
Section [mm2]

Double-Type
L_Rotor BY [mm]

Single-Type
L_Stator BY [mm]

Double-Type
L_Teeth

[mm]

Single-Type
L_Teeth

[mm]

0

81.78

3.8 2.53 4.8 9.67
1 3.79 2.53 4.82 9.68
2 3.78 2.52 4.84 9.7
3 3.76 2.51 4.88 9.73
4 3.74 2.49 4.92 9.77
5 3.72 2.48 4.96 9.8
6 3.69 2.46 5.02 9.85
7 3.65 2.43 5.1 9.92
8 3.61 2.41 5.18 9.98
9 3.57 2.38 5.26 10.05
10 3.51 2.34 5.38 10.15
11 3.45 2.3 5.5 10.25
12 3.39 2.26 5.62 10.35
13 3.31 2.21 5.78 10.48
14 3.23 2.15 5.94 10.62
15 3.14 2.09 6.12 10.77
16 3.03 2.02 6.34 10.95
17 2.91 1.94 6.58 11.15

4.3. Same-Direction Skew Effect by Rotor Type

Figure 11 shows the no-load line voltage according to the increase in SDS in the single-
rotor single-stator type. According to the increase in SDS, the line voltage at no load shows
an increasing trend up to SDS = 14, but, from 15, it shows a decreasing trend. This is due
to the increase in the number of turns according to the increase in tooth length up to SDS
= 14, so the voltage increases. However, as the SDS increases, the effect of the reduction
in flux linkage due to the decrease in tooth area seems to be greater than the increase in
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tooth length. Since the ratio of the thickness of the stator back yoke and the rotor back
yoke is 1:1.5, the reduction in thickness of the stator back yoke is less than that of the rotor
back yoke according to the same-direction skew. Figure 12 shows copper loss, iron loss,
and total loss according to the increase in SDS in the single-rotor single-stator type. As the
SDS increases, copper loss increases because the side surface of the teeth has an elongated
shape. Iron loss increases and then decreases again. Since copper loss is more dominant
than iron loss and the increase is large, the total loss increases. Figure 13 shows shaft torque
under load according to the increase in SDS in a single, shoe-type structure. In Figure 11,
as SDS increases, the line-to-line voltage at no load shows a tendency to increase up to
SDS = 14. The reason why shaft torque under load has a maximum value of SDS = 11 and
not SDS = 14 is the effect of loss due to copper loss that shows a steady increasing trend.
Figure 14 shows the performance comparison between the conventional model and the
model selected with SDS = 11 in the single-rotor single-stator type. Figure 14a shows the
line voltage comparison at no load. The conventional model has Vrms = 38.9 V and a THD
of 0.6%. The SDS = 11 model increased 1.8% to 39.6 V, and THD increased to 2.3%, but 5%
or less was considered acceptable. Figure 14b shows the air gap torque comparison under
load. Air gap torque increased by 2% from 0.97 Nm to 0.99 Nm. Torque ripple decreased
by 11.2% and 2.4% P compared to the previous 13.6%. Figure 15a shows the final shape of
the single-rotor single-stator type (SDS = 11). Compared to the conventional model, line
voltage at no load increased by 1.7%. Copper loss increased by 5.8%, iron loss increased
by 4.8%, and total loss increased by 5.3%. In addition, shaft torque under load increased
by 2.4% compared to the conventional model, which means that the power density also
increased by 2.4%. Figure 14b shows the magnetic flux density under load. The maximum
saturation of the back yoke did not exceed 1.7 T.
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under load.

Figure 16 shows the no-load line voltage according to the increase in SDS in the double-
rotor single-stator type. The double-rotor single-stator type has a double-air-gap structure
and has a relatively low output compared to the single-rotor single-stator type in small
sizes such as co-robot motors. According to the increase in SDS, the line-to-line voltage at
no load continues to increase until SDS = 18. In the case of the double-rotor single-stator
type, the effect of increasing the tooth length according to the increase in SDS is greater
because the thickness of the back yoke of the rotor on both sides is reduced at the same
rate. The effect of the reduction in flux linkage due to the decrease in tooth area as the
SDS increased, which was observed in the single-rotor single-stator type, was not observed
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until SDS = 18. Figure 17 shows the copper loss, iron loss and total loss according to the
increase in SDS in the double-rotor single-stator type. As the SDS increases, the sides of the
teeth become longer. Since the effect of increasing the tooth length is greater than that of
the single-rotor single-stator type, the range of increase in copper loss is also greater. The
iron loss shows an increasing aspect as the SDS increases. In the doble rotor single stator
type, copper loss is more dominant than iron loss and the increase is large, so the total
loss increases more steeply than the single-rotor single-stator type. Figure 18 shows the
shaft torque under load according to the increase in SDS of the double-rotor single-stator
type. In Figure 16, the line-to-line voltage at no load showed a steady increase according
to the increase in SDS. The shaft torque under load also shows a steady increase. This is
because the effect of increasing the performance due to the increase in tooth length is higher
than the effect of copper loss. As same-direction skew is applied, Front of Teeth gradually
decreases. To increase the possibility of actual production, the minimum thickness of the
front of teeth of the final model was selected as 3 mm. The skew variable of the final model
is SDS = 15. Figure 19 shows the performance comparison between the conventional model
and the model selected with SDS = 15 in Double-rotor single-stator type. Figure 19a shows
the line voltage comparison at no load. The conventional model has Vrms = 21.6 Vrms and
THD is 0.57%. SDS = 15 model increased by 14.4% to 24.7 Vrms, and THD increased to
2.4%, but it was judged to be acceptable below 5%. Figure 19b shows the air gap torque
comparison under load. The air gap torque increased by 16.7% from 0.54 Nm to 0.63 Nm.
Torque ripple decreased by 13.3% P from 44.9% to 31.6%. Compared to the conventional
model, the final model increased the line voltage at no load by 16.2%. Copper loss increased
by 24.4%, iron loss increased by 5.1%, and total loss increased by 13%. In addition, the shaft
torque under load increased by 20% compared to the previous one, which means that the
power density also increased by 20%. Figure 20a shows the final shape of double-rotor
single-stator type (SDS = 15). Figure 20b shows the magnetic flux density under load. The
maximum saturation of the back yoke did not exceed 1.7 [T].
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Figure 20. Final shape of double-rotor single-stator type (SDS = 15): (a) shape and (b) magnetic flux
density under load.

5. Conclusions

In this paper, a study was conducted on the power density improvement of axial flux
motors according to same-direction skew. The disadvantages of the conventional magnetic
saturation relaxation method are presented, and it is shown that they can be overcome
through same-direction skew. The characteristics and specifications of the target motor
were presented, and it was shown that there could be advantages in the axial flux motor
structure. In addition, the principle of same-direction skew was explained, and it was
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solved mathematically. Since the length of the cross section of magnetic flux increases
according to the application of the same-direction skew, the cross section of the back yoke
magnetic flux path is fixed and the thickness is reduced to increase performance. A shape
that is relatively easy to manufacture was implemented by analyzing the performance
deterioration factors caused by the application of same-direction skew. In addition, by
analyzing the performance increase factors and deterioration factors according to same-
direction skew, the effective types of each topology were compared and analyzed.
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