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Abstract

With growing demand for high-performance and high-efficiency motors, Axial Flux Perma-
nent Magnet Motors (AFPMs) have received significant attention. These motors typically
use rare-earth magnets due to their high magnetic and energy density. However, rare-earth
magnets face challenges such as limited availability and price volatility, prompting research
into reducing magnet usage. This study aims to reduce magnet consumption by apply-
ing a Consequent Pole (CP) structure to AFPMs. While CP structures improve magnet
efficiency, they also introduce significant back-EMF ripple. To address this, an Intersect
Consequent Pole (ICP) structure is proposed, which reduces ripple through alternating
magnet placement within the rotor. Since ICP implementation is difficult in single-rotor
AFPMs, a double-rotor, single-stator configuration was used. Simulation results show that
the proposed design effectively reduces magnet usage and back-EMF ripple, demonstrating
its potential for maintaining high performance with reduced rare-earth dependency.

Keywords: motor; axial flux motor; AFM; AFPM; cogging torque; torque ripple; consequent
pole; magnet using

1. Introduction

Among various types of motors, the two most representative categories are the Ra-
dial Flux Permanent Magnet Motor (RFPM) and the Axial Flux Permanent Magnet Motor
(AFPM). These classifications are based on the direction of the magnetic flux generated by
the permanent magnets. Due to its various advantages, AFPMs have been widely studied
for applications in home appliances, defense industries, and hybrid electric vehicles [1-5].
The key benefits of AFPMs include a compact structure, high torque and power density,
low maintenance, and high efficiency. However, to achieve high torque and power density,
AFPMs typically require magnets containing rare-earth elements [6-8]. These materials are
associated with high costs and supply chain vulnerabilities due to their limited reserves
and heavy reliance on imports. Therefore, this study focuses on reducing the magnet usage
while maintaining the same performance level. To this end, the Consequent Pole (CP)
structure is applied to the AFPM motor [9-15]. While the use of CPs can effectively reduce
magnet consumption, it also introduces several drawbacks. In conventional motors, apply-
ing a CP structure leads to asymmetric magnet placement, resulting in unbalanced back
electromotive force (back-EMF) and increased ripple components, which cause undesirable
noise and vibration. This study investigates an AFPM design intended for collaborative
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robots, where minimizing noise and vibration is particularly critical. While the CP structure
helps reduce magnet usage, it significantly increases ripple. To address this issue, we pro-
pose the Intersect Consequent Pole (ICP) structure. However, ICP can only be implemented
in specific AFPM configurations. AFPM motors are available in various configurations,
including single-stator/single-rotor, double-stator/single-rotor, single-stator/double-rotor,
and multi-stator/multi-rotor types. ICP can only be applied to the double-rotor type, as this
configuration allows for the implementation of opposing CPs on the upper and lower rotors,
thereby compensating for the disadvantages of the conventional CP structure. In this study,
we select the single-stator and double-rotor configuration for the AFPM. This configuration
can be further categorized into NN-type and NS-type. While the overall performance
difference between these two types is minimal, the NN-type generates significantly less
ripple. Therefore, the NN-type is adopted. In the NN-type single-stator and double-rotor
AFPM, both the upper and lower rotors include only N-pole magnets in a consequent pole
configuration. This allows the ripple components generated by each rotor to cancel each
other, thereby reducing total ripple. Moreover, the combined back-EMF from both rotors
results in a more symmetrical waveform, effectively eliminating asymmetry issues.

Consequently, the proposed configuration resolves the major drawbacks of the con-
ventional CP structure. Although magnet usage is reduced by approximately 50%, this
leads to a reduction in magnetic loading and thus motor performance. To compensate,
we increase the electric loading to maintain equivalent overall performance. Importantly,
magnetic loading does not decrease in exact proportion to the magnet reduction, allowing
the required increase in electric loading to be kept relatively low. Furthermore, the reduced
magnetic loading results in lower flux density saturation in both the rotor and the stator.
This enables the reduction of back yoke thickness and an increase in the number of turns
per teeth, enhancing performance. In conclusion, the proposed ICP-based AFPM design
achieves both magnet-usage reduction and ripple suppression without compromising
motor size or performance, making it highly suitable for noise-sensitive applications such
as collaborative robots.

2. Analysis of Conventional Models

Figure 1 illustrates the structure of a collaborative robot. For the collaborative robot
application, an axial flux motor was selected due to its advantages in thin, compact designs.
A thin (or flat) structure refers to a motor configuration in which the stacking length is
shorter than the outer diameter. The reason axial flux motors are well-suited for such thin
structures can be understood by examining the torque equation. Equation (1) presents the
torque equation for a radial flux motor.

T
T = (5 kw1 Baugac cosp) D3 L (1)

In this equation, k;; denotes the winding factor, B,y is the average air-gap magnetic
flux density, ac represents the specific electric loading, Dy is the rotor diameter, and
Ly indicates the stack length. The torque of a radial flux motor is proportional to D?.
Equation (2) presents the torque equation for an axial flux motor.

1
T, = { <8acnkw1 ng> (1-3) }Df;ut @
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Figure 1. Collaborative robot and its dedicated motor: (a) Collaborative robot; (b) axial flux motor for

collaborative robot applications.

The torque of an axial flux motor is proportional to D?, where D represents the rotor
diameter. Unlike radial flux motors where the rotor diameter is not equal to the overall
motor diameter in axial flux motors, the rotor diameter is equal to the motor diameter.
This results in higher torque density. Moreover, since torque increases with the cube of the
diameter D? in thin motor structures, axial flux motors are particularly advantageous for
compact, flat designs. Various types of axial flux motors exist. Figure 2 illustrates several
types of axial flux motor configurations. The most basic type is the single-stator, single-rotor
structure, but other types can be classified based on the number of stators and rotors. In
this study, the reference model employs a single-stator, double-rotor configuration. This
type can be further divided into two subtypes: the NN-type and the NS-type. The reference
motor used in this paper corresponds to the NS-type. Figure 1b shows the structure of the
single-stator, double-rotor axial flux motor designed for collaborative robot applications. In
the NS-type, the stator is located between the upper and lower rotors, and the magnetic
polarities of the two rotors are opposite to each other.
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Figure 2. Axial flux permanent magnet motor type.

Table 1 shows the specifications and materials of the existing models. Since the stator
is significantly affected by core loss, Somaloy material was used to reduce it. In contrast,
the rotor rotates at synchronous speed, making it less susceptible to core loss. Additionally,
to improve manufacturability, a solid core made of S45C steel was employed for the rotor.
Motors used in collaborative robots must operate smoothly. Therefore, it is essential to
minimize ripple components, which can cause vibration and interfere with precise motion
control. In electric motors, ripple components include cogging torque, which appears
under no-load conditions, and torque ripple, which occurs under load. For collaborative
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robot applications, both cogging torque and torque ripple must be minimized to ensure
smooth and stable operation. Figure 3 shows the load and no-load torque waveforms, as
well as the no-load back-EMF waveform of the reference model. Table 2 summarizes the
key performance metrics of the motor.

Table 1. The specifications of the reference motor.

Parameter Value Unit
Pole/slot 30/27 -
Speed 3500 rpm
Coil diameter 0.9 mm
Fill factor 40 Y%
Current density 9.2 A/mm?
Number of turns per teeth 10 -
motor outer diameter 82 mm
motor inner diameter 44.8 mm
Stack length 19.6 mm
Rotor back yoke 545C
Shoe and Teeth Somaloy
Magnet N42SH
Coil Copper
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Figure 3. Main performance characteristics of the baseline model: (a) torque; (b) cogging torque;
(c) no-load back electromotive force (EMF).

Table 2. Performance of the reference model.

Parameter Value Unit

No-load back-EMF 24.6 Vims

Torque 1.01 Nm

Torque ripple 74.74 mNm

Cogging torque 74.65 mNm
Core loss 46.33 4
Magnet eddy current loss 0.62 W
Rotor back yoke eddy 16 W

current loss

Copper loss 12.02 W

The performance of the conventional model shows that both torque ripple and cogging
torque are relatively low. However, it exhibits a high core loss. This study aims to reduce

the motor’s ripple characteristics and magnet usage, and further, to achieve a reduction in
core loss as well.
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3. Consequent Pole Structure of a Dual-Rotor Type Axial Flux Motor

In this study, a consequent pole (CP) structure is applied to an axial flux motor (AFM).
The CP structure uses only one magnetic pole, where one side consists of a permanent
magnet and the other side is replaced by iron. This configuration can reduce magnet usage
by approximately 50%. However, when the CP structure is applied to a radial flux motor or
a basic axial flux motor (e.g., single-rotor, single-stator type), several drawbacks occur. First,
ripple components such as torque ripple and cogging torque significantly increase. This is
because a motor using full-pole magnets has symmetrical magnetic characteristics, whereas
the CP structure, which consists of a magnet on one side and iron on the other, introduces
asymmetry. As a result, ripple components are amplified. Additionally, asymmetry in
the back electromotive force (back-EMF) also arises. In collaborative robot applications,
ripple components are critical; thus, a conventional CP structure is generally not suitable.
However, a dual-rotor, single-stator type AFM can overcome these limitations. This is
because it allows for a symmetrical arrangement of the CP structure on the upper and
lower rotors, balancing the magnetic effects and mitigating the ripple increase. Figure 4
illustrates the symmetrical CP configuration applied to a dual-rotor, single-stator type axial
flux motor.

(@) (b)

Figure 4. Consequent pole structure of a dual-rotor, single-stator type AFM: (a) NN-type configura-
tion; (b) NS-type configuration.

Figure 4a shows the consequent pole NN-type of a dual-rotor, single-stator axial flux
motor (AFM), and Figure 4b illustrates the consequent pole NS-type configuration. In
these figures, the N-pole is defined as the direction in which magnetic flux enters the stator,
while the S-pole indicates the direction in which magnetic flux exits the stator. In the
NN-type configuration, both the upper and lower rotors consist of N-pole magnets and
iron segments. The magnets and iron pieces are arranged to face each other across the
stator, allowing a proper magnetic flux path to be established. In the NS-type configuration,
the upper and lower rotors consist of N-pole and S-pole magnets, respectively, with iron
segments facing each other. This configuration also ensures a continuous magnetic flux
path between the rotors through the stator. Figure 5 presents the key performance results
for the two consequent pole types applied to the dual-rotor, single-stator AFM. In this
analysis, all motor parameters remain identical to the reference model, except that the
permanent magnets were selectively replaced with iron segments to evaluate the impact of
the consequent pole configuration.



Processes 2025, 13, 2139

60f15

Torque [Nm]

o o o
S L 2 »w 2
G A m A o @

60 120 180

Ratating angle [degF]

—NN tpye —

(a)

’E‘ -
B g
g g
§ D =
El s
8 2
& Z
]

240 300 360 -120

Ratating angle [degF]
--NS type —NNtype === NS type —NNtype - NS type

(b) (c)

Figure 5. Performance comparison between NN-type and NS-type: (a) torque; (b) cogging torque;
(c) no-load back-EMEFE.

Table 3 presents the key performance metrics of the NN-type and NS-type consequent
pole configurations in the dual-rotor, single-stator axial flux motor (AFM). The overall
performance of both types was found to be similar. However, there were significant differ-
ences in ripple-related characteristics, specifically in torque ripple and cogging torque. The
NS-type exhibited higher ripple components compared to the NN-type. This is attributed
to the structural asymmetry in the NS-type configuration. While the NN-type has magnets
arranged in an alternating pattern across the upper and lower rotors, the NS-type has
magnets on one rotor facing iron segments on the other, creating an asymmetrical magnetic
distribution. In the NN-type, the upper rotor has a magnet-iron alternating pattern, and
the lower rotor follows a magnet—iron sequence in reverse. This configuration causes the
ripple components generated by the upper and lower rotors to partially cancel each other,
resulting in reduced overall ripple. Therefore, this study selects the NN-type configura-
tion for the consequent pole structure in the dual-rotor, single-stator AFM, as it provides
superior performance in terms of ripple suppression.

Table 3. Performance comparison between NN-type and NS-type.

Parameter NN Type NS Type Unit
No-load back-EMF 19.97 19.97 Vims
Torque 0.79 0.79 Nm

Torque ripple 46 201 mNm

Cogging torque 49 198 mNm

4. Consequent Pole NN-Type of a Dual-Rotor Axial Flux Motor

In this study, the consequent pole structure of the dual-rotor type axial flux motor
(AFM) was designed with an intersected configuration, which is hereafter referred to as
the ICP-AFM (Intersect Consequent Pole Axial Flux Motor). Table 4 presents the key
performance metrics of the ICP-AFM with the NN-type configuration.

Table 4. Main performance of ICP-AFM NN-type.

Parameter Value Unit
No-load back-EMF 19.97 Vims
Torque 0.79 Nm
Torque ripple 46 mNm
Cogging torque 49 mNm
Core loss 31.9 \Y
Magnet eddy current loss 0.63 W
Rotor back yoke eddy 7 A4 W
current loss
Copper loss 12.02 W
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When comparing the reference model and the ICP-AFM with NN-type, the no-load
back-EMF decreased from 24.6 Vrms to 19.97 Vrms, representing a reduction of 18.82%, and
the torque decreased from 1.01 Nm to 0.79 Nm, a 21.8% reduction. However, the magnet
usage in the ICP-AFM NN-type was reduced by 50% compared to the reference model.
In terms of ripple-related performance, the torque ripple decreased from 74.74 mNm to
46.01 mNm, a 38.45% reduction, and the cogging torque was reduced from 74.65 mNm to
49.04 mNm, corresponding to a 34.36% decrease. Additionally, the core loss was reduced
from 46.33 W to 31.9 W, showing a 31.14% improvement. However, the rotor back yoke
eddy current loss increased significantly, from 1.6 W to 7.44 W. This increase is due to
the replacement of magnets with iron material (545C) in the consequent pole regions,
which leads to additional eddy current loss in the rotor back yoke. Although the magnet
volume in the ICP-AFM NN-type is reduced by 50%, the magnet eddy current loss remains
comparable to that of the reference model. This is because the magnetic flux variation in the
magnets is greater in the consequent pole structure. Despite the performance reductions,
the ICP-AFM NN-type offers significant advantages in terms of material efficiency and
ripple suppression. To further analyze and compensate for performance differences, the
magnetic saturation levels of both models were investigated.

Figure 6 shows the saturation comparison between the reference model and the ICP-
AFM NN-type. In addition, Figure 7 shows the FEA simulation mesh configurations for
both models. The analysis was conducted using a similar number of mesh elements for a

fair comparison.

(b)

Figure 6. Magnetic flux density distribution: (a) reference model; (b) ICP-AFM.

(a) (b)

Figure 7. Finite Element Analysis (FEA) mesh: (a) reference model; (b) ICP-AFM.

The ICP-AFM uses 50% less magnet material compared to the reference model, which
results in a lower magnetic flux density saturation. To match the performance of the refer-
ence model, several design strategies can be considered. The first approach is to increase the
magnet thickness, since the magnetic flux density in the rotor back yoke is lower than that
of the reference model. By increasing the magnet thickness, the ICP-AFM—despite using
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less magnet material overall—can recover the required performance level with only a slight
increase in magnet usage. The second approach involves reducing the teeth width, thereby
allowing a greater number of turns per teeth, which leads to an increase in electric loading
to compensate for the performance drop. In this study, the first approach was investigated
first. This decision was based on the fact that, in the reference motor, the core loss is greater
than the copper loss, making it more effective to pursue a design strategy that increases
electric loading rather than further increasing current. Because the magnetic flux density in
the ICP-AFM is lower than in the reference model, the rotor back yoke and teeth thickness
were reduced to raise the magnetic loading back to comparable levels. This design change
also increases slot area, which enables more turns per teeth, thereby increasing electric
loading. Figure 7 shows the variation in back-EMF with respect to different rotor back yoke
and slot thickness values.

Figure 8a shows the variation of back-EMF with respect to the number of turns per
teeth. As the slot thickness increases, the teeth width decreases, leading to magnetic
saturation in the teeth. As a result, a decreasing trend in back-EMF is observed. This
analysis was performed under the condition of a constant number of turns per teeth.
Figure 8b presents the relationship between rotor back yoke thickness and back-EMF, with
the back yoke thickness varied from 0.95 mm to 1.75 mm. As the rotor back yoke becomes
thinner, the teeth length increases, which in turn enlarges the slot area, allowing for higher
electric loading. It was observed that magnetic saturation begins to occur around 1.25 mm
to 1.35 mm back yoke thickness. Based on this trend, the slot thickness and rotor back yoke
thickness should be carefully selected. Referring to Figure 6b, the rotor back yoke thickness
was set to 1.35 mm. Reducing the back yoke thickness increases the stator slot area, which
leads to a decrease in the fill factor. To ensure equivalent performance compared to the
reference model, the fill factor and current density were maintained at the same level.
For a fair comparison under the same fill factor, the same wire diameter as the reference
model was used, and the number of turns per teeth was increased while expanding the
slot area accordingly. Figure 8a also shows the no-load back-EMF as a function of the
number of turns per teeth under the condition of a constant fill factor. As the number
of turns per teeth increases, the no-load back-EMF also increases. However, because the
teeth width decreases with more turns, magnetic saturation under load conditions may
occur, potentially degrading performance. Therefore, it is important to optimize the teeth
thickness. From Figure 8b, it was confirmed that at 13 turns per teeth, the same performance
as the reference model can be achieved, and the final design was set to 13 turns. Although
increasing the number of turns per teeth leads to higher electric loading and thus greater
copper loss, the reference model has dominant core loss. Therefore, this design approach
slightly increases copper loss while significantly reducing core loss, resulting in improved
overall efficiency.
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Figure 8. Back-EMF variation according to key design parameters: (a) back-EMF versus number of
turns per teeth, (b) back-EMF versus rotor back yoke thickness.
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5. Magnetic Equivalent Circuit of the ICP-AFM NN-Type

Figure 9 illustrates the magnetic flux diagram of the dual-rotor ICP-AFM. As shown in
the diagram, the magnetic flux originating from the N-pole follows two distinct paths: one
part passes through the stator and links to the opposing S-pole, while the other part leaks
through the air gap, bypassing the stator, and connects to the adjacent S-pole. Due to the
symmetrical configuration of the structure, it can be assumed that the flux emanating from
one pole splits evenly, with a portion entering the adjacent pole. This symmetrical flux
distribution ensures a balanced magnetic circuit within the motor. Figure 10 presents the

magnetic equivalent circuit, modeled based on half of one magnetic pole. In this equivalent
circuit, the magnetomotive force (MMF) generated by the windings is neglected, and only
the passive magnetic components are considered.

Rotor

Airgay
§2 R gap
%2,& Stator
éQ R Airgap

/2 2R, SR, 2R
= Rotor
Magnet
Rotor
backyoke Y

Figure 10. Magnetic equivalent circuit of the ICP-AFM.

In Figure 10, the permanent magnet is modeled as a Norton equivalent magnetic flux
source, representing half of the flux produced by a single magnet pole as &, /2. The mag-
netic reluctance of the permanent magnet is expressed as 2R,;,. In the magnetic equivalent
circuit Rs and R, represent the reluctance of the stator back yoke and rotor back yoke,
respectively, while R, denotes the air-gap reluctance. The reluctance R;; corresponds to
the leakage reluctance, representing flux that does not link with the armature windings and
instead leaks into adjacent or opposite poles. By simplifying the magnetic equivalent circuit
shown in Figure 10, a more compact representation is illustrated in Figure 11. Furthermore,
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by introducing the leakage coefficient (k;s), the circuit can be further simplified as shown in
Figure 11b. Figure 12 presents the key rotor geometry parameters used in the equivalent
circuit model. The leakage coefficient (k;s) is always less than 1, as it accounts for the
proportion of magnetic flux generated by the permanent magnet that leaks through the
air gap and does not link with the intended magnetic path. This leakage coefficient can be

defined as follows:
g

k pr—
Is 20,

®)

b,

>,
o
Z, 4R
Y Zur 2% 2 &y ® N
. : RN ONE=E SONET kR
3R, SR
TRV TR
(b)

(©)

Figure 11. Magnetic equivalent circuits of the ICP-AFM: (a) first simplified magnetic equivalent
circuit of the ICP-AFM; (b) second magnetic equivalent circuit of the ICP-AFM; (c) third magnetic
equivalent circuit of the ICP-AFM.

o8

Figure 12. Rotor geometry definition: (a) main variables of the rotor cross-section; (b) main variables
of the rotor lamination structure.

The air-gap magnetic flux can be calculated using the leakage coefficient (k;;) as follows:
g = 2D 4

Additionally, it is difficult to precisely calculate the magnetic reluctance of the core
components, such as the rotor and stator iron cores. However, since the reluctance of
the core is significantly smaller compared to that of the air gap, the circuit can be further
simplified using a reluctance coefficient, as shown in Figure 11c.

4R + 8Rg + 4Ry + 2R, = 8k, R, ®)

Finally, using the fully simplified magnetic equivalent circuit, the magnetic flux @,
generated by the permanent magnet can be calculated as follows:

4Rm @r

Oy = ———— —
" 4R, + 8k Ry 2

(6)
Here, the magnetic reluctance of the permanent magnet and the air gap can be calcu-

lated as follows:
Ly g

Ry=—"" Ry =
" pourAm " poAg

@)
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Here, L;, is the magnet thickness in the stacking direction, g is the effective air-gap
length, A, is the cross-sectional area of the permanent magnet, and Ay is the effective
air-gap area per pole. These parameters can be used to compute the reluctances as follows.
In this context, kq;;+ denotes the Carter coefficient.

8§ = keartg 8)

27tR
Ag = Rstk(_c - 2magspace) ©)
Am = WmRstk (10)

Here, R, is defined as the average radius between the inner and outer radii of the
axial permanent magnet. Ry is defined as the radial length of the motor, calculated by
subtracting the inner radius from the outer radius. The term mag,,, refers to the spacing
between magnets, which is determined based on the selected pole arc ratio. In the case of
axial flux motors, accurately determining the magnet width is challenging because, unlike
in radial SPM motors, the inner and outer arc lengths of the magnets differ due to their
circular geometry. To address this, a practical approach is adopted: a reference radius R;;,
defined at one-quarter of the radial length from the inner radius. Using this intermediate
radius, the effective magnet width can be estimated, as illustrated in Figure 13.

B 27‘[(Wm + Rout4_Rin)

Wi = (11)

p— 2mag space

Figure 13. No-load magnetic saturation comparison between the conventional and final models:
(a) conventional model; (b) final model.

Based on the relationship between magnetic flux density and magnetic flux, the air-gap
magnetic flux density can be expressed as follows:

B, = 28 (12)
8T AL
Ag
The air-gap magnetic flux density is defined as the average flux density considering
only the vertical (normal) component of the magnetic flux derived earlier. Accordingly, the
magnitude of the fundamental wave of the air-gap magnetic flux density can be calculated

as follows: o

= A (13)

Bg

The equation for the air-gap magnetic flux density represents the average flux density
considering only the normal (vertical) component of the previously derived magnetic
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flux. Therefore, the magnitude of the fundamental component of the air-gap magnetic flux
density can be calculated as follows:

Ba = fngp (6)cos(p0)do = 2’7[0 Bg(6)cos(p6)do
= 22 (/2 B cos(p6)do (14)
= 4Bgsmp6’”

The magnetic flux per pole can be calculated using the magnitude of the fundamental
component of the air-gap magnetic flux density, as follows:

/p B 2
b1 = fnnfp Aq Jeos(p0)do = £ [ A—‘Z )cos(p8)do
=% Jo""? Acos(po)de (15)
= %A—sm”em

Finally, the linkage magnetic flux generated by the permanent magnet can be calcu-
lated as follows:

)\pm = kwNph(Pgl (16)

A comparative analysis was performed between the simulation data and the analytical
calculation results. Table 5 presents a comparison between the simulation data and the
calculated values. The comparison between the FEA simulation results and the MEC
(magnetic equivalent circuit) calculations showed an error rate of approximately 1.2%,
confirming the validity and accuracy of the calculated values.

Table 5. A comparison between simulated and theoretical results.

Parameter No-Load Back-EMF Unit
FEA simulation 19.97 Vims
MEC 20.21 Vims

6. Performance Analysis of the Final Model

For the final model development, it is essential to perform not only no-load analysis
but also load analysis. Under load conditions, the magnetic flux density in the core becomes
a critical design parameter when current is applied. If the magnetic flux density is too
high, magnetic saturation may occur, adversely affecting performance. No-load analysis
results showed that applying the consequent pole structure leads to a reduction in no-load
back-EMF. To maintain equivalent performance, the teeth and slot widths were reduced to
increase the slot area. The expanded slot area allows for a greater number of turns per teeth,
which enhances the motor’s performance. The design was carried out under the same
current density and fill factor conditions as the reference model. To improve performance,
the number of turns per teeth was increased from 10 to 13. Figure 12 illustrates the magnetic
saturation distributions of the two models.

As shown in Figure 13, the magnetic saturation levels of the conventional model and
the final model are observed to be similar. These findings provide indirect evidence that
the iron-related heat and eddy current losses are minimal. Table 6 summarizes the key
performance metrics of both the conventional and final models.

As shown in Table 6, the conventional model and the final model exhibit comparable
performance. The no-load back-EMF and torque values are similar between the two models.
However, differences are observed in terms of losses, output power, and efficiency. Losses
are primarily categorized into core loss and eddy current loss. In this study, core eddy
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current loss refers to the eddy current loss generated in components made of S45C material,
such as the rotor back yoke or magnet regions that have been replaced with core material
in the ICP structure. The core loss of the conventional model is 46.33 W, whereas the final
model achieves a reduced value of 34.97 W, representing a 24.5% reduction. However, the
core eddy current loss increased significantly from 1.16 W to 7.16 W, which is approximately
a 6.2-fold increase. As a result, the total core-related losses decreased from 60.19 W to
56.78 W, showing an overall 5.66% reduction. The copper loss increased slightly, from
12.08 W to 14.05 W, which is an approximate 1.5% increase. Nevertheless, due to the overall
decrease in total losses, the efficiency improved from 86.12% to 86.78%. This improvement
is mainly attributed to the reduction in rotor back yoke and teeth thickness in the final
model, which helped lower core losses. Although additional coil turns were required
leading to a slight increase in copper loss the increase in coil length was limited due to the
reduced teeth width. As a result, the rise in copper loss was minimal. Finally, a harmonic
analysis of the torque waveform was performed using FFT (Fast Fourier Transform). The
torque harmonics are illustrated in Figure 13.

Table 6. Main performance comparison between the conventional and final models.

Conventional Final .
Parameter Model Model Unit
Magnet volume 4717.8 2358.9 mm?3
No-load back-EMF 24.6 24.81 Vims
Cogging torque 74.7 47.6 Nm
Torque 1.13 1.13 mNm
Torque ripple 74.68 44.54 mNm
Core loss 46.33 34.97 W
Magnet eddy current loss 0.62 0.6 W
Core eddy current loss 1.16 7.16 \
Copper loss 12.08 14.05 \
Power 369.24 3729 1%
Efficiency 86.12 86.78 Y%

As shown in Figure 14, the final model with the consequent pole structure exhibits
lower overall torque harmonics compared to the conventional model. In particular, the
3rd-, 5th-, 11th-, and 19th-order harmonics are significantly reduced. As a result, the
electromagnetic vibration of the final model is effectively suppressed.

Conventional model

b — Final model

N N S T S S T T N T

0.008

Torque [Nm]

0.006

0.004

0.002 ‘ “l |
o il i 1l |I||.|I|I||| all ol haui

12345678 9101112131415161718192021222324252627282930

harmonic

Figure 14. Torque harmonic spectrum.
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7. Results

This study focuses on the design and analysis of a motor for collaborative robot
applications. To achieve high power density, an axial flux motor (AFM) was selected.
Among various AFM configurations, the single-stator, double-rotor type was chosen for its
structural advantages. In collaborative robot motors, cogging torque and torque ripple are
critical factors affecting smooth motion and precise control. To address this, a consequent
pole (CP) structure was proposed for the single-stator, double-rotor AFM. Two types of
CP configurations were considered: NN-type and NS-type. In the NS-type, magnets and
cores are aligned across the two rotors, leading to increased cogging torque and torque
ripple. In contrast, the NN-type features alternating magnets and cores across the rotors,
resulting in more uniform magnetic force distribution and thus reduced cogging torque
and torque ripple. However, applying the intersect consequent pole (ICP) structure reduces
magnet usage by 50%, which inherently decreases performance. To compensate, a design
strategy was implemented to increase electric loading and restore performance to the level
of the reference model. As a result, under equivalent performance conditions, the core loss
was reduced from 46.33 W to 34.97 W (24.5%), while the core eddy current loss increased
from 1.16 W to 7.16 W (6.2 times) due to the use of S45C material. The copper loss also
increased slightly from 12.08 W to 14.05 W. Despite this, the total loss decreased, leading
to an efficiency improvement from 86.12% to 86.78%, a gain of 0.68 percentage points. In
conclusion, the proposed design achieves equivalent performance with a 50% reduction in
magnet usage and a 0.68 percentage point improvement in efficiency, making it a promising
solution for collaborative robot motor applications.
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