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Transmission Torque Model and Experimental
Verification of Slotted Axial Magnetic Coupler
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Abstract—A novel 2-D vector magnetic potential analysis
model is employed to forecast the transmission torque of a slotted
axial magnetic coupler. A 2-D Cartesian coordinate system is
established on the conductor sheet, and the slotted axial magnetic
coupler is subsequently divided into five distinct regions.
Utilizing Ohm's law, the equivalent permeability and
conductivity of the slotted conductor sheet region are calculated.
Considering the permanent magnet (PM) region as the source of
a time-varying magnetic field, the multi-layer boundary value
problem is solved, leading to the computation of the output
torque. To investigate the variation in output torque of the
slotted axial magnetic coupler with respect to the slip rate under
various air gap thicknesses, an experimental platform is
constructed. A comparative analysis is performed between the
experimental results and the predictions of the theoretical model,
revealing that the deviation rate remains below 5% within a slip
rate range of 0 to 0.3, indicative of strong agreement. This finding
serves as a solid theoretical foundation for the optimal design and
optimization of the slotted axial magnetic coupler.

Index Terms—vector magnetic potential, slotted axial magnetic
coupler, conductor sheet, permanent magnet (PM).

I. INTRODUCTION

MAGNETIC coupler is a novel torque transmission device
that harnesses the rotation between a permanent magnet
(PM) and a conductor to generate an electromagnetic force.
This magnetic coupling enables torque transfer without any
physical contact between the drive and load ends, thereby
offering advantages over traditional couplings, including soft
starting capabilities, overload protection, and frictionless
operation. Its widespread adoption in industrial sectors,
notably transmission and braking systems, underscores its
significance and potential [1-4].

In general, magnetic couplers feature a grooveless structure.
To enhance the magnetic field strength in the air gap of the
magnetic coupler, a topology with slots in the conductor disk
is proposed. Compared to traditional unslotted structures,
magnetic couplers with slotted conductor disks exhibit a
higher torque density [5]. The analysis and design of magnetic
couplers can be undertaken through numerical and analytical
methods. The numerical method predominantly involves the
finite element method (FEM) [6-8], which efficiently
addresses the eddy current issue in moving conductors and
provides accurate transmission torque results. However, FEM
is plagued by lengthy calculation times, limited flexibility, and
high hardware requirements, thereby restricting its universal
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applicability. Conversely, analytical methods generally
demand fewer computing resources and time. Among the
existing analytical methods, the layer model approach is
widely employed for magnetic couplers without a slot
structure [9-11]. Another analytical technique is the equivalent
magnetic circuit method [12-14], which presupposes
knowledge of the magnetic flux path but may introduce
substantial calculation errors for thick air gaps.

Currently, the conformal transformation method and
subdomain model method are primarily employed to
determine the magnetic field intensity in slotted structures [15-
18]. Nevertheless, the conformal transformation method is not
suitable for magnetic couplers owing to their intricate relative
permeability profiles. Regarding the subdomain model method,
the influence of eddy currents on the magnetic field is
generally overlooked, resulting in substantial inaccuracies
when studying slotted magnetic couplers [19-23].

This paper centers on the slotted axial magnetic coupler as
the research subject. It utilizes Ohm's law to compute the
equivalent permeability and conductivity of the conductor
sheet region featuring a slot structure. By considering the PM
region as the time-varying magnetic field source, it solves the
multilayer boundary value problem and ultimately derives the
output torque. This methodology not only circumvents the
aforementioned challenges but also boasts a relatively
straightforward calculation process. To validate the theoretical
analysis model, an experimental test platform has been
constructed.

II. THEORY

A. 3-D Structure Model

Fig. 1 shows the 3-D configuration of the slotted magnetic
coupler, which comprises two distinct parts: a conductor rotor
and a PM rotor. The conductor rotor is made up of a conductor
sheet featuring equally spaced slots running along its
circumference, and a conductor back iron with evenly
distributed protrusions. The PM rotor, on the other hand,
incorporates a PM with a uniform alternating pattern of N and
S poles, accompanied by a PM back iron.

B. Basic Equation
The basic formula of induced current and magnetization [1]

V’A = ,uaaa—[?—yonM (1)
Since
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Fig.1. 3-D structure of slotted axial magnetic coupler.

where @, is the actual electrical angle of the conductor layer,
unit: rad/s, s is the slip rate.

g=h" 3)
n
_2zmp )
' 60

Substitute formula (2) into (1)

VA = puoswz, |7 -68—A—,u0V xM (6]
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C. Regional Equation
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Fig. 2. 2-D model for a slotted axial magnetic coupler. (Region I: PM back
iron, Region II: PM array, Region III: air gap, Region IV: conductor sheet,
and Region V: conductor back iron).

Region I is the layer of the PM back iron, the back iron and
the PM are relatively static and the back iron does not have
magnetization, so J =0, M = 0. Substitute this formula into
(5) to get:

V?A'=0 (6)

Region II is the PM layer, there is no induced current but
magnetization, so J = 0. Substitute this formula into (5) to get:

VA" = -4, VxM N

Region III is the air gap layer, there is no induced current
and no magnetization, so J=0, M =0 . Substitute this
formula into (5) to get:

V2A™ — o (8)

Region IV is the conductor layer, there is induced current
but no magnetization, so M = 0 . Substitute this formula into
(5) to get:

VZAY = MO SOT, ﬂa—A (€)]
Ox
where, u# , o are the equivalent permeability and
conductivity of the conductor layer, respectively. Since the
conductor layer is composed of copper and iron, Ohm's law
can be applied to calculate the equivalent permeability and
conductivity of the conductor layer [1]
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where, 4,, 0, respectively, are the relative permeability and
electrical conductivity of copper, 4 , 0, are the relative
permeability and electrical conductivity of iron, 4, 4, and
are the relative permeability of the conductor layer in the x, y
and z axis directions, o, o and o_ are the relative

conductivity of the conductor layer in the x, y and z axis
directions, simplified equation (10), (11)
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Fig. 3. 2-D magnetic circuit analytical model of slotted axial magnetic coupler.

It can be seen from Fig. 3 that the magnetic field direction
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of the conductor layer is mainly along the axial direction, that
is, the y axis direction, and the induced current direction is
perpendicular to the xoy plane, that is, the z axis direction.
Therefore, equation (9) can be simplified as
VZAY = u o soz, /7[2—? (14)
Region V is the conductive yoke layer, with induced current
but no magnetization intensity, so M =0 . Substitute this
formula into (5) to get:
V’AY = no.sor /ﬂ'a—A (15)
e Ox
In a 3-D rectangular coordinate system, it can be expanded
as follows

(16)

0’A  0’A  O’A
2 + 2 + 2
Ox oy Oz
Since the direction of the vector magnetic potential A is the
same as that of the current density J and both are in the z axis
direction, using the time-harmonic field analysis method, the

VZA =

functional analytic formula of the vector magnetic
potential A is as follows [24]
A(x’ ¥, t) = Z Re[Azn (x’y)ejm'w;t]iz (17)
n=1,3,5...

where
A, (6. 3) = A, (e (18)

where
a =" 19)

If the nth harmonic component of the field quantity has

6/ ox = —ja_[1], it can be obtained by equations (16) and (18)
,

O A, | e (20)
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Similarly, the functional expression  of

magnetization

M(x,5)= > Re[M,(x)e" ]i,

n=135...
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where B is the actual residual magnetic induction intensity of
the PM

(22)
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For the nth harmonic component of the field quantity, it can
be obtained by equations (22) and (23)
oM,
Ox
Therefore, the equations (6), (7), (8), (14) and (15) are

—Jja,x

(24
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rewritten into the scalar form of the nth harmonic field
equation
2 .I .
%—af AL =0 (25)
Y
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General solution for each region
A = (Cje“"y +Dle % )e"’“"x (30)
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where
B =’ = ju,o.nse, 35
B, =&, — juonso, (36)

D. Boundary Equation

Due to the common boundary between adjacent layer
regions, according to Gauss's theorem and Ampére's circuital
law, the normal component of magnetic flux density in two
adjacent media is equal, and the tangential component of
magnetic field intensity in adjacent media is also equal. The
relation between the magnetic flux density and magnetic field
intensity at the boundary surface of adjacent layers is

Bnl = BnZ (37)
Hrl = HT2 (38)
where
B, =4 (39)
Ox
B, - (40)
ox
_1o4 (41)
7l
4, Oy
_1 o4 (42)
72
u, Oy

where, B and B are the normal components of magnetic
density of two adjacent media respectively; H_ and H_ are
tangential components of the magnetic field intensity of
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adjacent media; 4 and 4 are the scalar magnetic potential of
two adjacent media; u and u, are tangential equivalent
permeability of adjacent media.

According to equations (30)-(34) and Fig. 2, it can be
clearly seen that the normal direction corresponds to the
direction where the y-axis is located, and the tangential
direction corresponds to the direction where the x-axis is
located. Therefore, the boundary conditions for the model of
adjacent layers can be derived

‘I
94n o T (43)
Oox !
1ot 104,
M, OV Oy (44)

. . r 12
oAl 0A
ox  ox
where, u is the equivalent permeability of the PM layer in
the x-axis direction. The calculation method is the same as the
equivalent permeability of the conductor layer, then the

equivalent permeability of the PM layer in the x-axis direction
is

o T T (45)
/’lmxtm /’lm tm /’lotm
Simplify equation (45)
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E. Electromagnetic Torque Solution
According to [1] electromagnetic force
) 2
F,, =mposw, Y, (nzj-m A4, (») dy] (1)
n=1,3,5... Vs
F‘3D = kva)mF'ZD (52)

where

@, =V, 1, (53)

k=1 tanh [ﬂa)m / (21p)} (54)
[ﬁa)m/(er ﬂ{H tanh [ﬂwm/(%p)}tanh[ﬁ(a)c -0, )/(2‘[p):|}

T=|rxFyp| (55)

III. EXPERIMENT VERIFICATION FOR PROPOSED MODEL

A. Parameter Setting

To wverify the accuracy of the model, the structural
parameters and material properties of the slotted axial
magnetic coupler were set. The experimental results for the
verification of the model's accuracy are presented in Table I.
Fig. 4 depicts the diagrams of the structural parameters of the
slotted axial magnetic coupler, where Fig. 4(a) represents the
radial cross-section diagram, Fig. 4(b) is the 2-D structure
diagram of the PM rotor, and Fig. 4(c) shows the 2-D structure
diagram of the conductor rotor. As can be seen from the
figures, PMs are evenly distributed along the circumference,
and the magnetic fields of adjacent PMs are opposite. Fan-
shaped slots are evenly distributed along the circumference as
well. Overall, the design of the slotted axial magnetic coupler
features evenly distributed PMs and fan-shaped slots, which
are crucial for its performance.

@ ®)

Fig. 4. Geometrical structure of slotted axial magnetic coupler. (a) Radial
cross section, (b) 2-D structure of PM rotor, and (¢) 2-D structure of
conductor rotor.
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Fig. 5. Experimental platform of the testing system. (a) Experimental platform, (b) Structure of conductor rotor, and (c) Structure of PM rotor.

B. Experimental Verification

Fig. 5 shows the experimental setup of the magnetic coupler,
which includes an input motor, a torque sensor, a slotted axial
magnetic coupler, a load motor, and a servo motor. The input
speed is set at 1200 rpm, with the torque sensor measuring the
output torque. The air gap thickness is adjusted to 4 mm, 6
mm, and 8 mm, respectively, by controlling the servo motor.
Following this, the load motor is employed to vary the output
speed, enabling the conduction of magnetic drive experiments
under different slip conditions.

TABLE I
SPECIFICATIONS OF SLOTTED AXIAL MAGNETIC COUPLER
Parameter Value
Number of PM pole pairs, p 6
Air gap length, g 4-12 mm
Inner radius of the PMs, 71 85 mm
Outer radius of the PMs, 72 125 mm
Thickness of the PMs, f 8 mm
Inside radius of the CS, r¢; 75 mm
Outside radius of the CS, re2 135 mm
Thickness of the CS, ¢ 5 mm
Thickness of the PM back iron, tn: 12 mm
Thickness of the CS back iron, fc; 10 mm
Inner radius of the slots 80 mm
Number of slots 16
Angle of pole pitch, 6, 30°
Angle of pole-arc, O 25°
Angle of slot pitch, 6, 22.5°
Angle of slot , 6, 7.5°
Permeability of vacuum, uo 47x107 H/m
Relative permeability of PMs, um 1.099
Relative permeability of back iron, u; 2000
Coercive force of the PMs, H, —868 kA/m
Conductivity of the copper, ou 5.7x107 S/m
Outer radius of the slots 130 mm

Fig. 6, 7, and 8 show the comparison of theoretical and
experimental torque at different slip ratios under different gap
thicknesses. The formula of the deviation ratio between the

theoretical torque and experimental torque is as follows:

T,-T
D:€T|><100% (56)

where T represents theoretical torque, 7. represents
experimental torque, and D represents deviation ratio.

In Fig. 6, 7, and 8, the output torque gradually increases as
the slip ratio varies from 0 to 0.12, peaking at a slip ratio of
0.12. As the air gap thickness increases, the maximum value
of the output torque decreases. Subsequently, the output
torque gradually decreases when the slip ratio ranges from
0.12 to 0.5. Within a slip ratio of 0 to 0.3, the experimental
torque exhibits good agreement with the theoretical torque,
with a maximum deviation ratio of less than 5%. However, as
the slip ratio exceeds 0.3, the deviation between the theoretical
and experimental torques gradually increases, and the
deviation ratios surpass 10% when the slip ratio reaches 0.48.
This discrepancy may be attributed to the enhanced slip ratio
and disturbances within the air gap magnetic field between the
PM rotor and the conductor rotor

30
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Fig. 6. Comparison of theoretical and experiment torque at different slip ratios
(g=4 mm).
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Fig. 7. Comparison of theoretical and experiment torque at different slip ratios
(g=6 mm).
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Fig. 8. Comparison of theoretical and experiment torque at different slip ratios
(g=8 mm).

Fig. 9 compares the theoretical and experimental
mechanical characteristic curves of the slotted axial magnetic
coupler with an air gap thickness of 4 mm. When the output
speed varies within the range of 840 to 1156 rpm, the
theoretical values show a high degree of consistency with the
experimental values. However, below 840 rpm, a notable
discrepancy emerges between the theoretical and experimental
values, and this gap widens as the output speed further
decreases. Specifically, at an output speed of 1156 rpm, the
output torque attains its maximum value of 60.3 N-m, whereas
at 840 rpm, the output torque is 48.4 N-m. Consequently,
within the output torque range of 48.4 to 60.3 N-m, the
theoretical model effectively predicts the experimental
outcomes.

Fig. 10 compares the theoretical and experimental
mechanical characteristic curves of the slotted axial magnetic
coupler with an air gap thickness of 6 mm. When the output
speed varies within the range of 840 to 1156 rpm, the
theoretical and experimental values exhibit a high degree of
consistency. However, when the output speed falls below 840
rpm, a significant discrepancy arises between the theoretical
and experimental values, and this discrepancy widens as the

output speed further decreases. Specifically, at an output speed
of 1156 rpm, the output torque achieves its maximum value of
44.2 N-m, while at 840 rpm, the output torque is 39.9 N-m.
Consequently, the theoretical model is able to accurately
predict the experimental results within the output torque range
0f39.9 to 44.2 N-m.
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Fig. 9. Comparison of theoretical and experiment mechanical characteristic
curves (g=4 mm).
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Fig. 10. Comparison of theoretical and experiment mechanical characteristic
curves (g=6 mm).

Fig. 11 presents a comparison of the theoretical and
experimental mechanical characteristic curves for the slotted
axial magnetic coupler with an air gap thickness of 8§ mm.
When the output speed falls within the range of 912 to 984
rpm, the theoretical and experimental values show a high
degree of consistency. However, when the output speed dips
below 912 rpm, a notable discrepancy emerges between the
theoretical and experimental values, and this discrepancy
widens as the output speed further decreases. Specifically, at
an output speed of 984 rpm, the output torque attains its
maximum value of 32.3 N-m, whereas at 912 rpm, the output
torque is 31.4 N-m. Consequently, the theoretical model is
capable of accurately predicting the experimental results
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within the output torque range of 31.4 to 32.3 N-m.
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Fig. 11. Comparison of theoretical and experiment mechanical characteristic
curves (g=8 mm).

Fig. 12 compares the theoretical and experimental
maximum output torques of the slotted axial magnetic coupler
across various air gap thicknesses. As the air gap thickness
increases, a gradual decrease in the maximum output torque is
observed. Notably, the errors between the theoretical and
experimental maximum output torques remain consistently
below 4%. Specifically, the maximum error of 3.656% occurs
at an air gap thickness of 4 mm, whereas the minimum error of
2.826% is recorded at an air gap thickness of 6 mm.
Consequently, this theoretical model demonstrates the
capability to accurately predict the maximum output torque
within the range of air gap thicknesses from 4 to 8 mm.
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Fig. 12. Comparison of theoretical and experiment maximum output torques.

IV. CONCLUSION

In this paper, a new 2-D vector magnetic potential analysis
model has been established to predict the output torque of the
slotted axial magnetic coupler, and the experimental platform
for the slotted axial magnetic coupler has been built to verify
the proposed theoretical analysis model. The conclusions are

as follows:

1. The output torque of the slotted axial magnetic coupler
increases first and then decreases with the increase of slip ratio.
When the slip ratio reaches 0.12, the output torque of the
slotted axial magnetic coupler reaches its maximum value.
The maximum output torque decreases with the increase of air
gap thickness.

2. When the slip ratio ranges from 0 to 0.3, the theoretical
torque and the experimental torque have good consistency,
and the maximum deviation ratio is less than 5%. When the
slip ratio exceeds 0.3, the deviation between the theoretical
torque and the experimental torque gradually increases.

3. As the air gap thickness increases, the maximum output
torque gradually decreases. This theoretical model can predict
the maximum output torque when the air gap thickness ranges
from 4 to 8§ mm.

This study not only offers a user-friendly tool for
conducting research analysis and engineering design
pertaining to slotted axial magnetic couplers, but it also
significantly contributes to the promotion of their widespread
application and the advancement of supporting industries.
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