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ABSTRACT

To solve the current problem of a single
magnetic coupler speed regulation method, a
permanent magnet (PM) rotatable magnetic coupler
structure is proposed, named magnet-rotating-type
axial magnetic coupler (MAMC). The MAMC can be
speed regulated in three ways: through air gap
regulation, rotary regulation, and composite
regulation. Then, a test platform of MAMC was built
to carry out experimental research on speed
regulation model of constant torque load, quadratic
rate load and constant power load. The results show
that the composite speed regulation method has a
wider speed range compared to the air gap speed
regulation method under the quadratic rate load speed
regulation model. Under the constant torque load and
constant power load speed regulation model, the
composite speed regulation method not only has a
wider speed range but also has a larger transfer torque
compared to the air gap speed regulation method.

INTRODUCTION

Magnetic couplers can transfer torque and
speed without mechanical contact. It can avoid the
friction and wear problems of traditional transmission
devices and has the advantages of soft start and
overload protection. Therefore, it is widely used in
the industrial field of transmission and braking
systems (Atallah et al., 2011; Ye et al., 2011).

At present, scholars around the world are more
mature in the theoretical study of the magnetic
coupler, and the research methods are mainly finite
element method (FEM) and analytical method. The
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FEM is the output results after structural design,
material setup, and kinematic constraints in finite
element software (Meng et al., 2015; Erasmus et al.,
2017). This method requires high computer hardware.
The analytical method can be divided into the
magnetic equivalent circuit (MEC) method and the
layer model method. The equivalent magnetic circuit
method is the permanent magnet (PM) is regarded as
a magnetic potential, the medium through which the
magnetic  circuit  passes is regarded as
magnetoresistance, and a magnetic circuit diagram is
established, then combined with Kirchhoff's law an
analytical model is established (Wang et al., 2019;
Yeo et al., 2019). However, this method has a larger
error in larger air gaps (Wang et al., 2018). The layer
model method is a combination of field analysis
(magnetic fields and eddy current fields) and
sub-domain model, where an analytical model is
established by Maxwell's equations and boundary
conditions are added (Lubin et al., 2017; Wang et al.,
2014; Min et al., 2015). This method can solve the
problem of large errors at large air gaps (Wang.,
2022). These research methods provide a theoretical
foundation for the study of magnetic coupler
performance.

To improve the transmission performance of
magnetic couplers, scholars around the world have
innovated their structures. The magnetic field
direction of PMs adopts the Halbach arrangement so
that the main magnetic circuit has a better
magnetizing effect, which in turn improves the
transmission torque (Li et al., 2023; Kim et al., 2016).
Slotted and embedded higher permeability ferrous
material in the conductor sheet (CS) to increase eddy
current density on the copper conductor and thus
increase drive torque density (Razavi et al., 2006; Dai
et al., 2016). Magnetic couplers have a wider speed
range in industrial applications while fulfilling a
certain drive torque. However, little research has been
done on the speed range of axial magnetic couplers.
At present, the axial magnetic coupler is only a way
to regulate the speed by adjusting the thickness of the
air gap between the PM rotor and the CS rotor.

To solve the problem of axial magnetic coupler
speed regulation range is narrow. In this paper, a PM
rotatable axial magnetic coupler structure is
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Fig.1. Speed regulation methods of the MAMC. (a) air gap regulation, (b) rotary regulation, (c) composite

regulation.

proposed, which can be speed-regulated in three
methods: air gap regulation, rotary regulation, and
composite regulation. The test bench was built after
the prototype was produced. Speed regulation
experiments were carried out under the constant
torque load, quadratic rate load, and constant torque
load speed regulation relationship models.

STRUCTURE DESIGN

Speed regulation method
Fig. 1 shows the three speed regulation

methods of MAMC. The first is the air gap regulation.

The air gap thickness between the PM rotor and the
CS rotor is adjusted, and the magnetic flux density at
the CS is changed, so that the transfer torque is
changed. Finally, the output rotational speed is
changed, realizing the speed regulation function of
MAMC. The second type is rotary regulation. The
PM and its back iron are rotated at a certain angle to
change the effective air gap thickness, the coupled
area, and the array of PMs between the PM rotor and
the CS rotor, thus the magnetic flux density and the
transfer torque at the CS is changed, and thus
realizing the regulation of the MAMC rotating speed.
The third is the composite regulation. This means the
thickness of the air gap between the PM rotor and the
CS rotor is adjusted, while the PM and its back iron
are rotated at a certain angle to realize the function of
speed regulation. The limitation is broken that
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conventional magnetic couplers can only be used for
air gap speed regulation, and diversifying the speed
regulation methods.

3-D structure design

Fig. 3 shows the 3-D structural model of
MAMC, and its relevant structural parameters are
shown in Table 1. Order to ensure that the structural
parameters presented in Table 1 are clearly linked to
the 3-D structural model for better understanding. Fig.
4 shows the geometrical structure of MAMC, the
parameter symbols correspond to Table 1. PMs are
uniformly arranged in the circumferential direction,
and the magnetic fields of neighboring PMs are in
opposite directions. Rotatable PMs have the same
magnetic field direction and are fixedly connected to
their backing iron. The gear disk engages with the
bevel gear, and the bevel gear is coaxial with the
back iron of the rotatable PM. The rotated gear shaft
rotates the gear disk, and the bevel gear is driven to
rotate, and the angle of the rotatable PM is changed
to realize the speed regulation function. All rotatable
PMs have the same rotation angle.

THEORETICAL ANALYSIS

Derivation process of magnetic induction
intensity according to reference (Wang et al., 2018).
As shown in Fig. 2, when the rotatable PM rotates at
a certain angle 0, the magnetic field line in the air gap
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changes from a straight line to an arc line. If the
minimum radius of the magnetic field line is set to 7;,
the maximum radius of the magnetic field line is
(r1+7m), and the magnetoresistance of the air gap can
be expressed as
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Fig. 2. Air gap flux path between the rotatable PM
and the CS.
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Fig. 3. 3-D structure of MAMC.
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In summary, the derivation formula of
magnetic induction intensity B. on CS can be
simplified as
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From (4), as the rotation angle of the rotatable
PM increases, the radius of the magnetic field line
decreases. Because it is very difficult to calculate the
radius of the magnetic field line, it is difficult to
know how the magnetic induction intensity B.
changes on CS, so it is necessary to explore through
experiments.

Permanent magnet
back iron

Bevel gear
Gear shaft

Rotate  Quput shaft

Gear disc

Permanent magnet

Table 1. Specifications of the MAMC.

Parameter Value Parameter Value
Number of PM pole pairs 6 Thickness of the CS, ¢, 5 mm
Angle of pole-arc, 6,, 25° Thickness of the PM back iron, £, 12 mm
Inner radius of the PM, r,,,; 85 mm Thickness of the CS back iron, #,; 10 mm
Outer radius of the PM, r,,, 120 mm Relative permeability of the PM 1.099
Thickness of the PM, ¢, 8 mm Relative permeability of back iron 2000

Inside radius of the CS, r; 65 mm Coercive force of the PM —868 kA/m
Outside radius of the CS, r., 140 mm Conductivity of the CS 5.7x107 S/m
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Fig. 4. Geometrical structure of MAMC.
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Fig. 5. Experimental platform of the testing system.

EXPERIMENTAL TEST

Experimental platform

Fig. 5 shows the magnetic coupler experimental
platform, which includes input motor, torque sensor,
MAMC, load motor, and servo motor. The role of the
input motor is to control the input speed, the role of
the input side torque sensor is to record the input
torque data in real time, the role of the output side
torque sensor is to record the output torque data in
real time, the role of the load motor is to control the
output speed, the role of the servo motor is to
regulation the air gap thickness between the PM rotor
and the CS rotor.

Keep the position of the input side stationary
and adjust the position of the output side with the
servo motor so that the air gap between PM rotor and
CS rotor is 4 mm. Keep the speed of the input motor
constant 1200 rpm, the initial speed of the output
motor is consistent with the input speed, and the
speed decreases by 10 rpm step. The computer
collects the torque data recorded by the torque sensor
under different output speeds. Repeat the above
experimental steps to record the experimental data
when the air gap is 8§ mm and the air gap thickness is
4 mm and 8 mm, respectively, when the angle of the
rotatable PM is 30°.

J. CSME Vol.46, No.1 (2025)
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Table 2. Parameter of experiment

Parameter Value

Input rotate speed 1200 rpm

Air gap thickness 4 mm and 8§ mm
Rotation angle of the rotatable PM 0°and 30°
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Speed regulation relationship model

For conveyor belts and mixers, whose load
torque is constant, the torque balance equation at the
steady state of the MAMC
T, =T,=C ®)
where 7, is the output torque of the MAMC, T, is the
constant load torque, and C is the constant value.

For fans and pumps, whose load torque is
quadratically related to the output speed, the torque
balance equation at the steady state of the MAMC

T, =T, =kn, (6)
where T, is the load torque at the quadratic rate, & is
the quadratic rate coefficient, n,, is the output speed.

For rolling mill and paper winding machines,
whose power is constant and the load torque is
inversely proportional to the output speed, the torque
balance equation at the steady state of the MAMC
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where T, is the load torque at constant power, P is
the constant power, C, is the constant value.

ANALYSIS OF RESULTS

Mechanical characteristic

As shown in Fig. 6, the mechanical
characteristic curve of MAMC under different air gap
thicknesses and PMs rotation angles. The inflection
points of the mechanical characteristic curve under
different speed regulation parameters correspond to
consistent output speeds. The transfer torque reaches

its maximum value when the output speed is 860 rpm.

It shows that the MAMC has the same critical speed
for different speed regulation parameters. The
maximum torque of the MAMC is 52 N-m when the
air gap thickness and PM rotation angle are 4 mm and
0°. The maximum torque of the MAMC decreases
with the increase of air gap thickness and PM rotation
angle.

Torque (N-m)
Fig. 6. The mechanical characteristic curve of the
MAMC.

Speed regulation curves

Fig 7 is the speed regulation curves of the
MAMC. For stable operation of the MAMC, it is
necessary to determine its operating speed range
under different speed regulation relationship models
(Li et al., 2012). (1) The load curve must have an
intersection with the mechanical characteristic curve.
(2) At the intersection of the curves, the inverse of
the load curve slope is greater than the inverse of the
mechanical characteristic curve slope at that point.
Therefore, the inflection point of the mechanical
characteristic curve is the critical point for adjustable
speed for constant torque load and constant power
load conditions. When the output speed is lower than
the critical speed, the MAMC will not be able to
operate stably. For quadratic rate loading conditions,
all intersection points are normal operating points,
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independent of critical speeds.

1200

1000 -

800

600

n,, (rpm)

400

200

Torque (N'm)
Fig. 7. Speed regulation curves of the MAMC.

Constant torque load speed range curves

Fig. 8 shows the speed range curves of the
three speed regulation methods under different load
torque values. As the load torque increases, the speed
range that can be stabilized by the three speed
regulation modes all increase first and then decrease.
When the air gap thickness of the MAMC is 8§ mm
and the PM rotation angle is 30°, the maximum
output torque is 16.7 N-m.
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Fig. 8. Speed regulation range of three speed
regulation methods under different load
torques

At this point, the composite speed regulation

method achieves the widest speed range of 0-317.5

rpm, which is much wider than the air gap speed

range and the rotary speed range. When the air gap
thickness of the MAMC is 8 mm and the PM rotation

angle is 0°, the maximum output torque is 26.3 N-m.

At this point, the air gap speed regulation method

reaches the widest speed range of 0-255.2 rpm, which

is the same as the composite speed range and wider
than the rotary speed range. When the air gap
thickness of the MAMC is 4 mm and the angle of
rotation of the PM is 30°, the maximum output torque
is 31.1 N-m. At this point, the rotary speed regulation
mode reaches the widest speed range of 0-236.4 rpm,



and the three speed regulation modes can operate in
the same stable speed range. When the air gap
thickness of the MAMC is 4 mm and the permanent
magnet rotation angle is 0°, the maximum output
torque is 52.4 N-m. At this point, the MAMC can
only operate at critical speed and cannot be regulated
speed. Under the constant torque speed regulation
model, the composite speed regulation has a wider
speed range compared to the air gap speed regulation.

Quadratic rate load speed range curves

Fig. 9 shows the speed range curves of the three
speed regulation methods under different quadratic
rate loads. As the torque coefficient increases, the
speed range that can be stabilized by the three speed
regulation modes all increase first and then decrease.
The speed range for stable operation is always wider
in the composite mode than in the air gap and rotary
modes. When the torque coefficient is 5.1x107, the
composite speed regulation mode achieves the widest
speed range of 0-445 rpm. When the torque
coefficient is 6.2x107° the air gap speed regulation
method reaches the widest speed range of 0-284.7
rpm. When the torque coefficient is 6.3x107 the
composite speed regulation method reaches the
widest speed range of 0-218.2 rpm. It can be seen that
under the quadratic rate speed model, the composite
speed regulation has a wider speed range compared to
the air gap speed regulation.
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Fig. 9. Speed regulation range of three speed
regulation methods under different torque
coefficients.

Constant power load speed range curves

Fig. 10 shows the speed range curves of the
three speed regulation methods under different power
values. Similar to constant torque speed regulation, as
the power value increases, the speed range that can be
stabilized by the three speed regulation methods all
increase first and then decrease. When the air gap
thickness of the MAMC is 8 mm and the PM rotation
angle is 30°, the maximum output power is 1.5 kW.
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At this point, the composite speed regulation method
achieves the widest speed range of 0-302.7 rpm,
which is much wider than the air gap speed range and
the rotary speed range. When the air gap thickness of
the MAMC is 8 mm and the PM rotation angle is 0°,
the maximum output power is 2.37 kW. At this point,
the air gap speed regulation method reaches the
widest speed range of 0-278.1 rpm, which is the same
as the composite speed range and wider than the
rotary speed range. When the air gap thickness of the
MAMC is 4 mm and the PM rotation angle is 30°, the
maximum output power is 2.9 kW. At this point, the
rotary speed regulation mode reaches the widest
speed range of 0-260.1 rpm, and the three speed
regulation modes can operate in the same stable
speed range. When the air gap thickness of the
MAMC is 4 mm and the permanent magnet rotation
angle is 0°, the maximum output power is 4.72 kW.
At this point, the MAMC can only operate at critical
speed and cannot be regulated speed. Under the
constant power speed regulation model, the
composite speed regulation has a wider speed range
compared to the air gap speed regulation.
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10. Speed regulation range of three speed
regulation methods under different power
values
It should be noted that when the rotating angle
of the rotatable PM is 0° and only the air gap speed
regulation method is used to speed the MAMC, there
is no difference between the MAMC and the
traditional magnetic coupler. Therefore, the rotatable
PM can be used as a traditional magnetic coupler
when the rotation angle is 0°. Compared with the
traditional magnetic coupler, the MAMC has a wider
speed range when the compound speed regulation
method is used to speed the MAMC.

1.6 4.0 4.8

Fig.

CONCLUSIONS

The magnetic coupler is a non-physical contact
regulatable speed transmission device, which is
widely favored by industrial fields. In this paper, a
permanent magnet rotatable magnetic coupler is
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invented and its speed regulation characteristics are
investigated. The following conclusions can be
reached:

(1) The MAMC has three kinds of speed

regulation modes: air gap speed regulation,
rotary speed regulation, and composite
speed regulation. The MAMC breaks the
limitation of conventional magnetic
couplers that can only be used for air gap
speed regulation and diversifies the speed
regulation modes.
Under the quadratic rate speed regulation
model, the composite speed regulation
method has a wider speed regulation range
compared to air gap speed regulation.
Under the constant torque and constant
power speed regulation model, the
composite speed regulation not only has a
wider speed range but also has a larger
transfer torque, compared with the air gap
speed regulation.

The MAMC has a promising future in the
industry.

2)
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