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Abstract: Specific to a problem of large vibro-impact aris ing from the cutting unit of the hard rock
tunnel boring machine (TBM), a hybrid magnetic coupler based on soft start was proposed in this
paper. The mathematical model for total eddy current losses of such a coupler was established
by field-circuit method. Then, magnetic-thermal coupling simulation was performed by virtue of
three-dimensional finite element software. In addition, an experimental prototype was independently
designed; by comparing the model with experimental data, validity of the above mathematical model
was verified. The relevant research results indicated that calculated values were consistent with
experimental values, and the magneto thermal coupling method could be applied to accurately
analyze temperature distribution of the hybrid magnetic coupler. By contrast to the existing magnetic
coupling of the same dimension, output efficiency of the hybrid magnetic coupler was improved by
1.2%. Therefore, this research technique can provide references for designing the cutting unit of hard
rock TBM with a high start impact.

Keywords: hybrid magnetic coupler; magneto thermal coupling; output efficiency; total eddy
current loss

1. Introduction

The cutting unit serves as a core component of the hard rock tunnel boring machine (TBM), and
thus its performance has a direct influence on structural strength and service life of the TBM [1–3].
In order to improve the performance of such a cutting unit, soft start technology can be adopted [4]
to reduce vibro-impact and cutting pick wear at the time of tunneling, extend the service life of the
cutting pick, and improve the corresponding tunneling efficiency [5].

A coupler based on magnetic driving technology is a kind of novel speed control equipment [6]
which features light load starting, overload protection, vibration isolation, etc. [7]. As a result, it has
attracted extensive attention at home and abroad. Magnetic sources of the magnetic coupler can be
either permanent magnets or electromagnetic devices.

The existing magnetic coupler can be roughly divided into three types, such as the vertical
barrel magnetic coupler [8], the axial disc magnetic coupler [9], and the cage-shaped asynchronous
magnetic coupler [10]. While Sun Zhongsheng et al. perform an in-depth study on the magnetic
field and mechanical characteristics of the permanent magnet governor of a barrel structure [11],
Zhang Meng et al. probe into speed control performance and energetic efficiency of the vertical flux
permanent magnetic coupling [12]. In addition, Zhang Hongjun et al. simulate starting and decoupling
processes of the magnetic coupling so that the judging criteria for simple starting and decoupling
are verified [13]. Based on an analytical method, Kim et al. propose linear coupling characteristics
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for barrel magnetic couplers [14]. Two-dimensional (2D) magnetic field distribution of the axial disc
magnetic coupler was improved by Wang et al. [15]. Budhia et al. put forward a double-disc magnetic
coupler and took advantage of its structural symmetry to balance the axial force [16]. Optimal design
was carried out by Mohammadi et al. for a single/double-disc magnetic eddy-current coupler in
combination with the conventional Faraday’s law of electromagnetic induction and Ampere’s law,
based on which an analytical model that can be adopted to deal with complex geometry and material
performance is further proposed [17]. Ge Yanjun et al. established an output torque model for the
asynchronous magnetic coupler of a permanent magnet type and figured out various defects related
to the leakage coefficient of such a coupler according to a magnetic circuit method, a finite element
method, and a line of magnetic force-based closed-circuit methods [18].

In allusion to the above shortcomings, a hybrid magnetic coupler is presented in this paper.
Combining the traditional barrel magnetic coupler and the double plate magnetic coupler, not only
did the area of the induced magnetic field increase, but magnetizing could be performed both axially
and radially to improve the corresponding propagation efficiency. Moreover, a total eddy current loss
model was set up for such a type of magnetic coupler to compare the output efficiency between it and
the general double plate magnetic couplers. Hence, the validity of the total eddy current loss model
was verified by independently designed tests. This study aims at lowering starting vibro-impact of
the TBM cutting unit and to provide protection for such a cutting unit under the circumstance of
regular overload.

2. Air Gap Flux Density Model

In combination with structural features of the existing magnetic coupler, a hybrid magnetic
coupler is presented in this paper, and magnetizing of its axial and radial permanent magnets could
be carried out simultaneously. In addition, a copper conductor cut the magnetic line of force in the
radial direction and on its end face to increase electromagnetic damping. In this way, transmission
power could be substantially improved in a condition of identical volume or size; moreover, in the
case that the transmission power was at a certain value, both volume and size of such a coupler could
be reduced to decrease the space it occupied. The schematic diagram of hybrid magnetic coupler is
shown in Figure 1a.Energies 2017, 10, 1148 3 of 16 
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Figure 1. Hybrid magnetic coupler: (a) Schematic diagram of hybrid magnetic coupler; (b) Magnetic
circuit diagram of hybrid magnetic coupler.

Considering that the hybrid magnetic coupler was equipped with a structure of bilateral symmetry,
1/4 of it was adopted to perform magnetic circuit analysis for the purpose of analysis simplification.
In Figure 1b, a magnetic line of force chart is given for the hybrid magnetic coupler. Compared to
the ordinary barrel magnetic coupler or disc magnetic coupler, it had a more sophisticated flux path
that was constituted by a main magnetic circuit, an air gap leakage circuit, hybrid leakage circuit, and
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slot leakage circuit. Concerning most magnetic lines of force, a path of low magnetic resistance was
selected, and the line passed through the air gap, copper disc, and yoke to form the main magnetic
circuit including the main magnetic circuit 1 and the magnetic circuit 2. Regarding a small number of
magnetic lines of force circuits directly through the air gap or adjacent to the permanent magnet, they
were referred to as magnetic flux leakage that could not be cut by a rotary copper conductor. Besides,
magnetic flux leakage was divided into air gap leakage circuit, hybrid leakage circuit, and slot leakage
circuit. Among them, the air gap leakage circuit changed together with variations in the length of the
air gap; the slot leakage was associated with the number of permanent magnets arranged; and the
hybrid leakage stemmed from the magnetic line of force circuit between one permanent magnet in an
aluminum groove and the other permanent magnet in an aluminum dish. Additionally, a magnetic
isolating device could be added to reduce hybrid leakage.

3. Equivalent Magnetic Circuit Model

Figure 2 is an equivalent magnetic circuit diagram of a pair of external magnetic circuits under
the pole when the hybrid magnetic coupler is with load. In the case that the hybrid magnetic coupler
with load is running in a steady state, eddy currents generated in the copper conductor tend to become
stable and their directions change alternatively. Depending on Lenz’s law, the magnetic field of the
induced currents is required to impede changes in the original flux so that the magnetic field incurred
by it, exerts an action contrary to that of the original magnetic field produced by the permanent magnet.
As a result, a magnetomotive force of eddy currents takes form in the magnetic circuit and it is denoted
as Fa (unit: A).
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Figure 2. Equivalent magnetic circuit diagram.

In Figure 2, F1 refers to the equivalent magnetic potential (A) provided by permanent magnets on
each axial pole externally, and F2 refers to the equivalent magnetic potential (A) provided by permanent
magnets on each radial pole externally. As direction and length of polarization were set to being
equal as far as axial and radial permanent magnets were concerned, it could be deemed that F1 was
approximate to F2. In addition, Λσ is hybrid leakage permeance (H); Λp1 is the magnetic permeance
of axial the permanent magnet (H); Λp2 is the magnetic permeance of the radial permanent magnet
(H); Λc1 is the magnetic permeance of the axial copper plate (H); Λc2 is the magnetic permeance of the
radial copper plate (H); Λδ1 is the magnetic permeance of the axial air gap (H); and Λδ2 is the magnetic
permeance of the radial air gap (H).

The total magnetic potential difference of the external magnetic circuits ΣF equals the sum of the
magnetic potential differences among all parts of the magnetic circuit, that is,

ΣF = 2Fc1 + Fc2 + Fp1 + Fp2 + Fσ + 2Fδ1 + Fδ2 (1)

wherein Fc1 refers to the magnetic potential difference between axial copper plates (A); Fc2 refers
to the magnetic potential difference between radial copper rings; Fp1 and Fp2 refer to the magnetic
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potential difference between the axial permanent magnets and between the radial permanent magnets,
respectively (A); Fσ refers to hybrid magnetic potential difference (A); Fδ1 refers to the magnetic
potential difference between axial air gaps (A); Fδ2 refers to the magnetic potential difference between
radial air gaps (A).

The main magnetic permeance is composed of the magnetic permeance on all sections of the main
magnetic circuit. If magnetic permeance of the hybrid magnetic coupler is expressed in Λ (H), then,

Λ = 1
2Λc1

−1+Λc2
−1+Λp1

−1+Λp2
−1+Λσ

−1+2Λ
δ1

−1+Λ
δ2

−1 (2)

Therefore, the total magnetomotive force in the magnetic circuit can be written as,

F = F1 − Fa (3)

wherein F1 = HCh (HC refers to the coercivity of the permanent magnet (A/m); h refers to the
direction of the permanent magnet along the direction of polarization (m); Fa refers to the equivalent
magnetomotive force generated by eddy current (A); Fa = keie (as the coefficient of equivalent
conversion, ke = 1.5–2.5, and equals 2.5 in this paper; ie refers to the effective eddy current (A)).

According to the magnetic resistance calculation formula, the following equations can be obtained.

Λp1 = Λp2 =
µrSpm

h
(4)

Λδ1 =
µ0Spm

δ1
(5)

Λδ2 =
µ0Spm

δ2
(6)

Λc1 =
µ0Spm

l1
(7)

Λc2 =
µ0Spm

l2
(8)

wherein Spm refers to the area of overlap between permanent magnets (mm2); l1 refers to the
thickness of the axial copper plate (mm); l2 refers to the thickness of the radial copper ring (mm);
µ0 = 4π × 10−7 refers to air permeability (H/m); and µr refers to the relative permeability of the
permanent magnet (H/m).

Expressions for Φg denoting magnetic flux in the air gap and magnetic flux density Bg are
as follows.

Φg =
F

1/Λ
= (F1 − Fa)

(
2

Λc1
+

1
Λc2

+
1

Λp1
+

1
Λp2

+
2

Λσ
+

1
Λδ1

+
1

Λδ2

)
(9)

Bg =
Φg

Spm
(10)

4. Total Eddy-Current Loss Model

Figure 3 shows equivalent structure diagrams of the copper conductor with (a) axial copper
conductors with radii r1, and r2 and (b) with radii r3 and r4. It is assumed that r1 and r2 are outer and
inner diameters of an axial copper disc (mm), while r3 and r4 are outer and inner diameters of a radial
copper ring (mm). The axial copper disc is deemed to be formed by numerous copper bars that have
a length of (r2 − r1) and pass through the center of a circle, and the radial copper ring is formed by
countless copper bars with a length of (r4 − r3) and through the center of a circle as well.
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Figure 3. Equivalent structure diagram of copper conductor: (a) Axial copper plate; (b) Radial
copper ring.

The induced electromotive force generated on section dr of the copper bar is expressed in,

dε = Bgωs sin(ωst)dr (11)

wherein Bg refers to the magnetic flux density in the air gap (T); ωs refers to the angular velocity of the
slip, and ωs = ω1 − ω2 (ω1 and ω2 respectively refer to the angular velocity of rotation of a copper
conductor (or copper ring) and the axial permanent magnet plate (or radial permanent magnet plate).

It is assumed that s is the slip ratio and the calculation formula for it is as follows.

s = 2π
ω1 − ω2

ω1
(12)

Through transformation, we can obtain
ωs = 2πsn1 (13)

where n1 is the revolving speed of the loading motor, that is, the input speed in r/m.
Electromotive forces of the axial copper plate (εa) and the radial copper ring (εr) can be calculated

according to the following formulas, separately.

εa =
∫ r2

r1

dε = 2πsn1Bg sin(2πsn1t)(r2
2 − r1

2)/2 (14)

εr =
∫ r4

r3

dε = 2πsn1Bg sin(2πsn1t)(r4
2 − r3

2)/2 (15)

Length of the copper conductor is assumed to be l (mm). Then, considering that conductivity of copper
is σ (S/m), resistance for an infinitesimal section dr is expressed in the equation below.

dR =
dr

2πσr∆
(16)

Resistance from r1 to r2 on the axial copper disc, corresponding to permanent magnet on each pole, is
denoted as R1a, while that from r3 to r4 on the corresponding radial copper ring is R1r. Respectively,
their equations are presented as follows in (17) and (18).

∆ refers to the skin depth of a copper conductor (mm); Npa refers to the number of axial pole-pairs;
Npr refers to the number of radial pole pairs; kR refers to the correction factor of resistance at different
speeds and changes within the range of 0.6–4.6 [17].
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A copper conductor is hardly magnetically conductive, so its permeability is approximate to air
permeability [18], in which case the skin depth of the axial copper conductor (∆a) and the skin depth
of the radial copper conductor (∆r) are, respectively, equal to Equation (19)

R1a = 2kRNpa

∫ r2

r1

dr
2πσl∆a

=
kRNpa

πσ∆a
ln

r2

r1
(17)

R1r = 2kRNpr

∫ r4

r3

dr
2πσl∆r

=
kRNpr

πσ∆r
ln

r4

r3
(18)

∆a =
(
µ0σNpaπsn1

)−1/2

∆r =
(
µ0σNprπsn1

)−1/2

}
(19)

Based on the above analysis, it was found that eddy currents generated by permanent magnet
under each pole are expressed in Equation (20). I1a refers to the eddy current generated by the axial
permanent magnet each pole; I1r refers to the eddy current generated by the radial permanent magnet
under a pair of poles.

I1a =
εa

Ra
; I1r =

εr

Rr
(20)

Let Bg be the air gap flux density. By substituting Equations (9) and (15) to (20) into (10), we may
obtain the air-gap magnetic flux density

Bg = F

[
1
Λ

Spm +
keπσ∆aωs sin(ωst)

(
r2

2 − r2
1
)

2NpakR ln r2
r1

+
keπσ∆rωs sin(ωst)

(
r2

4 − r2
3
)

2NprkR ln r4
r3

]
(21)

Psa refers to the total eddy current loss on the axial copper plate and Psr refers to the total eddy
current loss on the radial copper ring. The eddy-current loss on the axial copper plate of each pole
(P1sa) is

P1sa = I2
1aR1a (22)

The eddy-current loss on the radial copper ring of each pole (P1sr) is

P1sr = I2
1rR1r (23)

The total eddy current loss of the complex magnetic coupler (Ps) is calculated as

PS = Npr P1sr + Npa P1sa (24)
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5. Eddy-Current Field Simulation Based on Magneto Thermal Coupling Analysis

Three dimensional (3D) hexahedral hot nodes were used to perform thermal analysis on the eddy
current field of the hybrid magnetic coupler based on an equivalent thermal network method [19] and
the current between one node and any other node was denoted by six thermal resistances. However,
the eddy current loss of each node that cannot be directly obtained by the computation structure
of the magnetic field is expressed in the average eddy current loss of the entire copper conductor
in most cases. As a consequence, the eddy current loss is unable to acquire the correct temperature
distribution of such a conductor. In this study, 3D finite element magneto thermal coupling analysis
was employed together with Ansoft Maxwell 15.0 (ANSYS, Inc., Canonsburg, PA, USA) and Ansys
Workbench 14.0 (ANSYS, Inc., Canonsburg, PA, USA) to construct coupling simulation models for
electromagnetic and temperature fields of hybrid magnetic couplers and to analyze the impact of
heat generated by eddy currents on the function parameters of the copper conductor disc and the
permanent magnet. In addition, thermal power of eddy currents was imported as load of the heat
source into the temperature field and the thermal power that was generated by the eddy currents and
acted as the load of the heat source were imported successively into a temperature field module of
Transient Thermal. In this way, the precise value of temperature could be worked out directly.

In the case that radiation was ignored, a partial differential equation of heat that takes both
conduction and convection [20] into account is,

ρc
(

∂T
∂t

+ VTLT
)
= LT(DLT) + Q (25)

L =


∂

∂x
∂

∂y
∂
∂z

, V =

 Vx

Vy

Vz

, D =

 Kxx

Kyy

Kzz

 (26)

where ρ refers to density (kg/m3); c refers to specific heat capacity (J/kg◦C); T refers to temperature
(◦C); V refers to the speed of heat transfer (m/s); D refers to the matrix of heat conductivity; Kxx, Kyy,
and Kzz refer to the heat conductivity of the x, y, and z axes, respectively; Q refers to the quantity of
heat generated per unit volume (J).

5.1. Combined Simulation Platform Establishment

A combined simulation flowchart for magneto thermal coupling of the hybrid magnetic coupler
is presented in Figure 4a, and in Figure 4b, a schematic diagram for coupling of the magnetic coupling
module of the hybrid magnetic coupler is presented. Firstly, 3D modeling was conducted for the
hybrid magnetic coupler; secondly, the established 3D model was imported into Maxwell Ansoft to
carry out a magnetic field simulation to determine eddy current loss power in a condition of the preset
slip. Subsequently, the power obtained was used as the load of the heat source and imported into the
mechanical transient thermal analysis module, which was followed by analysis according to general
procedures of finite element analysis. In the end, temperature distribution of the hybrid magnetic
coupler was achieved.
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5.2. Simulation Parameter Setting

According to the parameters of the experimental prototype of the hybrid magnetic coupler shown
in Table 1, the 3D magnetic field simulation software Ansoft was used to establish the model, where the
solution type was defined as transient electromagnetic field simulation. The material of the permanent
magnet was NdFe35, the yoke material of the permanent magnet was steel_1010, the solution time
was set as 0.3 s, the step was 0.001 s, and the outer rotor input speed was 450 r/min.

Since the mesh generation directly affects the accuracy of the finite element simulation results, in
order to obtain higher mesh generation quality, a selective generation method was adopted, that is, for
the copper conductor, yoke, permanent magnet, and the air gap which require relatively high accuracy
of solution, the mesh generation should be relatively dense (the number of grid was 35,000), and for
other parts which require relatively low accuracy of solution, the mesh generation should be relatively
sparse to shorten the simulation time and improve the simulation quality.
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Table 1. Dimension parameters of the magnetic coupler.

Parameter
Data

Hybrid Double

Axial magnet pole pairs 4 4
Axial magnet rotor outer diameter 200 mm 200 mm

Axial magnet rotor thickness 25.4 mm 25.4 mm
Axial copper conductor outer diameter 200 mm 200 mm

Axial copper conductor thickness 8 mm 8 mm
Axial yoke iron outer diameter 200 mm 200 mm

Axial yoke iron thickness 10 mm 10 mm
Radial magnet pole pairs 4 -

Radial magnet rotor thickness 25.4 mm -
Radial magnet rotor inner diameter 200 mm -

Permanent magnet size 50.8 mm × 25.4 mm × 12.7 mm 50.8 mm × 25.4 mm × 12.7 mm

In accordance with the above settings, air gap flux density distribution of two magnetic couplers
at diverse rotor positions was acquired through simulation, as shown in Figure 5.

Energies 2017, 10, 1148 9 of 16 

 

Table 1. Dimension parameters of the magnetic coupler. 

Parameter 
Data 

Hybrid Double 

Axial magnet pole pairs 4 4 

Axial magnet rotor outer diameter  200 mm 200 mm 

Axial magnet rotor thickness 25.4 mm 25.4 mm 

Axial copper conductor outer diameter  200 mm 200 mm 

Axial copper conductor thickness  8 mm 8 mm 

Axial yoke iron outer diameter  200 mm 200 mm 

Axial yoke iron thickness  10 mm 10 mm 

Radial magnet pole pairs 4  - 

Radial magnet rotor thickness  25.4 mm - 

Radial magnet rotor inner diameter  200 mm - 

Permanent magnet size 50.8 mm × 25.4 mm × 12.7 mm 50.8 mm × 25.4 mm × 12.7 mm 

In accordance with the above settings, air gap flux density distribution of two magnetic couplers 

at diverse rotor positions was acquired through simulation, as shown in Figure 5. 
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Figure 5. Magnetic flux density distribution at the center of the air gap: (a) the radial air gap is 5 mm
and the axial air gap is 10 mm; (b) the radial air gap is 20 mm and the axial air gap is 15 mm.
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It could be found by analyzing Figure 5 that axial magnetic flux densities of air gap fields formed
by the hybrid magnetic coupler and the general double-disc magnetic coupler were nearly the same.
By contrast, as far as their radial magnetic flux densities were concerned, that of hybrid magnetic
coupler was greater than the general double-disc magnetic coupler. The corresponding reason was
that existence of the radial permanent magnet rotor in the hybrid magnetic coupler, leading to the rise
of an effective overlap area of the magnetic field and the increase in air gap field intensity.

The eddy current loss generated within the permanent magnetic field was then treated as the heat
source and imported into the temperature field for simulation; eddy current power simulation results
of the hybrid magnetic coupler’s permanent magnetic field at the time of the slip equal to 450 r/min
are given in Figure 6.
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Figure 6. Eddy current loss of copper conductor: (a) axial; (b) radial.

Furthermore, after the eddy current loss shown in Figure 6 was imported into the temperature
field, temperature field simulation results of the copper conductor were those presented in Figure 7.
Regarding the axial copper conductor, the maximum temperature takes form in a region where the
density of eddy currents arrives at the highest value. Moreover, the area of the maximum temperature
of the permanent magnet correspondeds to that of the copper conductor considering that the air gap
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served as a heat-transfer medium to transmit heat to the permanent magnet. Thermal conductivity
(unit: W/(mK)) of materials used by the hybrid magnetic coupler can be described as: 0.027 W/(mK)
for air, 220 W/(mK) for aluminum, 20 W/(mK) for the permanent magnet, 40 W/(mK) for iron,
50 W/(mK) for steel, 380 W/(mK) for copper, 0.18 W/(mK) for insulating materials, and 0.5 W/(mK)
for glue. In addition, temperature rise fell into the range permitted by the permanent magnet and
insulating materials, etc.
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6. Experimental Verification

The 1:2 prototype experimental device of the hybrid magnetic coupler is shown in Figure 8. It is
mainly composed of the YE2-90S-4 three-phase asynchronous alternating current (AC) motor (with the
rated speed of 1400 r/m), frequency converter (with the frequency range of 10 Hz to 50 Hz), YH-502
dynamic torque sensor (with the range capacity of 0 to 500 Nm and the precision of 0.5%, from Beijing
Yuhang Instrument Technology Co., Ltd., Beijing, China), the elastic coupler, UX-52 digital-display
governor, hybrid magnetic coupler (1:2 prototype), YE2-80L-4 type load motor, WT-10A digital-display
gauss meter (with the range of 0 to 2000 mT), and MS6208B non-contact digital-display tachometer.Energies 2017, 10, 1148 12 of 16 
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Figure 8. Test prototype diagram.

With regard to the figure of experimental prototypes, the input motor makes use of a frequency
convertor to control revolving speed, while the load motor takes advantage of the governor to control
the revolving speed. As for the dynamic torque sensor, it performs real-time monitoring on output
torque and revolving speed of experimental prototypes and its measuring range is 0 N·m–500 N·m or
0 r/m–6000 r/m.

At the time of the tests, the output shaft of an experimental prototype was connected to one end
of the torque sensor by virtue of the elastic coupler; under such a circumstance, the other end of the
sensor was connected with the load motor to synchronously rotate together with the motor. For the
convenience of data analysis, revolving speed of the load motor turns into a constant of 450 r/m with
the help of the governor.

By controlling the revolving speed of the input motor that thus ran at a speed of 50 r/m–450 r/m,
the speed input could be measured by a tachymeter. Due to the synchronous revolution of the load
motor and the hybrid magnetic coupler, output torque of the experimental prototype was the reading
displayed on a torque sensor.

In the first place, the load motor was started non-loaded and entered a stage of smooth running;
then, the input motor was started and its revolving speed was gradually changed. The torque sensor
was utilized to read and record output torque and revolving speed of the experimental prototype.
Besides, a contactless rotational speed meter was also adopted to test the revolving speed value
obtained after changing the speed of the input motor and acquiring the stable output revolving
speed. Finally, the slip ratio between permanent magnet rotor and the copper conductor rotor of the
experimental prototype was calculated according to Equation (13).

Under the circumstance that revolving speed of the input motor was given and identical, the
hybrid magnetic coupler and the general double plate magnetic coupler of the same volume and
dimension were compared to obtain the corresponding output torque, as shown in Table 2.
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Table 2. Comparison data of the output torque test of the hybrid and ordinary double plate
magnetic couplers.

Input Motor Speed (r/min) Ordinary Double Plate A (N.m) Hybrid B (N.m) Increase Ratio C = (B − A)/A

335 4.4 6.3 43%
340 5.1 7.6 49%
360 6.8 8.7 28%
365 8.2 12.4 51%
380 11.3 13.6 20%
385 12.0 14.6 22%
390 12.7 15.2 20%
420 13.9 16.4 18%
430 15.0 19.1 27%
450 17.2 22.1 28%

In line with Table 2, when input revolving speed of the load motor was given and identical, torque
generated by hybrid magnetic coupler was about 30.7% numerically higher than that of the general
double-disc magnetic coupler. It signifies that transmission power of the hybrid magnetic coupler with
the same volume or dimension can be dramatically improved; in addition, if the transmission power
was definite, volume and dimension of the coupler can be reduced to decrease the space it occupies.

Figure 9 is an efficiency comparison chart for prototypes of the hybrid magnetic coupler and the
conventional double plate magnetic coupler in the same running conditions. Based on analysis,
efficiency of the prototype of the hybrid magnetic coupler featured with a new structure was
approximately 1.2% higher than that of the general double plate magnetic coupler. It is well known
that the efficiency of an ordinary magnetic coupler is about 97–99%. On this basis, the efficiency of the
hybrid magnetic coupler proposed in this paper is about 1.2% of the efficiency of the ordinary double
plate magnetic coupler, which means the hybrid magnetic coupler is superior.
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Figure 9. Prototype efficiency comparison chart.

The comparison between calculated and experimental values of the total eddy current loss power
is presented in Figure 10. When slip of the experimental prototype is below 250 r/min, calculated and
experimental values of the total eddy current loss are not only close to each other, but are almost linear;
in addition, their maximum error is 8.5%. If such a slip is 250 r/min, their maximum error is 10.6%,
which fundamentally verifies the validity of the model constructed in this paper. As for temperature,
it was measured by an infrared thermometer. In the case of a slip equal to 450 r/min, temperature of
the axial copper conductor disc was 127.8 ◦C, slightly higher than its calculated value due to the fact
that the actual loss exceeded the calculated loss.
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7. Conclusions

Specific to the problem of the high vibro-impact generated by the cutting unit of the hard rock
TBM during running, a hybrid magnetic coupler based on soft start was proposed in this paper.

(1) A mathematical model was established for the total eddy current loss of the hybrid magnetic
coupler based on a field-circuit method on the one hand; on the other hand, two types of 3D finite
element software including ANSYS workbench and ANSOFT Maxwell were adopted to perform
magneto thermal coupling simulations.

(2) In combination with concrete structural features of the hybrid magnetic coupler, a prototype
was designed and manufactured. In a condition of the same inputs for revolving speed and
volume given, output torque and transmission efficiency of the hybrid magnetic coupler went
up by 30.7% and about 1.2%, respectively, compared with that of the general double plate
magnetic coupler. This indicates that transmission efficiency of the hybrid magnetic coupler can
be enormously improved under the circumstance of the same volume or dimension, and the
volume and dimension of the coupler can be reduced to bring down the occupied space on the
premise of the given transmission power.

(3) It was experimentally verified that the error between calculated and experimental values of the
total eddy current loss power is rather small (maximum error: 10.6%), which proves that the
magneto thermal coupling analysis method proposed in this study can be utilized to accurately
analyze temperature distribution of the hybrid magnetic coupler.
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Nomenclature

TBM tunnel boring machine
Fa magnetomotive force of eddy currents

F1
equivalent magnetic potential provided by permanent
magnets on each axial pole

F2
equivalent magnetic potential provided by permanent
magnets on each radial pole

Λσ hybrid leakage permeance
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Λp1 magnetic permeance of the axial permanent magnet
Λp2 magnetic permeance of the radial permanent magnet
Λc1 magnetic permeance of the axial copper plate
Λc2 magnetic permeance of the radial copper plate
Λδ1 magnetic permeance of the axial air gap
Λδ2 magnetic permeance of the radial air gap

ΣF
the total magnetic potential difference of the external
magnetic circuits

Fc1 magnetic potential difference between axial copper plates
Fc2 magnetic potential difference between radial copper rings

Fp1
magnetic potential difference between axial permanent
magnets

Fp2
magnetic potential difference between radial permanent
magnets

Fσ hybrid magnetic potential difference
Fδ1 magnetic potential difference between the axial air gaps
Fδ2 magnetic potential difference between the radial air gaps

Λ
permeance of the external magnetic circuit of the hybrid
magnetic coupler

HC the coercivity of the permanent magnet

h
the direction of permanent magnet along the direction of
polarization

Fa
the equivalent magnetomotive force generated by the eddy
current

ke the coefficient of equivalent conversion
ie the effective eddy current
Spm the area of overlap between permanent magnets
l1 the thickness of the axial copper plate
l2 the thickness of the radial copper ring
µ0 air permeability
µr the relative permeability of the permanent magnet
Φg magnetic flux in the air gap
Bg magnetic flux density in the air gap
r1 refers to the inner diameter of the axial copper plate
r2 refers to the outer diameter of the axial copper plate
r3 refers to the inner diameter of the radial copper plate
r4 refers to the outer diameter of the radial copper plate

R1a
resistance of the permanent magnet of each pole from r1 to
r2 on the corresponding axial copper plate

R1r
resistance of the permanent magnet of each pole from r1 to
r2 on the corresponding radial copper plate

∆ the skin depth of a copper conductor
Npa the number of axial pole-pairs
Npr the number of radial pole pairs

kR
the correction factor of resistance at different speeds and
changes

∆a skin depth of the axial copper conductor
∆r skin depth of the radial copper conductor
Psa the total eddy current loss on the axial copper plate
Psr the total eddy current loss on the radial copper ring

P1sa
the total eddy current loss on the axial copper plate of each
pole

P1sr
the total eddy current loss on the radial copper ring of each
pole

Ps the total eddy current loss of the complex magnetic coupler
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ω1
the angular velocity of rotation of a copper conductor and
axial permanent magnet plate

ω2
the angular velocity of rotation of a copper ring and radial
permanent magnet plate

n1 revolving speed of loading motor, that is, the input speed
l length of the copper conductor
σ conductivity of copper
εa electromotive forces of the axial copper plate
εr electromotive forces of the radial copper plate

I1a
the eddy current generated by the axial permanent magnet
of each pole

I1r
the eddy current generated by the radial permanent magnet
of each pole
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