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This paper proposes a novel axially fixed multi-disk magnetic flux-regulatable magnetic coupler with
modular topology, which addresses critical limitations such as the structural scalability of conventional mag-
netic couplers. The innovation integrates three key advancements: (1) a stationary axial architecture that elim-
inates limitations to torque capacity expansion through concentric modular disk stacking, (2) a flux-regulation
mechanism enabled by tunable magnetic reluctance paths by rotational alignment featuring through-hole high-
permeability regulator disks and (3) a hybrid analytical finite element method (FEM) framework incorporating
three-dimensional edge magnetic effects and eddy-current-induced counter fields. An equivalent magnetic cir-
cuit model with variable reluctance components is developed to quantify flux modulation, enhanced by Russell—
Norsworthy correction factors for edge field quantification. The derived torque equations explicitly resolve skin
depth dynamics and transient eddy current distributions through correction terms, and these equations are fur-
ther amended based on finite element. Comprehensive three-dimensional finite element analysis validates the
model’s accuracy while optimizing critical parameters: the relative permeability of the magnetic flux regulator
disk (MFRD) (optimal ps = 7000), regulator thickness (0.8 mm) and speed differential threshold (70 rpm peak
torque). Simulation results demonstrate 0—418 N m continuous torque regulation within the range of 7-15° angu-
lar displacement. The modular design achieves torque capacity improvement over conventional axial displace-
ment couplers through scalable disk-group multiplication. This co-design methodology establishes a foundation
for high-torque magnetic transmission systems in space-constrained industrial applications, providing significant
reference for detailed design and also prototype manufacturing in next steps.

Magnetic couplers represent a class of contactless elec-
tromechanical transmission devices that utilize magnetic
field interactions for torque/speed transmission (Lubin et
al., 2012a). The operational principle relies on modulating
air-gap flux density to achieve dynamic torque regulation,
offering inherent advantages including overload protection
(> 120 % rated torque capacity) (Li et al., 2018), energy ef-
ficiency (typically 92 %—-96 % transmission efficiency) and
reduced mechanical wear (Aberoomand et al., 2019). These

distinctive characteristics have driven their widespread adop-
tion in petrochemical processing, thermal power generation
(Kong et al., 2023) and marine propulsion systems (Jin et al.,
2020).

Recent advancements in permanent magnet materials
(e.g., NdFeB with Br>1.4T) and topology optimization
techniques have facilitated the emergence of novel cou-
pler configurations (Ahmadi et al., 2024). However, exist-
ing torque characterization methodologies face critical lim-
itations: numerical approaches like finite element analysis
(FEA) demonstrate constrained parametric flexibility (Meng



et al., 2015), while conventional analytical models (e.g., the
layer model method) require oversimplified boundary condi-
tions that compromise accuracy (typical error margin 8 %—
15 %) (Lubin et al., 2012b). Meshless methods offer ad-
vantages such as avoiding mesh distortion, naturally han-
dling moving boundaries and strong fringing effects, and are
suitable for contactless coupling problems. However, these
methods also exhibit certain limitations: high computational
costs and complexity in addressing material non-linearities
(Wang et al., 2014). This dichotomy underscores the need for
enhanced modeling frameworks that balance computational
efficiency and predictive accuracy during preliminary design
phases (Wang and Zhu, 2018).

Current magnetic coupler architectures — including cylin-
drical, dual-disk and conical variants — predominantly em-
ploy axial displacement mechanisms for air-gap adjustment
(Du et al., 2020). Such designs necessitate complex control
systems and exhibit limited scalability in torque density (Lz
et al., 2022). As industrial demands escalate for compact
high-torque solutions, developing simplified structural con-
figurations with enhanced torque scalability becomes imper-
ative (Yang et al., 2020).

This study introduces a magnetic flux-regulatable mag-
netic coupler featuring three key innovations: (1) a station-
ary axial architecture eliminating limitations to torque capac-
ity expansion through concentric PM/conductor disk stack-
ing, (2) a flux-regulatable mechanism enabled by tunable
magnetic reluctance paths via rotational alignment of slotted
high-permeability regulator disks and (3) a hybrid analytical
finite element method (FEM) framework incorporating three-
dimensional edge magnetic effects and eddy current-induced
counter fields (namely building the equivalent magnetic cir-
cuit method and establishing comprehensive torque regula-
tion equations incorporating three-dimensional edge effects
and skin depth phenomena). Subsequently, equations are fur-
ther amended by FEA simulation results. Subsequent FEA
simulations validate the model’s predictive accuracy guide
parametric optimization of critical dimensions.

The paper is structured as follows: Sect. 2 details the op-
erational principles and mathematical modeling, Sect. 3 de-
rives comprehensive torque regulation equations and Sect. 4
presents comparative FEA results.

This multi-group flux-regulatable magnetic coupler employs
a modular architecture comprising several identical disk
groups. Each disk group consists of a permanent magnet disk
(PMD) containing permanent magnets, a needle roller bear-
ing, a magnetic flux regulator disk (MFRD) and a conduc-
tor disk (CD) containing the copper conductor. Each disk
group is equipped with a speed regulation device compris-
ing a small gear and a stepper motor. As shown in Fig. 1b, the
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Modular configuration of single disk group: (a) perma-
nent magnet disk (PMD) with dual concentric PM arrays, (b) mag-
netic flux regulator disk (MFRD) with through-hole, (¢) conductor
disk (CD), (d) assemble configuration of a single disk group.

outer edge of each magnetic flux regulator disk has gear teeth
for rotational transmission. The stepper motors are fixed on
the connecting piece, with small gears engaging the gear
teeth on the magnetic flux regulator disk.

In Fig. 1a and b, permanent magnets are radially arranged
in dual concentric circles on the permanent magnet disk, with
alternating N-S poles set equidistantly (illustrates 12 mag-
nets per circle and 15° angular spacing in this paper). The
MFRD is made of soft magnetic material with high perme-
ability, which features several through-holes and is identical
in quantity and shape to the permanent magnets on the PMD.
The PMD and MFRD are connected as a whole unit by a
bearing, allowing only radial rotational motion.

In Fig. 1c and d, two copper conductor rings are mounted
on the CD body. The PMD, MFRD and CD are concentri-
cally arranged. All PMDs are bolted into a whole unit by
the connecting piece, rotating synchronously with the input
shaft. All CDs are fixed on the output shaft.

As illustrated in Fig. 2, the input shaft, PMDs and con-
necting piece are bolted together. Each PMD and MFRD as-
sembly is fixed on the two end faces of the bearing, respec-
tively, allowing relative rotation only. Meanwhile, two CDs
are bolted on the two end faces of the shaft sleeve, and all
shaft sleeves are bolted to the output shaft. Both the size of
center holes of the PMD and MFRD are larger than the out-
put shaft, with the output shaft passing through two bearings
successively.
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Figure 2. Assembly configuration of proposed coupler: (a) full-
scale 3D model with component annotation, (b) modular configura-
tion shafting assembly drawing.

Driven by the motor, the connecting piece transmits ro-
tational motion to the PMDs, which are mechanically cou-
pled to the MFRDs by needle roller bearings. This synchro-
nized rotation induces electromagnetic interaction between
the PMD-MFRD assembly and the CD, thereby driving its
rotation about the output shaft.

It is known that the magnetic line always closes along the
path with the least reluctance according to the least reluc-
tance low. The magnetic flux regulator disks (MFRDs) are
made of soft magnetic material and have high permeabil-
ity which establishes low-reluctance pathways between the
PMD and CD through controlled permeability modulation.

As schematically illustrated in Fig. 3, the small gear drives
the angular displacement taking place between the PMD and
MFRD. When the PMD’s axial polarized magnets align per-
pendicularly with the MFRD’s through-hole, the unshielded
magnet portions generate active flux channels (these por-
tion fluxes pass through the through-hole and air gap suc-
cessively, reaching CD), while remaining segments are mag-
netically shunted by the MFRD’s permeability body.

Figure 5 demonstrates the flux bifurcation mechanism:
(1) the shunted flux path (black line path): originating from
shielded PM segments and confined within the MFRD soft
magnetic circuit, thus non-participating in electromechani-
cal energy conversion; and (2) the active flux path (yellow
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Figure 3. The model of one disk group of the proposed coupler.

line path): generated by aperture-aligned PM poles, pene-
trating the CD conductor domain through air-gap /,1, I,y and
l2, thereby inducing eddy current. Consequently, the number
of magnetic lines reaching the CD conductor domain can be
regulated by the relative rotation angle 6 between the PMD
and MFRD.

Figure 3 illustrates the configuration of the disk assem-
bly. The fan-shaped permanent magnets are concentrically
arranged in two radially distributed circular arrays on the
PMD, maintaining equal angular spacing between adjacent
magnets. Each fan-shaped permanent magnet subtends a cen-
tral angle of 15°, while the angular spacing between adja-
cent magnets measures 15°. This symmetrical arrangement
results from the uniform distribution of 12 permanent mag-
nets per circular array, establishing periodical angular equiv-
alence between magnetized and non-magnetized segments.

The through-holes are geometrically congruent with the
fan-shaped permanent magnets to ensure two operational
states: complete exposure of permanent magnets when
aligned with through-holes or full magnetic shielding by the
MFRD body during disk rotation. As depicted in Fig. 3,
the angular boundaries of permanent magnets (blue lines)
and through-holes (black lines) are distinctly marked. When
these two lines coincide (6 = 0°), null magnetic flux penetra-
tion occurs. Conversely, maximum magnetic flux attains the
CD when angular displacement reaches its maximum value
(when 6 = 15°). This configuration establishes a periodic an-
gular variation range of 0° <6 < 15° during MFRD rotation.

Notably, the torque capacity of the proposed coupler can
be enhanced by the modular disk group increasing, and there
are four disk groups in the coupler illustrated. Therefore, the
working flow diagram of the proposed coupler with four disk
groups is shown in Fig. 4.

Upon receiving a control signal, the stepper motor(s) ac-
tuate the pinion gear to execute a rotational displacement «;,
thereby inducing corresponding angular displacement S; in
the MFRD. This kinematic transmission facilitates magnetic
flux modulation, achieving precise regulation within individ-
ual disk assemblies. The resultant magnetic flux density en-
ables the calculation of the unit torque output 7;. The aggre-
gate torque output 7" demonstrates proportional dependence
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The working flow diagram of the proposed coupler.

on both the constituent torque 7; and the multiplicity of disk

n
assemblies, expressedas T = Y T;.
i=1
Benefiting from modular stacking architecture, the pro-
posed coupler exhibits three principal advantages over con-

ventional magnetic couplers:

1. Reduced axial size and simplified control structure.
There is no axial movement between the PMD and CD,
effectively reducing the overall axial size of the struc-
ture and simplifying the control mechanism.

2. Radial scalability under axial constraints. For equiva-
lent torque capacity and power transmission, the num-
ber of permanent magnet concentric rings can be in-
creased to compensate for reduced disk groups, en-
abling radial expansion — particularly advantageous for
applications with large radial sizes but limited axial
sizes without altering the overall structure.

3. Axial scalability under radial constraints. Conversely,
augmenting the disk-group number permits radial di-
mension reduction while maintaining equivalent torque
capacity, making this configuration suitable for confined
radial spaces but large axial spaces.

As mentioned above, the proposed coupler has merits of high
torque capacity that is flexible and simple in structure. It has
broad application, especially in submarines, watercraft and
ocean platforms.

In the analysis of magnetic couplers, both numerical and an-
alytical methods are commonly employed. This paper pri-
marily adopts the analytical approach to investigate and pre-
dict the performance characteristics of this novel magnetic
coupler configuration. Afterward, the numerical method is
adopted for further amendment, verification and parameter
optimization.

The accurate determination of magnetic flux paths is fun-
damental for effective magnetic field conversion into equiv-
alent circuit representations. Considering the inherent com-
plexity of magnetic circuits, the following assumptions are
implemented to facilitate analytical simplification:

1. The permanent magnet-generated magnetic field ex-
hibits uniform distribution within the air gap.

2. Given the limited thickness of the air gap in the pro-
posed coupler, the main magnetic flux passes perpendic-
ularly through the permanent magnet, air gap, through-
hole, disk body (MFRD) and CD (including the copper
conductor).

3. The effective area of the copper conductor intersecting
the magnetic field lines is used for calculating the con-
ductor’s area.

4. The effective magnetic flux-cutting area of copper con-
ductors serves as the basis for conductor area calcula-
tions.

5. Magnetic circuit saturation effects are neglected.

6. The influence of temperature is considered negligible,
with material reluctances maintained constant through-
out the magnetic circuit.

7. All permanent magnets demonstrate identical structural
and material properties, arranged uniformly within the
PMD to ensure homogeneous eddy current distribution.

8. For computational simplification, only flux paths paral-
lel to the disk thickness direction (CD, MFRD, PMD)
are considered in regions overlapping with permanent
magnet projections onto these disk components.

To facilitate follow-up analysis and calculations, it is essen-
tial to define the structural parameters in conjunction with
Figs. 1, 2 and 3. In each PMD, the PMs are arranged radially



and evenly in two concentric circles, with 12 PMs in each cir-
cle. The outer and inner radius of the PMs are denoted as r{
(or r3) and r, (or r4), respectively. The arc length spacing be-
tween any two PMs, which is equal to the arc length of each
PM of the same radius, is uniform in the radial direction.

A portion of the magnetic flux lines generated by the PMs
passes through the through-hole and closes the magnetic cir-
cuit. These lines are produced by the PMs’ projections on
the CD. Simultaneously, other flux lines are guided by the
magnetic flux return device (MFRD) and close the magnetic
circuit. These lines are generated by the part of the PMs
shielded by the MFRD body. By adjusting the size of the
effective area of the PMs (i.e., the magnetization direction)
that the MFRD shields, the number of magnetic flux lines
reaching the CD can be regulated. Due to the synchronous
variation of two PMs in corresponding radial positions, each
pair of PMs in the same radial direction can be considered
equivalent to a single PM, with an effective area equal to the
sum of the two.

For convenience of calculation and analysis, the three-
dimensional configuration is transformed into a two-
dimensional equivalent model at the average radius (ro =
(r1 —r2 +r3 —ra)/2) of the fan-shaped PMs, as illustrated
in Fig. 5. The average PM pole arc length Z, and pole pitch
Z,, are expressed as follows:

{ Zn=n(r1—ry+r3—rq)/24

Zy=m(r1 —ra+r3—rq)/12. M

Under the action of a rotating alternating magnetic field, eddy
current distributions are induced on the copper conductor
surface. The spatial extent of each induced region geomet-
rically corresponds to the orthogonal projection area of indi-
vidual permanent magnets onto the conductor plane, under
the assumption of negligible fringing flux effects. For com-
putational tractability, these distributed eddy current regions
are conventionally simplified as concentric annular elements
with equivalent projected areas.

As demonstrated in Fig. 3, the PMD incorporates dual con-
centric arrays of radially oriented magnets. This configura-
tion induces corresponding dual-ring eddy current patterns
on the conductor surface, as visualized in Fig. 6a. Through
analysis of the operational mechanism described in Sect. 2, it
can be mathematically demonstrated that the paired eddy cur-
rent rings at matching radial positions exhibit synchronous
spatiotemporal variations. To facilitate analytical modeling,
this coupled system may be effectively represented by a sin-
gle equivalent annular current region characterized by an
equivalent eddy current ring radius r, as illustrated in Fig. 6b.

Consequently, the equivalent eddy current region area S, is
defined as the arithmetic sum of the inner Se; and outer Se,
eddy current regions:

Se:Sie"‘Soe:”rez- )

However, due to the irregular magnetic flux distribution
in practical operation, the fringing effect becomes non-
negligible when calculating the equivalent eddy current re-
gion S.. To address this three-dimensional fringing effect, the
Russell-Norsworthy correction factor k. is introduced (Liu et
al., 2018). This correction method establishes an equivalence
between the actual eddy current region area and the product
of k. and the effective PM exposure area Sp, expressed as

Se = keSp. 3)
The Russell-Norsworthy correction factor k. is given by

tanh[ L, /2Z]
7Ly /2Zy{1 + tanh(zw L/2Zy)
tanh{[7 (reo — rei) —wLn1/2Zp, }}

ke=1- “)

where S, represents the effective exposure area of a single
PM.

As derived from the operational principles and structural
parameters discussed in previous sections, the magnitude of
S, demonstrates angular dependence within the rotational
range of 6 = 0—15°. This relationship can be mathematically
described as

Se = kO [(r1 — r2)% + (r3 — r4)*1/360 = 772 )
Sp=mr2 [ke. (6)

Notably, both the shielded PM area Ss and the effective ex-
posure area S, exhibit angular dependency during rotational
operation. These parameters can be expressed through the
following parametric equation:

Sg=Sm — Sp = (15— O)w[(r1 —r2)? + (r3 — r4)*1/360, (7)

where Sy denotes the maximum effective area of a single
PM.

As illustrated in Fig. 3, all permanent magnets are ar-
ranged in two concentric circular arrays with alternating N
and S poles in a cyclic axial magnetization pattern. When rel-
ative rotational motion occurs between the CD and PMD, the
copper conductors intercept the magnetic flux lines, resulting
in a periodic variation of magnetic flux ®. The maximum
magnetic flux @ is established in the eddy current region
when the PMD and CD maintain relative static alignment.
This flux magnitude progressively decreases to zero as rela-
tive rotation initiates between the two disks. Following one
complete mechanical cycle, the flux density gradually recov-
ers to @ through magnetic field realignment. This periodic
variation can be mathematically expressed as

® = B.S.coswt, ®)
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Figure 5. The schematic diagram of the magnetic flux path model of the proposed coupler.
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Figure 6. The distribution schematic drawing of the initial eddy
current rings and the equivalent one.

where w = 27pAn/60 = pAw (rads™"), B. is the effective
air-gap flux density, p is the number of PM pole pairs, and @
and Aw are the magnetic field variation angular velocity and
slip angular velocity difference, respectively.

In light of Faraday’s law of electromagnetic induction, the
induced electromotive force E; generated by rotating alter-
nating magnetic field is

E; = —d®/dt = BeSewsinwt = BerrZwsinwt. )

According to skin effect’s law, the resistance of the eddy cur-
rent ring generated on the copper conductor is calculated as
follows, taking both radius r. and correctional skin depth
Ah* into account (Erasmus and Kamper, 2017):

27re

dR= ———.
Ah*o.dre

(10)

The distribution of the eddy current is not uniform on the
copper conductor; it tends to concentrate more on the sur-
face as the frequency of the eddy current changes increases.
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The magnitude of skin depth depends on factors such as the
thickness of the copper conductor, the slip and the conduc-
tor material, so skin factor kg should be taken into account,
which is proposed in literature (Cheng et al., 2020). The skin
factor is proposed by

1— —he/Ah Ah
ksz%, (11)
C

where the numerical value of the correctional skin depth Ah*
is equal to the product of skin factor ks and skin depth Ah
(Lubin and Rezzoug, 2015). The skin depth Ak can be fur-
ther obtained by

2
Ah= | —— (12)
OcWMUQMrc

so that

1 — g—he/Ah
AR* =k Ah = eh—Ah2. (13)

C

3.2 The establishment of the equivalent magnetic circuit
model

Accurate magnetic flux path analysis constitutes the founda-
tional step for establishing equivalent magnetic circuit mod-
els. Based on the operational principles and flux distribution
characteristics elucidated in previous sections, we develop
an equivalent magnetic circuit model for the proposed cou-
pler, as illustrated in Fig. 6a. Considering the axial symme-
try of the magnetic circuit configuration, it is methodologi-
cally valid to analyze a single N-S pole pair for computa-
tional simplification. In this model, F, represents the perma-
nent magnet’s magnetomotive force, analogous to a voltage
source in electrical circuits, while F; denotes the induced cur-
rent’s magnetomotive force in the branch circuit.

https://doi.org/10.5194/ms-17-71-2026



To further streamline the analysis, reluctance consoli-
dation are made: the air-gap reluctance (dashed blue box
in Fig. 7a) is integrated into Ry, in the simplified model
(Fig. 7b), the leakage reluctance components (dashed red
box) are aggregated into Rj, and dual reluctances Rg3
and Ry (dashed yellow box) combine to form Rpy.r. The
mathematical derivation governing these topological simpli-
fications is systematically detailed in Sect 2.2, ensuring the
integrality of the model reduction process.

The induced current generates a counteracting magnetic
field that opposes the permanent magnet field, enabling the
total equivalent magnetomotive force F. to be expressed as

FeZFp_EZleSZ_kiIe» (14)

where k; represents the eddy current conversion coefficient,
an empirical parameter typically ranging from 1.2 to 2.5
(Belguerras et al., 2021). The induced current can be calcu-
lated by
Te
E rlo. Ah* Bwsinwt

I=| —= 1
dR 4 15

0

and its effective value can be derived from

2rio.Ah*B
1e:1/\/§=M,

3 (16)

Based on the magnetic flux path analysis presented in Figs. 5
and 7, the reluctance of several part of the equivalent mag-
netic circuit is formulated (respectively) as the following
equations, where R, represents the reluctance of the copper
conductor with path /., R, represents the reluctance of the
PM with path [ and R,3 represents the reluctance of the air
gap with path /. Similarly, R,1, Rym and Ry represent the
reluctance of the air gap with path I, I, and [,», respec-
tively, which can amount to reluctance Ry, of the air gap for
convenient calculation:

R. = 2lc/(MOl/«rcSp)
Rp = 21s2/(M0HrpSp)
Ra1 = Zlal/(N«OSp)

17
Rp = 211 /(120S}p) {17
Ra3 = 21a1 /(MOSS)
Ry = 21m/(MOSp)
and
2(1, I3 l
Rima = Rao + Rm + Ral ZM. (18)

HoSp

As illustrated in Fig. 8a, the magnetic flux path within the
PMD sequentially traverses Region I, IT and III, hence en-
abling segmentation of the flux path into three distinct cal-
culation domains. Similarly, Fig. 8b demonstrates an anal-
ogous three-segment flux path division. The corresponding

reluctance components Rg; and Rg3 are derived through the
following expressions:

Zm 4lg;
Rs1 = + (19)
Mrepols1(r1 —7r2+713—7r4)  prepoS
Zm 4ls3
Rs3 = + (20)

T freMolsa(ri —r2 13 —714)  HreftoSe

By integrating Eqgs. (19) and (20) with the fundamental mag-
netic circuit equation (Eq. 1), they can be derived as

T 4ls;
Rs1 = 21
24pureptolsy  preptoS
b4 4lg3
Rs3 = , (22)
24 preitols3 MreboSe
where
Rsi = Rs11+ Rsiu+ Rsim (23)
so that
4lg; T
Rs1 = . 24)
HopreS  24poirels]

It should be emphasized that the magnetic flux path
length /g3y is not constant, as it varies with the relative
rotation angle 6 between the MFRD and PMD. Specifi-
cally, Ig317 reaches its minimum value Z, when the through-
holes completely align with the permanent magnets (at 6 =
15°), whereas it attains the maximum value Z,, when the per-
manent magnets are fully shielded by the MFRD disk body

(at 6 = 0°).
Therefore,
Issu=2p—0-Zn/15 (25)
Rs3 = Rs31+ Rs3m + Rs3m (26)
4ls3 Is3n
Rg3 = . (27)
Mrelt0Se Mreols3

However, the magnetic flux path within the MFRD re-
quires subdivision into five distinct segments, as illustrated
in Fig. 8c. Due to the presence of through-holes in Region
III, the magnetic flux lines circumvent these through-holes,
resulting in curved trajectories (Fig. 8c shows planar pro-
jections of these three-dimensional paths) rather than the
idealized straight paths. Consequently, the actual magnetic
flux path length in Region III deviates from /3, necessitat-
ing the introduction of an empirical correction coefficient k.
This coefficient, determined through subsequent FEM simu-
lations, modifies the path length as

Inn=0-Zn/15 (28)

Rt = Rim1+ Rimn + ks Rim 11 + Rim1v (29)
4] l keZ

R m mIl + KfLm (30)

f= + .
T lrerto(S = Se)  preftolm(r1 — 12+ 13 —14)



|

e

> =
£ F £ 5
- i [
Y
2
=
g,
=
2
I -
[l R
= ) ) o
) § £

L oL TR F ]
Fp | “ \ Fp
R | LRy wi | | R
P [ | P
| |
| S
RSI

(a)

The equivalent magnetic circuit model of the proposed coupler.

Is2

Isi

Region 1 Region 11 Region 111
~—
- R -
Zn]
(@)
Is31 Is3u Is3u1
Rs3
Is3 Region 1 Region 1 Region 11
I
(b)
i It 1 Imint Jmiy
__Ruf

| Thgough-hole |_ |
Im | p | Regionll  Regionlll |V

(©

The schematic drawing of the magnetic flux path parti-

tioned for magnetic resistance calculation.

As illustrated in Figs. 9 and 10, the leakage reluctance may
be classified into two primary categories: magnet-to-magnet
leakage reluctance (Fig. 9) and inter-pole leakage reluctance
(Fig. 10). The first category originates from the flux path be-
tween adjacent permanent magnets, while the second cate-
gory arises from the magnetic flux interaction across differ-
ent poles.
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For simplifying the analysis, as demonstrated by the dashed
blue box in Fig. 7a, the dual Ry, reluctances are connected in
series configuration prior to their parallel combination with
reluctance Ry,. This topological arrangement enables equiva-
lent simplification to a single reluctance R;. Likewise, within
the dashed red box of Fig. 7a, reluctances Ry, Ra1 and Rj»
form a series connection that can be equivalently reduced to a
composite reluctance Rp,,. The resulting simplified magnetic
equivalent circuit is depicted in Fig. 7b. Through system-
atic derivation following the established methodology, these
equivalent reluctances can be mathematically expressed as
follows:

R1 = 2R Rip/(Ria + 2 Ryp) (33)
Rima = R + Ra1 + Raa = 2(Im + la1 +122)/ (100 Se) (34)
Rmfa = 2Ra3 + Rmf

Al oS — So) + 4,

o treSs(S — Se)
lmH + kum

Hokrelm(ri —ra+r3 —rg)

(33)

Further, as illustrated in Fig. 7b, reluctance R) forms a paral-
lel connection with reluctance Rpyg,. This configuration en-
ables their equivalent reduction to a composite reluctance
Rimta for subsequent calculations, which is derived as

l/lefa = 1/Rmfa + 1/Rl- (36)

Furthermore, the magnetic flux relationship can be mathe-
matically expressed as

lefa = (RmfaRl)/(Rmfa + Rl)- (37)

Based on Kirchhoff’s magnetic circuit law, the nodal equa-
tions governing the equivalent magnetic circuit in Fig. 7b are
established as follows:

=0+,
D2 Rimfa = @1(2Rma +2Rc + Rs3) (38)
D2 Rimfa + P2Rp + Rs1) =2F.

The principal magnetic flux @ and effective magnetic flux
density B can be mathematically derived as

2Fe Rimaf

= (Rma + 2Rc + Rs3)(Rimat + 2Rp + Rs1)
+(2Rp + Rs1)Rimaf

Be =2®1/Sp. (40)

O

(39)

Notably, the principal magnetic flux ®; demonstrates non-
constant characteristics due to its dependence on the variable
reluctance Rimar Within the magnetic circuit. This parameter
Rimar is inherently governed by the angular variation 6, as
expressed in the reluctance—air-gap relationship.

Under alternating magnetic field conditions, an induced cur-
rent [ is generated within the copper conductor, subsequently
producing eddy current losses that are dissipated as thermal
energy. The instantaneous eddy current loss density in each
subregion S, can be expressed as

Te

E?  ario.Ah*Ble’sin’ot
Pse = 5
dR 8

0

(41)

Hence, the total eddy current loss for the entire copper
conductor disk is therefore obtained through spatial integra-
tion:

(42)

The angular 6 dependence of the total eddy current loss
can be subsequently derived as
b _ DB AN Kel(r1 —r2) + (13 —r4)*10
“r 2880 ‘

(43)

For the proposed coupler comprising n stacked compound-
disk assemblies, the cumulative eddy current loss becomes

2 * 2 21 .n
pw oc AR ke[(r1 —r2)” +(r3 —ra)7] 2
6;B%. (44
2880 ; Ba 4

P =



The magnetic field energy storage for a single compound-
disk group can be expressed as

1
W = 3 / H - B.dv, 45)

where v represents the effective region of the magnetic field
distribution.

Based on energy conservation principles, the energy trans-
fer equation for the magnetic coupling system with one
compound-disk group is established as

dw,
Tho) =Twy + Pee + Tm (46)

According to Newton’s third law of motion, the magni-
tudes of the tension forces 77 and 7> must satisfy the equi-
librium condition 7| = T3, where the subscripts denote

dWm

(w1 — w2) = Pee + TR 47

The magnetic field remains relatively steady when one
group of compound disks reaches a steady state, so it can
be deduced as

dWp
—— ~0. 48
" (48)

Under steady-state conditions, the mathematical model de-
scribing the output torque for a single set of compound disks
is formulated as

_ PBROP 0 AR Kel(n = 12)* + (13 — 1?10
- 2880Aw '

Through the systematic derivation of the preceding anal-
ysis, the complete torque model for the proposed coupler is
established as

Ip)

(49)

7, = PO AN kel(r —ra) 4 (3 —ra)’] Z Byei6;.
2880Aw —

(50)

As demonstrated by the formula above, the total output
torque of the proposed coupler is derived from the superpo-
sition of individual compound-disk assemblies under varying
6; conditions. Consequently, the torque capacity can be en-
hanced by increasing either the number of compound-disk
groups or the radial arrangement density of permanent mag-
nets. This structural flexibility enables the coupler to accom-
modate size-constrained application scenarios.

The mathematical model governing the output torque of
the proposed magnetic coupler has been theoretically de-
rived. However, this derivation fundamentally relies on pre-
cise magnetic flux path analysis and validated assumptions.

Main specifications of the proposed coupler.

Parameter  Value Parameter  Value

r 240mm  po 47 x 107" Hm™!
) 145mm  pre 0.99999

r3 130mm  pure 2000

r4 72mm  Hp —890kAm™!

Iy I mm oc 50x 10Sm™!
ls1 10 mm )4 6

To rigorously verify the analytical framework, finite element
method (FEM) simulations were systematically conducted to
examine the electromagnetic field distributions under opera-
tional conditions. Following the successful validation of the
theoretical model, parametric optimization of the coupler’s
critical dimensions emerges as an essential subsequent phase
in the design iteration process. For the verification studies
and preliminary design implementation, the following simu-
lation hypotheses were made:

1. Thermal simplification. Temperature-dependent effects
were excluded based on preliminary thermal analysis
indicating maximum operational temperatures below
80 °C (PM Curie points exceed 320 °C).

2. Material linearity. All soft magnetic materials main-
tained constant relative permeability with negligible
hysteresis losses.

In addition, for computation resource saving, the FEM mod-
els are adopted adaptive refinement mesh (maximum ele-
ment size 50 mm; minimum 0.5 mm) and vector potential
boundaries. The stable and convergent simulation results are
adopted as valid data and so that the successive iteration er-
ror is limited within the set value (¢ < 0.003). Other details
of the geometric parameter are listed in Table 1.

The working principle of the proposed magnetic flux-
regulation coupler is predicated on the hypothesis that a frac-
tion of the primary magnetic flux traverses the through-hole
of the MFRD to interact with the copper conductor, while the
residual flux is channeled through the MFRD body back to
the PMD. The flux partitioning between these two paths ex-
hibits angular dependency governed by the relative rotation
between the MFRD and PMD. To validate this hypothesis, a
two-dimensional finite element method (2D FEM) is estab-
lished for further magnetic flux path analysis.

A seven-layer two-dimensional FEM model was con-
structed in accordance with the cross-sectional configuration
illustrated in Fig. 3. Material selection critically influences
the coupler’s performance: the PMD and CD employ low-
carbon steel-1008, while the MFRD utilizes silicon steel (rel-



The initial magnetic flux path of the proposed coupler
in 2D FEM.

ative permeability is 7000). The conductor utilizes copper
(bulk conductivity 5.8 x 107 siemens m~!), and the perma-
nent magnets are Ndfe35 with axial magnetization. Magne-
tostatic simulations revealed two distinct flux pathways (Fig.
11): the primary path (dashed blue contour) originates from
the N pole, sequentially traverses the through-hole air gap,
copper layer and the CD, and returns via the air gap before
terminating at the S pole; the secondary path (dashed yellow
contour) completes the magnetic circuit through the mini-
mized air gap and MFRD body, effectively forming a mag-
netic short circuit due to the high-permeability silicon steel.

This flux bifurcation mechanism confirms that the
through-hole geometry serves as an effective magnetic reluc-
tance regulator. quantitative analysis demonstrates that ad-
justing the through-hole dimensions enables precise flux den-
sity regulation, thereby experimentally validating the opera-
tional hypothesis presented in Fig. 5.

To investigate the electromagnetic characteristics of the pro-
posed coupler, a transient three-dimensional finite element
method (3D FEM) model was established with the same ma-
terial mentioned in the 2D model. For angular rotation simu-
lation, the physical bearing that integrates the PMD with the
MEFRD was substituted by a 1 mm air gap in the FEM model,
as illustrated in the front view of Fig. 12. This simplification
is justified since the bearing demonstrates negligible influ-
ence on magnetic flux distribution. The PMD configuration
consists of two concentric circular arrays containing 12 uni-
formly distributed PMs per array.

The copper conductor thickness was determined by con-
sidering the skin effect requirements. Based on the skin depth
formula for copper (h* = /2/woir), the calculated skin
depth h* at 30rpm operation is 1.56 mm. To ensure ade-
quate current penetration, the copper thickness was selected
as 5 mm, significantly exceeding the theoretical skin depth.

Air-gap optimization followed two criteria: (1) minimiz-
ing magnetic leakage through reduced gap dimensions and

The front view

The 3D finite element meshed model of the proposed
coupler.

(2) preventing PM demagnetization from eddy current heat-
ing. Consequently, a 3 mm air gap was implemented between
the copper conductor and MFRD, achieving a balance be-
tween magnetic efficiency and thermal protection.

Notably, the simulation accounted for eddy current effects
exclusively in the copper conductor. Material properties were
assumed to remain stable throughout the analysis. Figure 12
presents the meshed 3D FEM model of a single disk module
in the proposed coupler system.

The MFRD serves as a critical component in the proposed
coupler design, operating on the fundamental principle that
magnetic flux preferentially follows the path of least mag-
netic reluctance. This magnetic circuit behavior has been
experimentally validated through comparative analysis of
Fig. 13a and b, where 3D FEM simulations demonstrate a
65.8 % reduction in maximum magnetic flux density (from
282 to 96.5T) when the angular displacement 6 increases
from O to 15°.

In Fig. 13a, PMs are fully shielded by the MFRD when
6 = 0°. The main magnetic flux acts on the perpendicular di-
rection to the MFRD body; meanwhile, main magnetic lines
originate from the N pole, returning back to the S pole along
the path of the MFRD body (described in the red line rectan-
gle), so that magnetic flux density is greater in this area than
in the other area. This path almost aligned with the outer arc
of the through-hole so that it can be replaced by the outer
arc Iy in calculation for simplification. Hence, the correc-
tion coefficient k; in Eq. (30) can be calculated by com-
bining with the parameters shown in Table 1 and Eq. (1):
kt = lare/ Zm =~ 1.7. The magnetic flux density decreases on
the MFRD body as 6 increases.

By contrast, as presented in Fig. 13b, PMs are directly
exposed to the copper conductor when 6 = 15°. The main
magnetic flux acts on the perpendicular direction to the cop-



82

Time =0.08s
Speed =60.000000rpm
Position =28.800000deg

B [teslal

S208E+B2
B336E+B2
YY4EB4E+B2Z
2593E+82
a721E+82
SE49E+B2
B977E+B2
S5185E+82
3233E+82
1361E+@2
4593E+@1
B174E+B1
74S5E+@1
8736E+81
BR17E+A1
2981E+88

B oMWW R R R R R NN NN

Time =0.08s
Speed =60.000000rpm
B [teslal Position =28.800000deg

6535E+81
B136E+01
3738E+81
734DE+BL
BI42ZE+D1
YSYLHE+BL
B14BE+D1

1748E+@1 | |,
535@E+81
8951E+81
2553E+@1
6155E+81
9757E+01
3359E+81
96@7E+00
626PE-B1

N ok P NWwwF o~ - ® W W

(b)

Figure 13. The angular dependence of magnetic flux density distri-
bution on the MFRD under different angular displacements: (a) 0 =
0° with complete PM shielding by the MFRD and (b) 8 = 15° with
full PM exposure to the copper conductor.

per conductor; the main magnetic lines originate from the
N pole, passing through the air gap, copper conductor and
CD successively. It returns to the S pole along the backward
path, and the only leakage flux reaches the MFRD body so
that the magnetic flux density is low on the MFRD body.

This angular-dependent flux modulation mechanism con-
firms the MFRD’s effectiveness in governing magnetic cir-
cuit reluctance through geometric parameterization of the
through-hole feature.

According to electromagnetic theory, rotating alternating
magnetic fields induces surface eddy currents in the copper
conductor, predominantly concentrated perpendicular to the
magnetic pole orientation. The spatial extent of each eddy
current region corresponds to the product of the Russell-
Norsworthy correction factor k¢ and the perpendicularly pro-
jected area of PMs onto the copper surface.

As evidenced by the 3D FEM simulations in Fig. 14b
(6 = 15°), two concentric eddy current regions emerge with

Mech. Sci., 17, 71-86, 2026

S. Zheng et al.: Torque modeling of a novel magnetic coupler

Time =0.08s
Speed =60.000000rpm
Position =28.800000deg

J [A/m~2]

1.5321E+87
. 4299E+@7
. 3278E+07
2257E+@7

12356407 | A
02146407 | | -
1925E+26 | |
1711E+06
1498E+06 | T
1284E+26 |

1071E+86
BBS7E+06
DBYYE+DE
DY430E+06
B217E+06
3384402

WRENWFEFODN WY

Time =0.08s
Speed =60.000000rpm
Position =28 800000deg

J [A/m~2]

9157E+87
7214E+B7
S270E+B7
3327E+87
1383E+87
4HPE+BT
7496E+B7
S552E+87
36@9E+B7
1665E+87
7219E+B6
7784E+B6
8349E+06
§914E+B6
9479E+BE
3527E+@3

F R WO YO R R R RRNNNNN

(b)

Figure 14. Eddy current density distribution on the copper conduc-
tor under different angular displacements: (a) complete magnetic
shielding configuration (6 = 0°) with PMs fully enclosed by MFRD
and (b) activated eddy current state (6 = 15°) showing PMs—Cu di-
rect exposure.

excellent agreement between numerical results and theoret-
ical predictions. The outer eddy current region has 190 %
greater intensity than the inner region (2.91 x 10’ Am~2
vs. 9.72 x 10° Am~2). This phenomenon is attributable to
the 2.68-times larger effective projection area of outer-circle
PMs compared to its inner-circle counterparts.

In contrast, Fig. 14a (8 = 0°) reveals negligible eddy cur-
rent formation (density < 1.53 x 107 Am™2, but it appears
on only a very tiny region), resulting from magnetic flux con-
finement within the MFRD. Only a little flux leaks through to
the copper conductor in this aligned configuration, as quan-
tified by flux linkage analysis.

4.4 Torque related to the arrangement of PMS

The proposed coupler exhibits significant structural flexi-
bility, particularly in its capacity for torque enhancement
through radial multi-layer PM arrangements. As demon-

https://doi.org/10.5194/ms-17-71-2026



strated in Fig. 3, two concentric PM arrays with distinct
magnetization patterns can be radially integrated: (1) same-
polarity alignment (SPA) where identical poles align across
concentric arrays and (2) different polarity alignment (DPA)
with opposing poles in corresponding radial positions. Fig-
ure 15 presents the comparative torque-angle characteristics
of these configurations, revealing three critical observations:

1. Both configurations exhibit similar torque-angle trends,
with peak torque occurring at 6 = 15°.

2. SPA generates 1.7 % higher maximum torque (418 N m)
compared to DPA (411 N m).

3. The torque differential results from intensified magnetic
flux leakage between radially opposed PM poles in the
DPA configuration.

In addition, the angular regulation characteristics demon-
strate two obvious operational regimes: (1) dead zone
(0° <6 < 7°): negligible torque output (< 2 % of the maxi-
mum vale); and (2) effective regulation zone (7° <6 < 15°):
torque increases non-linearly with 6 increase.

This angular dependence establishes an effective torque
regulation range of 6 =7-15°, enabling precise control
through angular displacement modulation. The dead zone
provides torque cut-off, while the effective regulation zone
achieves torque regulation via angular displacement varia-
tion, and the SPA of the PMs is a priority choice for the pro-
posed coupler.

It is critical that the MFRD be fabricated from high-
permeability soft magnetic materials in this novel coupling
configuration. As illustrated in Fig. 16, the maximum out-
put torque (6 = 15°) in steady-state operation demonstrates
a bifurcated trend with increasing relative permeability. The
torque increases 2.4 % from 408 to 418.6 Nm within the
lower permeability range (s =2000-3000), followed by a
marginal falling tendency (down to 417.3 N'm) at higher per-
meability values (urs = 300010 000). This phenomenon can
be attributed to the insufficient flux-guiding capability of the
MFRD when employing materials with s <3000, where a
significant portion of magnetic flux fails to effectively couple
with the conductive copper elements. The subsequent torque
enhancement correlates directly with improved flux guidance
at intermediate permeability levels. However, when ;g ex-
ceeds 3000, the MFRD achieves near-optimal flux channel-
ing, resulting in torque stabilization despite further perme-
ability increases beyond this critical permeability threshold.

Silicon steel, a common soft magnetic material character-
ized by high permeability (u;s = 7000-10 000, depending on
alloy composition and processing parameters), represents an
optimal candidate for MFRD implementation. Comparative
analysis of commercial grades suggests that material formu-

T T | I I A N
J—I— Different pole arranged in two circles of corresponding radial post:n/

400 H—® Same pole arranged in two circles of corresponding radial position

—_

= 300

m

Output torque (N
n
o
o

100

The variation of 8 (deg)

Angular 6 dependence of output torque characteristics:
same and different polarity alignment.

420 . . . . . . . .

418 - T

Output torque (N-m)
= hrs b
[+ - [=2]
T T T

by
o
T
|

408F = -

" 1 n
2000 4000 6000 8000 10000
Relative permeability

Non-linear correlation between the output torque and
MEFRD relative permeability.

lations yielding ps & 7000 provide the optimal balance be-
tween magnetic performance and manufacturing feasibility
for the MFRD.

Under the condition of constant air-gap thickness between
the copper conductor and MFRD, the maximum output
torque at & = 15° in steady-state operation decreases with
increasing MFRD thickness, as illustrated in Fig. 17. This
phenomenon can be attributed to two primary factors: (1)
thinner MFRD configurations already satisfy the fundamen-
tal functional requirements and (2) the overall air gap be-
tween the PMs and copper conductor enlarges proportionally
with MFRD thickness augmentation, thereby reducing mag-
netic flux density and consequent torque generation. How-
ever, excessively thin configurations (below 0.8 mm) com-
promise structural integrity due to insufficient global stift-
ness and pose manufacturing challenges. Through compre-
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hensive parameter analysis considering both electromagnetic
performance and mechanical feasibility, the optimal MFRD
thickness is determined to be 0.8 mm, achieving balanced
torque output and structural reliability.

The variation of speed difference between the PMD and
MEFRD will lead to the variation of the eddy current on the
copper conductor, which in turn eventually leads to the varia-
tion of output torque of the coupler. Therefore, it is important
to find the law of torque related to speed difference for the
proposed coupler. From the 3D FEM result of the proposed
coupler in Fig. 18, it is obviously that the output torque in-
crease as speed difference increases at first and reaches the
peak; then it decreases dramatically as speed difference in-
creases. The maximum output torque of the proposed cou-
pler gets to peak (426.4 N m) at the speed difference of about
70 rpm. The cause leading to this tendency may be explained
as follows: with the speed difference increase, the induced
magnetic field increases, with the eddy current increasing as
well, which enhances the original magnetic field so that the
output torque increases at first. Then, after the speed differ-
ence increases further, the induced magnetic field increases
and affects the original magnetic field. This results in some
magnetic lines no longer passing the copper conductor verti-
cally. The greater the speed difference, the greater the effect,
so that the output torque decreases.

By combining the fundamental parameters listed in Table 1
with the optimized operational parameters described earlier
and the output torque analytical model derived from Eq. (6),
we present a comparative analysis of the analytical model
and 3D FEM simulations in Fig. 19. Both methodologies
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demonstrate strong agreement in predicating the increasing
trend of torque with respect to 6, with the maximum error
between the two methodologies being 9.2 %. These findings
collectively suggest that the proposed analytical model pro-
vides a reliable and computationally efficient method for the
preliminary design phase of the novel coupler.

This study proposed a novel multi-disk magnetic flux-
regulatable coupler, addressing critical limitations in con-
ventional magnetic transmission systems. The proposed ar-
chitecture demonstrates three fundamental advancements:
(1) a stationary axial configuration enabling torque capac-
ity expansion through concentric disk stacking, effectively
eliminating structural scalability constraints; (2) an innova-
tive flux-regulation mechanism employing rotational align-
ment of high-permeability regulator disks with through-hole



features, achieving 0—418 N m continuous torque regulation
within a range of 7—15° angular displacement; and (3) a hy-
brid analytical FEM modeling approach integrating three-
dimensional edge effects and dynamic eddy-current counter
fields, validated through comprehensive finite element simu-
lations.

Key parametric optimizations reveal critical design in-
sights: optimal MFRD performance occurs at a relative per-
meability of urs = 7000 with 0.8 mm thickness, while max-
imum torque output (426.4 Nm) is attained at 70 rpm speed
differential. The modular architecture demonstrates excep-
tional scalability and extensive application scenarios. Com-
parative analysis of permanent magnet arrangements indi-
cates same-polarity alignment (SPA) and generates 1.7 %
higher torque than differential alignment (DPA), emphasiz-
ing the importance of leakage flux management.

The developed analytical model demonstrates strong cor-
relation with 3D FEM results (the maximum error is 9.2 %).
Structural advantages include axial size reduction compared
to conventional axial displacement couplers, coupled with
simplified control through pure rotational adjustment, and
modular architecture demonstrates exceptional scalability
and extensive application scenarios.

This research establishes a foundation for high-torque
magnetic transmission in space-constrained industrial ap-
plications, particularly marine propulsion and heavy ma-
chinery. Future work will focus on prototype validation
under dynamic loading conditions and thermal structural
co-optimization for high-cycle applications. The co-design
methodology provides a template for developing next-
generation magnetic transmission systems with enhanced
torque density and operational flexibility.

Electromagnetic parameters

P Number of permanent magnet (PM) pole
pairs

) Maximum magnetic flux (Wb)

oc.  Electrical conductivity of copper (Sm™')

B.  Effective air-gap flux density (T)

o Vacuum permeability (47 x 107 Hm™!)

Ure  Relative permeability of copper

(dimensionless)

urp  Relative recoil permeability of PM
(dimensionless)

s Relative permeability of flux regulator
(dimensionless)

H,  Coercive force of the PM (A m™)

F,  PM magnetomotive force (A per turn)

F.  Total equivalent magnetomotive force (A
per turn)

F;  Single eddy current region magnetomotive
force (A per turn)

Geometric dimensions

r,r Outer/inner radii of outer PM ring (mm)

r3, 14 Outer/inner radii of inner PM ring (mm)

To, i Outer/inner radii of conductor disk (CD)
(mm)

Te Equivalent eddy current ring radius (mm)

Geometric dimensions

ls1 PM disk (PMD) yoke axial thickness
(mm)

I PM magnetization length (mm)

la1 PMD-MFRD air gap (mm)

Im MFRD axial thickness (mm)

lao MFRD-CD air gap (mm)

lc Conductor layer thickness (mm)

ls3 CD disk yoke axial thickness (mm)

Lare Outer arc of the through-hole (mm)

Zn Average PM pole arc length (mm)

Zp Pole pitch (mm)

Operational variables

0 Relative angular displacement between

PMD and MFRD (°)
o, B Stepper gear/MFRD rotation angle (°)

w1, w2  Input/output shaft angular velocity
(rads™1)

Aw Slip angular velocity difference (rads—!)

1) Magnetic field variation angular velocity
(rads™1)

Loss characterization

Se Equivalent eddy current area (mm?)

Sp Effective PM exposure area (mm?)

S Shielded PM area (mm?2)

Sie, Soe  Outer/inner eddy current ring region area
(mm?)

Sm Maximum effective area of single PM
(mm?)

ke Russell-Norsworthy correction factor
(dimensionless)

ks Skin factor (dimensionless)

Ah Standard skin depth (mm)

AR* Corrected skin depth (mm)

Pge Single eddy region power loss (W)

Pee Conductor disk total loss (W)

The software code used in this study is not
disclosed for the time being as it contains proprietary algo-
rithms. However, it can be obtained from the author (email:
2592350594 @126.com) upon reasonable request.

The simulation data of this study are temporar-
ily not disclosed due to the involvement of undisclosed patent in-
formation. However, they can be obtained from the author (email:
7592350594 @126.com) upon reasonable request.
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