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Abstract
Ultra-conductors are a recent class of materials that display superconducting attributes at room temperature and even 
at higher temperatures. In this paper, we introduce a novel hybrid ultra-conducting coupling (NHUC) where the second-
ary component includes copper and an ultra-conductor (considered as a room temperature superconductor in much 
research). We suggest a model based on magnetic equivalent circuit (MEC) to evaluate the distribution of magnetic fields 
and characteristics related to torque. The 3D model accounts for boundary impacts during mating, and formulation for 
magnetic flux and torque are derived using Kirchhoff’s and Ampere’s loop laws, respectively. A 3D finite element (FEM) 
model is constructed, and simulations are performed using iodine-doped double-walled carbon nanotube (IDWCT) as 
the ultra-conductor for a wider operating range. At a high slip speed of 1200 rpm, a maximum torque of 309 Nm and 
stable torque of 113 Nm are observed. Adjusting air gap thickness or permanent magnet dimensions results in torque 
variations. Additionally, due to carbon nanotube (CNT) characteristics, a reduction in losses from the Joule effect is noted. 
The maximum error between torque results from simulation and the suggested model is 7.68%, confirming accordance. 
Comparison alongside the slotted eddy current coupling (SEC) reveals that the torque of the NHUC exceeds that of the 
SEC, diminishing as the air gap widens.

Keywords  Hybrid · Ultra-conducting magnetic coupling · Carbon nanotube composite (CNT) · Magnetic equivalent 
circuit (MEC) · Ultra-conductor · Torque

1  Introduction

Eddy current couplers are increasingly gaining interest as torque transfer devices due to their advantages over traditional 
connections [1], such as stability, high reliability, easy maintenance, noise reduction, and a good vibration isolation effect. 
However, the development of an accurate model is essential for studying the performance of a permanently magnetized 
eddy current magnetic coupler (PMEC). Previous research has proposed various analytical models for PMEC couplers by 
combining equivalent magnetic circuits with the laws of Faraday’s and Ampère to handle complex geometries [2–11]. 
These models take into account the magnetomotive force and reaction field caused by eddy currents in the conductor, 
predicting torque characteristics and reaction flux [12]. Furthermore, segmentation methods have been employed to 
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divide the magnetic field of PMEC into distinct areas. This division facilitates the calculation of the magnetoresistance for 
each individual area [13]. A mixed two-dimensional analytical modeling approach was proposed to obtain expressions 
for eddy current, magnetic field, electromagnetic force, and torque in such devices [14].Additionally, a 3D analytical 
model describing the magnetic field of an axial-flux PMEC was proposed [15] to predict eddy current loss under various 
loads. Furthermore, the introduction of new materials in eddy current couplings to improve their efficiency is becoming 
popular. One recent study proposed an eddy current coupling with the secondary [16] consisting of a split superconduc-
tor and copper [17],while The development of composite conductors incorporating carbon nanotube and copper has 
introduced a novel aspect in the design of electric machines, offering the potential to enhance machine performance [18]. 
The findings demonstrate that the enhanced conductivity of the winding broadens the effectiveness chart, expanding 
the range of high-efficiency operation to include both light load and high-speed conditions. In this study, the conduc-
tive disk of the NHUC is a composite structure comprising alternating layers of copper and ultra-conductor enclosed 
within a steel crankcase from the patent [19]. During motion, magnetic flux can traverse through the copper and to a 
lesser extent through the ultra-conductor owing to the extremely low permeability of ultra-conductors. However, the 
diamagnetic characteristics of the ultra-conductor, surrounded by a high magnetic flux, cause some magnetic flux lines 
to be repelled toward the copper, thereby amplifying the production of induced currents within copper. Eddy currents 
the distribution undergoes alteration due to the use of different materials, introducing complexity in calculating the 
reaction field. Considering the issues mentioned above, an MEC model has been developed to examine the torque 
properties of the NHCC. It has been confirmed that copper conductor serves as the primary heat source into magnetic 
coupling due to the circulation of eddy current and its electric conductivity is closely influenced by the heat [5]. How-
ever, the ultra-conductor plays a critical role in dissipating the heat generated by the copper. Ultra-conductor is specially 
engineered to possess a significantly higher heat dissipation coefficient compared to copper this means they are much 
more effective at transferring heat away from the source. The mechanism by which the overheating generated by the 
copper is mitigated is through conduction. Conduction refers to the transfer of heat energy through a material due to 
the movement of electrons or phonons (vibrational energy quanta). In this case, as the copper component heats up, the 
excess thermal energy is conducted through the adjacent ultra-conductor. The superior heat dissipation coefficient of 
the ultra-conductor facilitates rapid and efficient transfer of heat away from the copper. This is achieved because of the 
exceptionally strong heat conduction of the ultra-conductor.so by utilizing ultra-conductor with superior heat dissipa-
tion properties, permit to optimize the device thermal management. This ensures that the heat generated by the cop-
per conductor is effectively evacuated, maintaining optimal operating conditions, and preventing potential damage. In 
this article, our primary focus lies on the electromagnetic aspect. However, it is important to note that our forthcoming 
publication will delve into the thermal analysis of our magnetic coupling as its central theme.

The key goals of this research are:

1.	 To examine the performance of the composite conductor under low speed in a magnetic coupling.
2.	 To investigate the consistency of the system during high-velocity and low-velocity situations.
3.	 To depict the trajectories of eddy currents and magnetic fields.
4.	 To establish the coupling’s torque via the modulation of the air gap and the width of PMs.
5.	 To create a MEC model for the design, to measure torque’s outcomes and contrast them with simulation-based results.

This research and the techniques employed demonstrate that the coupling is functional under standard pressure and 
temperature levels.

2 � Background and history

Ultra-conductors, often referred to as room temperature superconductors, are gaining widespread attention for their 
potential applications in large-scale power systems utilized by both industrial end-users and electric utilities. Kumar 
[20] researcher have found that when ultra-conductor are used to replace copper and aluminum, losses are decreased 
by 45% and 67%, respectively [21–23]. Moreover, a recent study proposed a permanent-magnet machine with carbon-
based conductors [24], which demonstrated that ultra-conductor possess high electrical and thermal conductivity and 
low mass density. This breakthrough technology could be instrumental in achieving a more power-dense eddy current 
coupling. In refs. [25, 26] proposed integrating copper (Cu) with carbon nanotubes (CNTs) to form a freestanding ultra-
conductor. Also [27], an ultra-conductor based on magnesium, with a purity of 99.999% and electrical conductivity 
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on the order of 1016 S/m when subjected to a temperature of 360 K. Rallabandi et al. [28] studied Axial flux machines 
are gaining popularity because of their dense design. The ratio of torque to weight may be significantly improved by 
employing windings made of carbon nanotubes. In the same direction [18] conducted a study to assess the extent which 
a carbon nanotube-copper composite enhances power per unit volume and the overall performance of electric motors.

3 � Recent findings

3.1 � Suggested design

According to the patent document (CNPatent CN114337188B) [19] the suggested Design, as depicted in Fig. 1, incorpo-
rates a primary composed of a steel disc housing permanent magnet (PMs). The S-pole is negative, while the N-pole is 
positive. The permanent magnets are spaced apart via thin metal layers. As shown in Fig. 1c, the secondary is made of 
copper and ultra-conductor arranged in a steel disc. In this study, the ultra-conductor used is the iodine-doped carbon 
nanotube (IDWCT), which has a conductivity higher than copper. This ultra-conductor can be prepared in four steps: 
Synthesize nanotubes, refinement, immersion in vitriol, and contraction [29, 30].

Fig. 1   Illustration of the suggested design (a), leading disc (b), led disc (c)
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In this study, our focus is solely on the magnetic characteristics, and we do not take temperature effects into account. 
The ultra-conductor, with a permeability relatively close to 0, allows most flux lines to pass through copper, which has 
a higher permeability. Additionally, ultra-conductors exhibit diamagnetic properties in the presence of high magnetic 
flux, repelling a portion of the flux lines towards copper, thereby increasing eddy current generation. The variation of 
the magnetic flux within the space induces current inside both copper and ultra-conductor, leading to three different 
eddy current paths, as illustrated in Fig. 8. The first path involves eddy current circulating only in copper, the second path 
only in the ultra-conductor, and the third path passing through both conductors. However, for the purpose of this study, 
we consider only the paths of eddy current passing through both conductors. We leverage this feature to compensate 
for the losses generated by copper and maintain a consistent torque. The use of the ultra-conductor is implemented to 
enhance the magnetic flux in the air space, causing a large and constant density of flux and a substantial decrease in 
losses due to Joule effects.

3.2 � Theory

Figure 2 depicts the profile and NHUC’s geometric features. The surface-installed PMs, magnetized longitudinally, are 
positioned interchangeably on the leading disc back yoke. The copper and ultra-conductor are integrated led disc back 
yoke. The ultra-conductor serves to confine in the space, the magnetic flux that cannot pass through it due to its low 
permeability preventing losses from the Joule effect. The magnetic field is captured through induced currents result-
ing from the varying magnetic flux implemented to the ultra-conductor. Additionally, the ultra-conductor is utilized for 
screening purposes, relying on the induction of current in the superconducting material for magnetic field screening. The 
emergence of these currents acts in opposition to the magnetic flux produced by the PMs, resulting in a semi-diamagnetic 
behavior of the ultra-conductor. This property of the ultra-conductor is utilized here to direct a substantial portion of 

Fig. 2   NHUC’s structure (a) 
leading disk 2D perspective 
(b) led disk 2D perspective (c)
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the magnetic flux attempting to traverse it in the direction of the air gap or copper. Results in a significant density of flux 
and a notable decrease in deficits due to Joule effect. The details of the investigated design are summarized in Table 1.

1)	 Basic assumptions and 2D model

To simplify the estimation of induced currents and magnetic field produced via the led disc throughout its motion, the 
coupling is elongated beside the surrounding orientation on median length rm = (r1 + r2)/2. This simplification transforms 
the three-dimensional model into a two-dimensional model, and the subsequent plausible conjectures are adopted.

•	 The principal magnetic flux crosses the PMs, space, and led disc vertically• The Permanent magnets are uniformly 
magnetized in the longitudinal orientation.

•	 The relative permeabilities of Permanent magnets, air, copper, and ultra-conductor are µa = 4πe−07, 
µpm = 1.0997785406, and µc = 0.99991, µn = 4πe−07 respectively.

•	 The leading disc and led disc back yoke thicknesses are sufficient to prevent magnetic saturated state. Therefore, 
their permeabilities were assumed to be limitless, and their resistances were neglected. The difference between our 
proposed model and previous magnetic couplings is that the secondary on the last magnetic coupler is made of 
conductor only. Meanwhile, the NHUC is made of ultra-conductor and conductor. The magnetic field distribution 
within NHUC undergoes continuous changes during its motion. Consequently, a two-dimensional model is formulated 
build on the earlier conjectures, as illustrated by Fig. 2. Figure 3a depicts the entire coupling magnetic network. It is 
noteworthy that the magnetic flux is particularly pronounced at the touch area neighboring PMs. Additionally, it is 
observed that the magnetic field lines are more substantial where they intersect with the copper compared to the 
ultra-conductor. This discrepancy arises from the redirection (outward repulsion) of a portion of the magnetic field 
attempting to traverse the ultra-conductor towards the copper. In Fig. 3b, both flux leakages (illustrated in dotted 
strokes) and paths of magnetic flux (depicted in continuous strokes) are presented within the leading disk, the led 
disc disk, and the ultra-conductor disk. The leakage flux (dotted strokes) comprises three components: firstly, the 
leakage occurring amidst contiguous PMs; secondly, the leakage amidst PMs and leading disc back iron; finally, the 
leakage flux amidst contiguous permanent magnets and iron located amidst them.

•	 Development of the magnetic equivalent circuit model

To formulate the magnetic equivalent circuit, we examine the magnetic flux routes, considering only half of the 
permanent magnets pair of poles. Given the uniformity of the magnetic flux paths in the NHUC, we construct an initial 
MEC model, illustrated in Fig. 4. It’s important to note that every segment permeability is null in instances where a 
segment is absent at that precise location. The ultra-conductor does not possess zero reluctance, and the reaction 

Table 1   Parameters of the proposed NHUC

Symbol Description Value Symbol Description Value

tc Copper thickness 10 mm σ2 Conductivity of the ultra-conductor > σ1

tn CNT thickness 10 mm σ1 Conductivity of the copper 58MS
tpm PM thickness 10 mm σi Conductivity of the back iron 2MS
ti1 Primary yoke length 10 mm θc Angle of the copper core 220

ti2 Secondary yoke length 10 mm θn Angle of the ultra-conductor 300

ri PM inner radius 85 mm ultra-conductor Density 3800 ρ.kg/m3

ro PM outer radius 125 mm Material of back iron Steel 1010
p Number of PM pole pair 9 Material of conductor Copper, IDWCT​
θm Angle of pole pairs 200 rno ultra-conductor outer radius 128 mm
rm Mean radius of PMs 95 mm rni ultra-conductor inner radius 72 mm
Hc Coercivity of the PMs − 868 KA/m ri Copper outer radius 120 mm
Δh Overhang length 5 mm ro Copper inner radius 80 mm
g Air gap length variable αc

αn

Copper density
Copper heat transfer coefficient
UC heat transfer coefficient

8800 ρ kg/m3

400 W/(m2 K)
5000 W/m2K
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Fig. 3   NHUC’s 2-D analytical design a entire, b division. (I: led disk back yoke; II: copper and ultra-conductor layer; III: air gap; IV: PMs setup; V: 
leading disk back yoke)

Fig. 4   Initial MEC model
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flux resulting from eddy currents in both the conductor and the ultra-conductor cannot be disregarded. It’s vital 
to highlight that Fig. 4 presents an intricates model and poses challenges for analysis. Consequently, a streamlined 
model has been devised, depicted in Fig. 5, to facilitate calculations.

An equivalent 2D configuration is employed through the linear expansion of the arrangement alongside the 
median of the active part rm. The pole spacing and the various average arc lengths could be articulated in the fol-
lowing manner:

Here, τm, τc, and τn represent the average arc lengths of PM, copper, and carbon nanotube, respectively. Addition-
ally, τp stands for the mean pole pitch of the PMs, rmc denotes the mean radius of copper, and rmn indicates the mean 
radius of ultra-conductor.

The magnetomotive force and reluctance of a permanent magnet can be described by the following equation:

where Hc is the coercivity of the PM

Reluctance of the copper can be given as mentioned.

Reluctance of the ultra-conductor is given by the expression.

(1)

⎧
⎪⎨⎪⎩

�m = rm�m
�c = rmc�c , �n = rmn�n

�p = 2�rm∕p

(2)Fm = Hctpm

(3)Rm =
tpm

�0�rm�m
(
ro−ri

)

(4)Rc =
tc

�0�c(r0 − ri)

Fig. 5   Simplified MEC Model
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The reluctance of the leading disk back yoke and the led disk back yoke can be provided by:

The reluctance of the air gap is expressed in the ensuing manner:

The pathways of flux corresponding to the reluctances of the leakage flux RL and RLmm are pictured in Fig. 3. It is 
evident that the leakage flux’s integration trajectory between adjacent Permanent magnets consists of linear sec-
tion within the permanent magnets. the leakage flux’s integration trajectory between adjacent permanent magnets 
and leading disk back yoke comprises a linear section inside the Permanent Magnets and semi-arc of the air gap. 

The equations of RLmm, and RL can be expressed as:

The magnitudes of the integration trajectories rLmm, and rL are expressed in accordance with the theory of mini-
mum reluctance formulated as:

The reluctances R1 and Rlg in Fig. 4. is given by:

3) 	 Determination of induced current reaction effect

The led disk region comprises both copper and ultra-conductor, which exhibit distinct electrical conductivities. To 
accurately represent the behavior of this heterogeneous material, the concept of effective conductivity is essential. 

(5)Rn =
tn

�0�n(ro − ri)

(6)Ri1 =
typ

�0�p(ro − ri)

(7)Ri2 =
tys

�0�p(ro − ri)

(8)Rg =
tg

�0�m(ro − ri)

(9)
RLmm =

�

�0(ro − ri)
(
ln
|||�p − �m + 2tpm + �rLmm

||| − ln
|||2tpm + �p − �m

|||
)

(10)RL =
(� + 2)tpm

2rL�0(ro − ri)

(11)rLmm = min
{
g + tc∕2

}

(12)rL = min
{
tpm, (�p − �m)∕2

}

(13)R1 = Rc∕∕Rn

(14)R1 =
Rc × Rn

Rn + Rc

(15)Rlg = 2RL∕∕RLmm

(16)Rlg =
RL × RLmm

RL + 2RLmm
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It considers the combined influence of both materials and provides a more accurate representation of their collec-
tive behavior. Copper and ultra-conductor have differing electrical conductivities, and their interaction within the 
conductor region affects the flow of eddy currents. By using effective conductivity, we capture the overall electrical 
behavior of the composite conductor, accounting for the interactions between the two materials. Calculate the effec-
tive electrical conductivity of the conductor region when both materials are present.

where σ1 and σ2 are the electric conductivities of copper and conductor respectively. The mean magnetic flux density 
of the region travelling across the copper can be expressed as follows:

The mean magnetic flux density of the region crossing the conductor is formulated as:

The formulation for the conductor’s mean induced current density in the radial direction is represented as follows:

with ns, the slip speed amidst the permanent magnets and the led disk.
Hence, the representation of the magnetomotive force generated by induced currents in the led disk is as follows:

As stated, Appendix, at the midpoint x of the conductor thickness, the magnetic field density produced by the 
induced currents can be formulated as:

Therefore, the reaction flux is expressed as.

With,

4) 	 Magnetic fluxes equations
Utilizing the magnetic equivalent circuit model pictured by Fig. 5, a magnetic fluxes matrix is obtained from Kirch-

hoff ’s theorem. This matrix is articulated as mentioned:

Here, ɸm, ɸlg, and ɸg denote the magnetic flux traversing: the permanent magnets, the total flux leakage from 
contiguous permanent magnets, back yoke and permanent magnets, and the air gap magnetic flux, respectively.

(17)�eff =
�1 × �2

�1 + �2

(18)Bm =
�g

�m(ro − ri)

(19)Jm =
�eff�nsrmBm

30

(20)FM = ∫ SJ

J × ds = Jm(tc�m∕2) = �eff�nsrm�m∕60(r0 − ri)

(21)Bre =

⎧
⎪⎪⎨⎪⎪⎩

𝜇0Jmtc

2𝜋
ln

𝜏p−x

𝜏p−𝜏m∕2−x
, 0 ≤ x ≤ 𝜏m∕2

𝜇0Jmtc

2𝜋
ln

x(𝜏p−x)

(x−𝜏m∕2)(𝜏p−𝜏m∕2−x)
, 𝜏m∕ < x < (x − 𝜏m∕2)

𝜇0Jmtc

2𝜋
ln

x

x−𝜏m∕2
, (𝜏p − 𝜏m∕2) ≤ x ≤ 𝜏p

(22)�re = ∫
�p

0

Bre
(
ro − ri

)
dx = ��g

(23)� =
�0�eff nsrmtc

60�m

[
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)
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)
+2�pln

(
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(
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2
(
r0 − ri

)
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(24)
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Through resolving the Eq. (24) and incorporating the differential equations, the various expressions for flux are for-
mulated as mentioned:

4 � Determination of the torque

While induced currents are present in the conductor back yoke, their intensity is considerably lower in comparison to 
those generated in the conductor layer. Hence, during a rapid prediction and optimization process, it is permissible to 
neglect the EMF and torque originating from led disk back yoke. Moreover, it is crucial to recognize that the electro-
magnetic driving force predominantly acts on specific localized sub-divisions of the conductor thickness, via which the 
leading disk flux passes.

Presuming that V the volume taken by a permanent magnets single loop, the equivalent traction force can be 
expressed as mentioned:

where The Russell-Norsworthy coefficient ks is utilized to evaluate the influence of the boundary effect induced by the 
3-D eddy current:

With L = (ro−ri).
Therefore, the electromagnetic torque generated by each loop is:

where Wn is the electromagnetic torque generated by loop 1 to loop 12 and n = 1,2,3, …, 12, symbolizes the quantity of 
loops and N is the quantity of copper grooves.

5 � Findings and analysis
1)	 For motion body and boundary conditions setting

A geometrically regular polyhedron was created to enclose the moving parts, such as permanent magnets and the 
back iron, ensuring and adequate number of segments to maintain model integrity. The regular polyhedron was chosen 
as joint type, and relevant parameters were configured accordingly. Once the settings were finalised, a boundary was 
established to encompass all models, either manually or using the region command, taking into account the model’s 
size for accurate representation.

2)	 Mesh division setting

The level of grid subdivision in simulating electromagnetic fields depends on the impact of material properties like 
permanent magnets, air gaps, copper conductor, ultra-conductor which required finer subdivision due to their influence 

(25)

⎧
⎪⎪⎨⎪⎪⎩

�g = 0.5�m −
Rg+Rc+0.5Ri2

Rlg

�lg =
Rg+Rc+0.5Ri2

Rlg

�m =
2Fm+Rg+Rc+0.5Ri2

2Rm+2Ri1+0.5Rlg

(26)W = ∫ V

|J × B|dV = ksJmBmtc�m
(
r0 − ri

)

(27)ks = 1 −
tanh

[
�L∕2�p

]
[
�L∕2�P

]{
1 + tanh

[
L∕2�p

]
tanh(�Δh∕2�p)

}

(28)Ω = rm

(
2N∑
n=1

Wn

)
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on the magnetic field. Materials with higher magnetic permeability, such as permanent magnet yoke iron and conduc-
tor yoke, have minimal impact, allowing for less stringent grid requirements. Balancing reasonable grid numbers with 
calculation convergence was crucial, with specific computer configuration demands for grid subdivision and solution. 
Figure 6 illustrates the grid meshing model of the hybrid ultra-conducting magnetic coupling.

3)	 Parameterization and solution settings

When dealing with simulation variables, solving them parametrically proves advantageous by eliminating repetitive 
model drawing, enhancing work efficiently. In the finite element model developed here, variables -speed difference 
(ns), air gap thickness (g), and magnetic field distribution (mf ) are considered, with suitable solution intervals selected. 
Following this, a solution scheme is established, determining appropriate solution time and step size. With these pre-
processing tasks completed, simulation analysis can commence after a thorough model check. 

Figure 7 illustrates the simulation outcomes for NHUC’s magnetic field density and flux of the. It is noticeable that 
the majority of the magnetic flux (depicted by solid lines) traverses the copper, while only a small portion crosses the 
ultra-conductor.

Iodine-doped carbon nanotubes is as the ultra-conductive material due to their superior performance compared to 
other types. The resistance of these nanotubes remains extremely low and relatively constant within the thermal span 

Fig. 6   NHUC’s meshing model

Fig. 7   NHUC simulation’s 2-D 
model
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of 200 K to 400 K. The graph illustrating the relationship between its electrical resistance and temperature is presented 
in Fig. 8.

For a clearer insight into the focal points of heat concentration on the outside of the ultra-conductor disk, Fig. 9 dis-
plays the eddy current circulation while the coupling conveys optimal torque at a slip speed of 60 rpm. The illustration 
reveals that the eddy current forms ovaloid loops on different sections of the ultra-conductor disk. This phenomenon is 
attributed to the ultra-conductor’s extremely low reluctance, resulting in highest and dense eddy currents on the copper.

The torque performance of the NHUC at slip speeds of 1200 rpm is depicted in Fig. 10. The findings reveal that the 
NHUC is capable of transmitting a noteworthy maximum torque of 309 Nm at 1200 rpm, marking a substantial accom-
plishment in magnetic coupling. The incorporation of copper and the ultra-conductor, coupled with the ultra-conductor’s 
high conductivity, facilitates the creation of a dense magnetic field in the air gap, consequently enabling the transmis-
sion of high torque.

Fig. 8   The relative resistance 
as a function of temperature 
[29]

Fig. 9   The distribution of the 
eddy current on the magnetic 
coupling
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Torque variation of overtime at various air gap distances is depicted in Fig. 11. The curves demonstrate that the 
torque values fluctuate with different air gap thicknesses. Specifically, at the lowest thickness, the torque can achieve 
a maximum magnitude of around 145 Nm. every curve exhibits a consistent pattern, characterized by an initial 
increase to a peak magnitude, followed by a decrease, and ultimately attaining a constant level.

Figure 12 illustrates an increase in the space between the leading disk and led disk components of the coupling 
results in a reduction in torque. Additionally, it is also observed that the curve illustrating the values obtained from 
the suggested MEC model closely aligns with the one depicting the 3D-FEM values, indicating the effectiveness of 
the model. The error is measured at 7.68% while the air gap thickness is 2 mm.

In Fig. 13, a gradual increase in the thickness of the PMs corresponds to an incremental rise in torque. A compari-
son between the results of the 3D simulation and those derived from the proposed MEC model is illustrated in both 
Figs. 12 and 13, revealing a close similarity between the two sets of outcomes. The consistent error observed between 
these values is attributed to the consideration, in the proposed MEC model, of the ultra-conductor’s relatively low 
reluctance. Conversely, in the 3D-FEM, a permeability value close to zero is assigned to the ultra-conductor. The 
minor difference in values is a consequence of this slight disparity, visually evident relating the 3D-FEM and the 
suggested method.

Fig.10   Torque opposing time, 
speed = 1200 rpm, g = 2 mm

Fig. 11   Torque oppos-
ing time at various air gap, 
hm = 10 mm, speed = 60 rpm
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6 � Comparison between the result obtained by the NHUC and the test result obtained 
by the slotted eddy current coupling (Sec)

A testing platform was established to assess the transmission and speed regulation capabilities of a magnetic coupling 
under various loads. Utilizing the motor-to-drag method, measurements were conducted, and the slotted eddy current 
magnetic coupling setup is illustrated in Fig. 14. It consists of the motor-to-drag test platform and a central computer 
with PID control to modify motor speed, startup mode, and signal feedback rate. Prior to testing, a crucial zero-reset 
operation is performed for optimal functionality.

A dedicated test platform, as shown in Fig. 14, was arranged for testing the magnetic coupling. Adjustments to the air 
gap thickness were made, and Table 2 presents test results for varying air gap thicknesses at a 60-rpm speed difference. 
The analysis compares outcomes of the slotted eddy current coupling with those from the NHUC.

In Fig. 15, the discrepancy between test results of the SEC and NHUC widens with increasing air gap. This variance 
is attributed to the NHUC’s superior ability to maintain compactness compared to the SEC as the distance between 
components enlarges. The NHUC excels in efficient heat dissipation, safeguarding its conductivity against temperature 
elevation and preserving its compact nature. Unlike slotted eddy current couplings, the NHUC exhibits robust power 
transmission with minimal energy losses. Additionally, its proficiency in high-frequency operations makes it highly suit-
able for applications requiring potent and effective magnetic coupling.

Fig. 12   Torque opposing 
air gap, speed = 60 rpm, 
time = 100 ms

Fig. 13   Torque opposing PMs 
thickness, speed = 60 rpm, 
g = 2 mm, time = 100 ms
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7 � Conclusion

In this paper, we introduced a novel ultra-conductive coupling model, investigating its viability by alternating ultra-
conductor and copper in the secondary under standard conditions. The research showed reduced losses due to the 
Joule effect with ultra-conductor surrounding copper. Findings for room temperature ultra-conductor include:

•	 The proposed model has been validated by observing the steadiness of the NHUC at both high and low speeds.

Fig. 14   Test device of the 
Magnetic coupling, a motor 
platform test, b computer

Table 2   Comparative table of 
the test results of the SEC and 
the results of the FEM

g (mm) Electromagnetic Torque (Nm)

Test results SEC Results of 
the NHUC

2 93 144.96
3 75 138.01
4 60.66 94.13
5 49 85
6 38 63.29
7 32 53.02
8 26 42.55
9 20 31.6
10 16.8 28.53



Vol:.(1234567890)

Research	 Discover Electronics            (2024) 1:11  | https://doi.org/10.1007/s44291-024-00013-2

•	 The data presented indicates a torque peak of 309 Nm at high speed and 145 Nm at low speed.
•	 An increase in air gap width results in a diminish in torque, while a grow in PMs thickness leads to an augment in 

electromagnetic torque.
•	 Induced currents are most pronounced on the ultra-conductor and least on the copper, forming loops.
•	 An error of 7.68% relating the findings calculated using the suggested model and those obtained from the simulation 

is exceptionally small, confirming the validity of the employed methodology.
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Appendix

See Fig. 16
The eddy current density circulation in led disk impacts the deduction of the generated field formula for a specific loop. 

However, the deduction procedure remains identical. Takin in Fig. 2c loop as an instance, we determine the reaction field. 

Fig. 15   Comparative torque of 
the test results of the SEC and 
the results of the FEM

http://creativecommons.org/licenses/by/4.0/
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A cartesian system (Fig. 16) is determined, and, as per Ampere’s loop theorem, the reaction fields at any position x within 
the middle zone τm/2 ≤ x ≤ τp − τm/2 of the conductor can be depicted for right in dots and left in crosses, eddy currents.

In the midsection τm/2 ≤ x ≤ τp − τm/2, the reaction magnetic field is formed by incoming (left) and outgoing (right) 
current bunches. Applying Ampere’s theorem, the magnetic fields are derived for the current elements Jmtcdr of both 
incoming and outgoing currents at any point x.

consequently, the magnetic flux density on the position x is determined as mentioned:

Within 0 ≤ x ≤ τm/2, the reaction flux from the entry current cluster nullifies itself, leaving only the overall flux induced 
via outgoing current. The magnetic field from the reaction is expressed as follows:
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