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ABSTRACT To improve the output torque in permanent magnet (PM) eddy current couplings, a new

structure based on harmonics injection into the magnet optimization theory is proposed. Then, a novel

analytical electromagnetic-thermal model is established that can accurately reflect the 3-D distributions

of the magnetic field and the eddy current. With the proposed analytical model, the eddy current loss,

temperature distribution, torque characteristics and influence of the temperature rise caused by load increases

on the torque are predicted and analyzed precisely. The maximum output torque can be improved by

11.22% with injected harmonics into the magnet shape. On this basis, an optimal design of the conductor

plate structure is presented, based on the electromagnetic-thermal analytical model. An additional 13.05%

torque improvement can be obtained, which leads to better torque characteristics and overload capability.

Verification is conducted by a 3-D finite element analysis and measurements. The analytical model solves

the multiphysics coupling analysis problem of PM eddy current couplings, and provides a fast and accurate

calculation method to perform electromagnetic-thermal coupling analysis.

INDEX TERMS PM eddy current couplings, torque improvement, eddy current loss, electromagnetic-

thermal model.

I. INTRODUCTION

As an emerging flexible energy-saving transmission device,

the PM eddy current coupling can realize torque transmission

without rigid contacts and mechanical connections, which

changes the operational mode of traditional mechanical trans-

mission [1]–[3]. The structure of PM eddy current couplings

cleverly utilizes the interaction between the conductor and

the PM to flexibly transfer torque and energy through the

electromagnetic field in the air gap. PM eddy current cou-

plings are widely used in fan and pump equipment trans-

mission systems of the steel, energy, military industries and

other sectors [4]–[6]. Torque improvement is extremely crit-

ical during the design stage and greatly influences torque

quality. In addition, the highly complex research on the PM
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eddy current coupling is to solve the coupling problem of

electromagnetic-thermal multiphysics fields.

For PM eddy current couplings, torque modeling analysis

has always been the focus of research [7]–[14]. By com-

parison, torque improvement studies have been insufficient

until now. In recent years, optimizing the PM shape to reduce

the harmonic content in the air gap magnetic density has

gradually become the method used to increase the output

torque of PM devices. In [15], the optimal third harmonic was

injected into the sinusoidal PM shape, to improve the output

torque of five-phase surface-mounted PM machines. In [16],

the optimal harmonics of different orders were injected into

the PM shape to maximize the output torque of five-phase

machines. In [17], all rank harmonics were introduced into

the PM for torque improvement, and a new design method

for surface-mounted PM machines was presented. In this

paper, a design method of PM eddy current couplings based
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on injected harmonics into the magnet shape is proposed to

improve the output torque.

The working principle of PM eddy current couplings is

that the induced eddy current generates torque directly, which

leads to eddy current loss and a consequent rise in tempera-

ture. In addition, most existing works ignore thermal analysis,

which results in an overheating problem that will cause the

irreversible demagnetization of PMs, especially in the case

of higher slip speeds. Therefore, in the PM eddy current

coupling design process, a reliable theoretical model for

predicting the electromagnetic-thermal performance is desir-

able. Unfortunately, this is a difficult task because the strong

interactions of multiphysics fields lead to mathematical diffi-

culties. Research on electromagnetic-thermal analysis of PM

eddy current couplings has been insufficient until now and

remains in an exploration stage. In [18], an electromagnetic-

thermal analytical model was established to calculate the

eddy current loss and to predict the copper plate temperature

for low slip speeds. In [19], a performance study of PM

eddy current couplings was presented by the electromagnetic-

thermal coupling simulation with a 3-D finite model. In [20],

a design optimization of axial-flux eddy current couplings

was presented based on an electromagnetic–thermal model.

In our previous work [21] and [22], the electromagnetic–

thermal analytical models were proposed, based on a quasi

3-D electromagnetic field analytical model and a thermal

resistance network model. However, the accuracy of the quasi

3-D analytical model greatly depends on the precision of the

sub-loop calculation. On the other hand, this model cannot

analyze the 3-D distribution of the eddy current, because of

ignoring the component in the θ direction, which leads to the

need for a correction factor.

There are two major objectives of this study. First,

to improve the output torque, a new structure of the PM

eddy current coupling based on harmonics injection into

the magnet optimization theory is proposed, which essen-

tially enhances the sinusoid of the air gap magnetic density.

Second, a novel electromagnetic-thermal analytical model

is established that can reflect the 3-D distributions of the

magnetic field and the eddy current. Using the proposed cou-

pling analytical model, the gradient conductor plate structure

parameter is optimized to obtain the maximum output torque.

In addition, the eddy current loss, temperature distribution,

torque characteristics and influence of the temperature rise

caused by load increases on the torque are analyzed accu-

rately. Verification is conducted with a comparison of the

analytical predicted results with those obtained from a 3-D

finite element model (FEM) and measurements. This process

offers satisfactory results.

II. DESCRIPTION OF NOVEL TOPOLOGY

A schematic of the PM eddy current coupling with injected

harmonics into the magnet shape is shown in Fig. 1. The

device consists of two parts: a PM rotor and a conductor

rotor. Different from the conventional structure [7], optimized

proportions of 3rd, 5th, and 7th harmonics are added to the

FIGURE 1. Geometry of the PM eddy current coupling with injected
harmonics into the magnet shape.

FIGURE 2. Analytical model of the PM eddy current coupling with
injected harmonics into the magnet shape.

sinusoidal magnet poles, which reduces the harmonic content

in the air gap magnetic density by optimizing the shape

of the PM. On the other hand, considering the path of the

eddy current and the penetration depth of the eddy current

density, the thickness of the proposed copper plate is gradu-

ally changed. The design method can essentially enhance the

sinusoid of the air gap magnetic density and greatly improve

the output torque.

The analytical model is established in 3-D cylindrical coor-

dinate. The five-layer analytical model is shown in Fig. 2. The

analytical model is divided into five regions, namely, the PM

back iron (region 1), the PM (region 2), the air gap (region 3),

the copper (region 4), the copper back iron (region5).

PM with injected harmonics is shown in Fig. 3, the expres-

sion of PM magnetization is M = Mz(θ )ez, in the zθ plane.

Mz(θ ) =
Br

µ0
(sin(pθ ) + a3 sin(3pθ )

+a5 sin(5pθ ) + a7 sin(7pθ )) (1)

where a3, a5, a7 are the ratios of the injected 3rd, 5th, and 7th

harmonics to the fundamental one.

The thickness of the proposed copper plate decreases with

increasing radius, in the rz plane shown in Fig. 4. The gradient

thickness of the proposed copper plate is |zd (δ)| = H− (R2−
R1) tan δ, where H is the thickness at the inner radius of the

copper plate, R1 and R2 are the inner radius and outer radius

of the copper, respectively.

In order to simplify the analysis, the main assumptions are

as follows.
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FIGURE 3. PM with injected harmonics.

FIGURE 4. Plan view of the copper plate in the rz plane.

FIGURE 5. Structure of the PM eddy current coupling.

(1) The eddy current coupling operates in the steady state.

v is the slip speed between the two plates (v = v1−v2), shown
in Fig. 5;

(2) The relative permeability of the PM and the copper

plate equals to 1;

(3) The back iron is composed of linear media.

III. ELECTROMAGNETIC FIELD CALCULATION

For the PM back region, the PM region and the air gap region,

there is no current distribution, i.e. J = 0, the Maxwell’s

equation is

∇ × H = 0 (2)

Therefore, the magnetic field strength H can be written in

terms of a magnetic potential ϕm, as

H = −∇ϕm (3)

The Laplace’s equation of the magnetic potential ϕm,l(l =
1, 2, 3) from region 1 to region 3 is

∂2ϕm,l

∂r2
+

1

r

∂ϕm,l

∂r
+

1

r2
∂2ϕm,l

∂θ2
+

∂2ϕm,l

∂z2
= 0 (4)

For the copper region and the copper back region, in the

magnetic quasi-static field MQS analysis, there is

∇ × H = J +
∂D

∂t
≈ J (5)

where D is electric flux density.

∇ × ∇ × H = ∇ × J (6)

Therefore, the equations are

∇2
H − µσ

∂H

∂ t
= 0 (7)

∇2
E − µσ

∂E

∂ t
= 0 (8)

where µ is the vacuum permeability, σ are the conductivity.

The current diffusion equation is

∇2
J − µσ

∂J

∂ t
= 0 (9)

For the sinusoidal steady state, there is

∇2
J = jωµσJ (10)

In region 4 and region 5, the induced current is distributed

in the rθ plane, the equation is

J = Jr (r, θ, z)er + Jθ (r, θ, z)eθ (11)

Therefore, the current diffusion equations of region 4 and

region 5 (l = 4, 5) are

∂2Jr,l

∂r2
+

1

r

∂Jr,l

∂r
+

1

r2
∂2Jr,l

∂θ2
+

∂2Jr,l

∂z2
−

2

r2
Jθ,l

∂θ
−
Jr,l

r2

= jωµ0σlJr,l

∂2Jθ,l

∂r2
+

1

r

∂Jθ,l

∂r
+

1

r2
∂2Jθ,l

∂θ2
+

∂2Jθ,l

∂z2
+

2

r2
Jr,l

∂θ
−
Jθ,l

r2

= jωµ0σlJθ,l (12)

As ∇ · J = 0, the equation (11) can be written as

∇ · J =
1

r

∂(rJr )

∂r
+

1

r

∂(Jθ )

∂θ
= 0 (13)

In order to obtain simpler and decoupled partial differential

equations, new functions Xr,l = rJr,l and Xθ,l = Jθ,l

/

r(l =
4, 5) are defined, the equation (12) can be written as

∂2Xr,l

∂r2
+

1

r

∂Xr,l

∂r
+

1

r2
∂2Xr,l

∂θ2
+

∂2Xr,l

∂z2
= jωµlσlXr,l

∂2Xθ,l

∂r2
+

1

r

∂Xθ,l

∂r
+

1

r2
∂2Xθ,l

∂θ2
+

∂2Xθ,l

∂z2
= jωµlσlXθ,l

(14)

with

µl =

{

µ0, l = 4

µ0µs, l = 5
(15)

σl =

{

σc, l = 4

σs, l = 5
(16)

where µ0 is the vacuum permeability, µs is the copper back

iron relative permeability, σc and σs are the conductivity of

the copper and the corresponding back iron.

The mathematical expression of M = Mz(r, θ)ez can be

expressed by Fourier’s series representation, and is given by

Mz(r, θ) =
∑

n=1,3,5,7

∑

h=1,2,3...

MnkJnp(αhr)e
iβθ (17)
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with

Mnh =
2M ′

z(θ )

R22Jnp+1(αhR2)

∫ R4

R3

rJnp(αhr)dr (18)

where Jnp(αhr) is the Bessel function, and Jnp(αhR2) = 0.

Applying the variable separation method, the general solu-

tion of the magnetic potential equation can be expressed as

ϕm,l(r, θ, z) =
∑

n=1,3,5,7

∑

h=1,2,3...

ϕ(z)Jnp(αhr)e
iβθ (19)

with

ϕ(z) = Geαhz + Ke−αhz (20)

The general solution to the equation of Xr for region 4 and

region 5, can be expressed as

Xr,l(r, θ, z) =
∑

n=1,3,5,7

∑

h=1,2,3...

X (z)Jnp(αhr)e
iβθ (21)

with

X (z) = Ueλhz + Ve−λhz (22)

λh,l =







√

α2
h + jnpωµ0σc, l = 4

√

α2
h + jnpωµ0µsσs, l = 5

(23)

where ω is the slip angular speed, p is the number of PM pole

pairs.

For each region, periodic boundary condition is satisfied

with

H(r,
π

2p
, z) = −H(r, −

π

2p
, z) (24)

At r = R2 each region is satisfied with H × er = 0.

For region 4 and region 5, the eddy current in the r direction

equals to Jr (R2, θ, z) = 0.

The boundary conditions are

∂ϕm,1(r, θ, z)

∂z
= 0 |z=0 (25)

ϕm,1(r, θ, za) = ϕm,2(r, θ, za) (26)

µs
∂ϕm,1(r, θ, z)

∂z
=

∂ϕm,2(r, θ, z)

∂z
+Mz

∣

∣

z=za (27)

ϕm,2(r, θ, zb) = ϕm,3(r, θ, zb) (28)

∂ϕm,2(r, θ, z)

∂z
−Mz =

∂ϕm,3(r, θ, z)

∂z

∣

∣

z=zb (29)

ϕm,3(r, θ, zc) =
1

β2σcµ0

∂Xr,3

∂z
(30)

∂ϕm,3(r, θ, z)

∂z
=

α2
h

β2σcµ0
Xr,4

∣

∣

z=zc (31)

Jr,4 =
σc

σs
Jr,5

∣

∣

z=zd (32)

∂Jr,4

∂z
=

σc

σsµs

∂Jr,5

∂z

∣

∣

z=zd (33)

Jr,5 = 0
∣

∣

z=ze (34)

Using the ten independent linear equations given above,

the air gap magnetic potential expression can be obtained as

ϕm,3(r, θ, z)

=
∑

n=1,3,5,7

∑

h=1,2,3...

(G3e
αhz + K3e

−αhz)Jnp(αhr)e
iβθ

(35)

The eddy current expressions of the copper and the copper

back iron are

Jr,4(r, θ, z)

=
∑

n=1,3,5,7

∑

h=1,2,3...

1

r
(U4e

λh4z + V4e
−λh4z)Jnp(αhr)e

iβθ

(36)

Jθ,4(r, θ, z)

=
∑

n=1,3,5,7

∑

h=1,2,3...

i

βr
(U4e

λh4z + V4e
−λh4z)(αhJnp−1(αhr)

−
β

r
Jnp(αhr))e

iβθ (37)

Jr,5(r, θ, z)

=
∑

n=1,3,5,7

∑

h=1,2,3...

1

r
(U5e

λh5z + V5e
−λh5z)Jnp(αhr)e

iβθ

(38)

Jθ,5(r, θ, z)

=
∑

n=1,3,5,7

∑

h=1,2,3...

i

βr
(U5e

λh5z + V5e
−λh5z)(αhJnp−1(αhr)

−
β

r
Jnp(αhr))e

iβθ (39)

where a1, a2, a3, a4, a5, a6, a7, G3, K3, U4, V4, U5, V5 are

given in the appendix.

IV. THERMAL ANALYSIS

A. THERMAR ANALYSIS

Based on T-equivalent modeling approach, a simple equiv-

alent thermal network model is established to conduct the

thermal analysis, shown in Fig. 6. In the model, the geometry

of the PM eddy current coupling is subdivided into 8 compo-

nents: (1) PM, (2) PM back iron, (3) air gap, (4) aluminium,

(5) copper back iron, (6) frame, (7) copper, (8) cooling fins.

In this paper, conduction heat transfer and convection heat

transfer are concerned, neglecting radiation heat transfer. The

general expression of conduction thermal resistances is [23]

Rconduction =
L

kA
(40)

where L is the heat transfer path length, A is the heat flow

path area, k is the material thermal conductivity.

The components of the PM eddy current coupling are

approximate hollow cylindrical as shown in Fig. 7. The ther-

mal resistances of the classical T-type thermal model can

be calculated as follows. For the axial direction, the thermal

resistances can be calculated from (41) and (42). For the
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FIGURE 6. Equivalent thermal resistance network of the PM eddy current
coupling.

FIGURE 7. Equivalent thermal circuit of a hollow cylindrical component.

radial direction, they can be calculated from (43)-(45).

Ra1 = Ra2 =
l

2πka(r
2
1 − r22 )

(41)

Ra3 =
−l

6πka(r
2
1 − r22 )

(42)

Rr1 =
1

4πkr l

(

1 −
2r22 ln(r1/r2)

(r21 − r22 )

)

(43)

Rr2 =
1

4πkr l

(

2r22 ln(r1/r2)

(r21 − r22 )
− 1

)

(44)

Rr3 =
−1

8πkr l(r
2
1 − r22 )

(

r21 + r22 −
4r21 r

2
2 ln(r1/r2)

(r21 − r22 )

)

(45)

where r1 and r2 are the outer and inner radius of the hollow

cylinder, l is the length, Taxial,left and Taxial,right are the tem-

perature at both ends of the axis, Tradial,in and Tradial,out are

the temperature of inner and outer surfaces, Tm is the com-

ponent average temperature, P is the corresponding internal

heat production, ka and kr are the thermal conductivity in the

axial and radial directions respectively.

The conduction thermal resistances R1 − R11, R14 − R19,

R24-R35 and R37 − R42 can be calculated according to the

thermal resistance formulations (41)-(45).

The general expression of convection thermal resistances

is [24]

Rconvection =
1

hA
(46)

where h is the convection heat transfer coefficient.

For R12, R13, R20, R36 and R43 − R45, the heat transfer

coefficient can be estimated as a function of the air speed over

the surface [25]

h =
1 + 0.25vk

0.045
(47)

where vk is the rotational speed of the surface.

For R22 and R23, the heat transfer coefficient for the air gap

is evaluated based on Nusselt number Nu [26]

h =
Nuλair

g
(48)

Nu =
0.3387(

vig
γ
)1/2(

cpvi
λair

)1/3

(1 + ( 0.0468λair
cpvi

)2/3)1/4
(49)

where λair is the air thermal conductivity, g is the air gap

length, γ is the air kinematic viscosity, vi is relative velocity

of two convective heat transfer surfaces, cp is the air specific

heat.

To obtain the individual node temperatures of the whole

thermal model, a set of 8 steady-state heat balance equations

is listed as

−Gj1T1 − · · · + GjjTj − · · · − GjnTn = Qj, j = 1, . . . , 8

(50)

The thermal components of the thermal model are defined

byMATLAB, and the temperature of each node is calculated.

B. ELECTROMAGNETIC-THERMAL MODEL CALCULATION

The calculation flowchart of the electromagnetic-thermal

model is shown in Fig. 8. As the material electromagnetic and

thermal characteristics change with temperature, the process

of the coupling analysis is iteratively updated recalculation.

Firstly, the initial structure parameters and the node tem-

perature are set, the electromagnetic field and temperature

field are analyzed respectively. The torque characteristics
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FIGURE 8. Flowchart of the electromagnetic-thermal model.

and eddy current loss are obtained by the 3-D electromag-

netic field analytical model. Then, the equivalent thermal

network model is used to calculate the temperature dis-

tribution, which the eddy current loss is used as the heat

source for the thermal analysis. The node temperature is

cycled based on the updated material electromagnetic and

temperature characteristics. The iterative calculation process

until the end of temperature convergence. Finally, verify

whether the electromagnetic characteristics of the PM eddy

current coupling with injected harmonics into the magnet

shape meet the purpose of improving the output torque.

If not, the structural parameters are optimized sequentially,

and the electromagnetic-thermal coupling analysis calcula-

tion flow is updated, and if so, the calculation result is

saved.

C. OPTIMAL DESIGN BASED ON

ELECTROMAGNETIC-THERMAL

COUPLING ANALYSIS

Based on the 3-D electromagnetic-thermal coupling analyt-

ical model, the gradient angle of the copper is optimized

with the maximum output torque as the optimization target,

ensuring that the other structural parameters are unchanged.

The proposed optimization model is

max : f (x) =
T (δ)

Tinital

s.t. : g1(x) =
S

Sinital
= 1

g2(x) = TPM − 110 ≤ 0

g3(x) = Tcopper − 850 ≤ 0 (51)

where δ is the gradient angle of the copper, x is the design

parameter vector, T is the torque, Tinital is the inital torque at

δ = 0, S and Sinital are the other structural parameters, TPM
is the PM temperature, Tcopper is the copper temperature. The

maximumworking temperature of PMNdFeB 48H is 120◦C.

TABLE 1. Specifications of the investigated coupling.

V. RESULTS AND DISCUSSIONS

A. SPECIFICATIONS OF THE INVESTIGATED COUPLING

Except for the PM arrangement and the thickness gradi-

ent copper, the PM eddy current coupling with injected

harmonics into the magnet shape studied in this paper has the

same basic structure and physical parameters as those of the

one presented in [21]. The ratios of the injected third, fifth

and seventh harmonics to the fundamental one are a3 = 1
/

6,

a5 = (3 −
√
5)
/

40, and a7 = −0.0005, as shown in Fig. 3.

For the maximum output torque, the optimized gradient angle

of the copper is δ = 2.1◦, as shown in Fig. 4. The main speci-

fications of the investigated coupling are shown in Table 1. To

test and validate the actual performance of the prototype, an

experimental platform has been designed and established, and

the specific details are described in our previous study [21].

B. EDDY CURRENT LOSS

At the rated slip case (s = 0.04), the 3-D FEM eddy current

density results of the copper and the copper back iron are

shown in Fig. 9. With the proposed analytical formulas (36)

and (37), the eddy current density distributions of the copper

along the r and θ directions are presented in Fig. 10, the com-

ponent along the z direction is zero. Compared with the 3-D

FEM, the induced current is well predicted by the proposed

analytical model in terms of amplitudes and waveforms.With

optimum injected harmonics into the magnet shape, the sinu-

soid of the air gap magnetic density is essentially enhanced,

and the induced current distribution is quasi-sinusoidal. In the

quasi 3-D analytical model in [21], the eddy current density

along the θ direction is ignored, which leads to the need

for a correction factor. Therefore, the 3-D analytical model

can accurately analyze the 3-D distribution of eddy current

density with higher calculation accuracy.

With the proposed 3-D analytical model, the eddy current

loss of the copper and the copper back iron can be given by

Pcopper =
1

σc
(

∫ R2

R1

∫ 2π

0

∫ zd

zc

∣

∣Jr,4(r, θ, z)
∣

∣

2
rdrdθdz

+
∫ R2

R1

∫ 2π

0

∫ zd

zc

∣

∣Jθ,4(r, θ, z)
∣

∣

2
rdrdθdz) (52)

Pbackiron =
1

σs
(

∫ R2

R1

∫ 2π

0

∫ ze

zd

∣

∣Jr,5(r, θ, z)
∣

∣

2
rdrdθdz

+
∫ R2

R1

∫ 2π

0

∫ ze

zd

∣

∣Jθ,5(r, θ, z)
∣

∣

2
rdrdθdz) (53)
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FIGURE 9. 3-D FEM eddy current density results.

FIGURE 10. Eddy current density of the copper (at the mean radius).

As the slip increases with the load increases, the slip is

selected as the variable. The eddy current loss-slip curves,

obtained by the proposed 3-D analytical model, the quasi 3-D

analytical model in [21], and the 3-D FEM, are shown in

Fig. 11. For clarity, the eddy current loss of the copper back

iron is multiplied by the coefficient. Compared with the 3-D

FEM, the deviation of the quasi 3-D analytical model is under

3.76%, and the deviation of the 3-D analytical model is under

2.94%, which has higher computational accuracy.

C. TEMPERATURE DISTRIBUTION

As the symmetric structure, one pole of the PM eddy current

coupling is analyzed in ANSYSWorkbench 14.5. At the rated

slip case, the temperature distributions of the PM and the

copper are calculated, shown in Fig. 12.

Under variable loads, in the steady state the analytical

result of the temperature is compared with the FEM result

FIGURE 11. Comparison of analytical and FEM results of the eddy current
loss.

FIGURE 12. Temperature distribution by the 3-D FEM.

FIGURE 13. Copper and PM temperature analysis.

shown in Fig. 13. The temperature analytical calculation

values of the copper and the PM can be well matched with

the FEM calculation values. The comparison result shows

that the analytical model is consistent with FEM and can

predict the temperature accurately.

The electromagnetic-thermal analysis is considered via

a temperature iteration calculation. The proposed ana-

lytical model takes much less computation time. The
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electromagnetic-thermal coupling computing time is nearly

all less than 15 s. However, the 3-D FEM computing time is

nearly 180 min.

D. TORQUE

The magnetic field strength of the air gap is obtained from

the air gap magnetic potential ϕm,3, and given by

Hθ3

= −
1

r

∂ϕm,3

∂θ

= −
iβ

r
(
∑

n=1,3,5,7

∑

h=1,2,3...

(G3e
αhz + K3e

−αhz)Jnp(αhr)e
iβθ )

(54)

Hz3

= −
∂ϕm,3

∂z

= αk (
∑

n=1,3,5,7

∑

h=1,2,3...

(G3e
αhz − K3e

−αhz)Jnp(αhr)e
iβθ )

(55)

Then, the magnetic flux density of the air gap is

Bθ (3)

= −
iβµ0

r
(
∑

n=1,3,5,7

∑

h=1,2,3...

(G3e
αhz+K3e

−αhz)Jnp(αhr)e
iβθ )

(56)

Bz(3)

= αhµ0(
∑

n=1,3,5,7

∑

h=1,2,3...

(G3e
αhz−K3e

−αhz)Jnp(αhr)e
iβθ )

(57)

The electromagnetic torque can be obtained from the air

gap magnetic flux density. With the Maxwell stress tensor

method, the electromagnetic torque is

Tem =
1

µ0

∫ 2π

0

∫ R2

R1

r2Bθ (3)Bz(3)drdθ (58)

where R1 is the copper plate inner radius, R2 is the copper

plate outer radius.

The torque–slip characteristics curves, obtained by the

analytical methodwith (58), the 3-D FEMandmeasurements,

are shown in Fig. 14. Based on electromagnetic-thermal cou-

pling analysis, the 3-D FEM and measurements are used to

verify the proposed analytical model, and the deviation is

under 4.17%.

Using the PM of the same material and volume, the torque

comparison of the PM eddy current coupling with different

magnet shapes is shown in Fig. 15. Compared with the typi-

cal rectangle-shaped magnet structure, the maximum torque

of the injected harmonics into the magnet shape structure

(at δ = 0◦) is increased by 11.22%, and an additional

13.05% torque improvement can be obtained with the opti-

mized structure (at δ= 2.1◦). Furthermore, compared with

the combined rectangle-shaped magnet structure in [21] and

FIGURE 14. Torque-slip characteristics.

FIGURE 15. Torque comparison of the PM eddy current coupling with
different magnet shapes.

the cylinder-shaped magnet structure, the maximum torque

of the injected harmonics into the magnet shape structure (at

δ = 0◦) is respectively increased by 6.78% and 9.54%.Mean-

while, 12.67% and 12.72% further more torque improvement

can be respectively obtained with the optimized structure

(at δ= 2.1◦). The torque comparison result shows that the

injected harmonics into the magnet shape structure has obvi-

ous effect on torque improvement, and the optimized struc-

ture leads to better torque characteristics. It greatly improves

the maximum output torque of the PM eddy current coupling.

E. EFFECT OF TEMPERATURE RISE CAUSED

INCREASE ON TORQUE

For the optimized injected harmonics into the magnet shape

structure, the torque-slip characteristics analysis is presented

in Fig. 16. Point A is the synchronous running point, where

the slip is 0. As the conductor rotor does not cut the magnetic

field line of the PM rotor, the electromagnetic torque at this

point is 0. Point B is the rated operating point, where the

slip is 0.04, and TB is the rated electromagnetic torque. Point

C is the critical operating point, where TC is the maximum

electromagnetic torque. Point D is the blocking operation

point, where the slip is 1. The PM eddy current coupling can

operate stably in the AC segment. However, the CD segment

is the state in which the coupling goes from critical to stalled.
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FIGURE 16. Torque-slip characteristics analysis.

FIGURE 17. The influence of the copper temperature rise caused by loads
increase on the torque.

FIGURE 18. The influence of PM temperature rise caused by loads
increase on the torque.

During the CD segment, the eddy current loss is too much,

the temperature rise is too high, therefore the coupling can’t

work long.

In the AC segment, based on the electromagnetic-thermal

coupling analytical model, the influence of the temperature

rise of the copper and the PM caused by load increases, are

shown in Fig. 17 and Fig. 18 respectively.

As a result, the objective of improving the torque char-

acteristics is to stabilize the operating section of the AC

section, enhancing the rated electromagnetic torque and the

maximum electromagnetic torque. Compared with the pre-

optimized structure, the rated torque of the optimized struc-

ture is increased by 4.41%, the maximum torque is increased

by 13.05%, and the overload capability is increased by 8.27%.

The optimized structure improves the rated torque and greatly

improves the maximum output torque and overload capability

of the PM eddy current coupling.

As load increases, a large amount of temperature rise is

caused, and even the PM is irreversibly demagnetized. There-

fore, it is of great significance to perform electromagnetic-

thermal coupling analysis.

VI. CONCLUSION

In this paper, a new structure for PM eddy current couplings

with injected harmonics into the magnet shape is proposed to

improve the output torque. A novel electromagnetic-thermal

analytical model that can accurately reflect the 3-D distribu-

tion of the magnetic field and the eddy current, is presented

to analyze the eddy current loss, temperature distribution, and

torque characteristics. On this basis, the gradient angle of the

copper is optimized to maximize the output torque, based

on the multiphysics coupling analytical model. Compared

to previous analytical models, the proposed model is able

to predict the effect of the temperature rise caused by load

increases on the torque.

The proposed analyticalmodel is verified by comparing the

analytical predicted results with those obtained from the 3-D

FEM and measurements, which provide satisfactory results.

The design method proposed in this paper gives the PM

eddy current coupling has better torque characteristics and

overload capability. The electromagnetic-thermal analytical

model proposed in this paper provides a fast and accurate cal-

culation method for multiphysics coupling analysis of the PM

eddy current coupling. Additionally, the model proposed in

this paper solves the problem of multiphysics coupling anal-

ysis, ensuring that the temperature rise caused by eddy current

loss does not cause irreversible demagnetization of PMs.

APPENDIX

The elements of equation (35) to equation (39) are expressed

as follows.

a1 = 2αhe
αhzaeαk zb − e2αhzaλkµs + e2αhzbλhµs (A.1)

a2 = e2αhzc + e2λhzd (A.2)

a3 = e2αhzc − e2λhzd (A.3)

a4 = e2λhzd + e2λhze (A.4)

a5 = e2λhzd − e2λhze (A.5)

a6 = e2αhza + e2αhzc (A.6)

a7 = e2αhzaαha5a2 + e2λhzdλha3a6 − e2αhzce2λhzdαha2

− e4αhzce2λhze (λh − αh) + e2αhzce2λhzd e2λhze (λh + αh)

− e2αhzae2αhzce2λhzeλha3 (A.7)

G3 =
Mnha1(αha2a5 + λhe

2αhzca3a5)

2eαhzbαhλhµsa7
(A.8)
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K3 =
e2αhzcMnha1a5(λha3 − αha2)

2eαhzbαhλhµsa7
(A.9)

U4 =
e2αhzcMnh(e

2αhzc + 1)a1β
2σcµ0ω

2eαhzbλhαhµsa7
(A.10)

V4 =
e2αhzce2λhzdMnh(e

2αhzc + 1)a1β
2σcµ0ω

2eαhzbλhαhµsa7
(A.11)

U5 =
e2αhzce2λhzdMnhµs(e

2αhzc + 1)a1β
2σcµ0ωσs

eαhzbλhαha7µ2
sσc

(A.12)

V5 =
−e2αhzce2λhzd e2λhzeMnhµs(e

2αhzc + 1)a1β
2σcµ0ωσs

eαhzbλhαha7µ2
sσc

(A.13)
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