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ABSTRACT There is a serious nonlinear between the sensitive parameters and the transmission capacity of

the permanent magnet eddy current magnetic coupler (PMEC), and how to establish the accurate analytical

model is very important to study its characteristics, optimize design and improve control accuracy. In order

to solve the problem that the accuracy of analytical model deteriorates under the variable parameters of the

PMEC, based on the electromagnetic-thermal theory, the electromagnetic-thermal nonlinearity of materials,

such as the thermal effect of magnetic properties, the thermal effect of permeability, the thermal effect of

conductivity, the magnetic saturation effect, the skin effect, the eddy current inductive reactance, have been

deeply studied in this paper. On this basis, the multi-field coupling analytical model of the PMEC sensitive

parameters andmaterial electromagnetic thermal nonlinearity is established by using themagnetic equivalent

circuit theory and lumped parameter thermal network method. Combined with numerical simulation and

experiment, the research on electromagnetic characteristics, temperature characteristics and transmission

characteristics of the PMEC are carried out. The comparative study shows that the proposed analytical model

can accurately analyze the electromagnetic characteristics, temperature characteristics and transmission

characteristics of the PMEC without any correction coefficient under different parameters. The accuracy

of the analytical model with variable parameters is effectively solved, and the model theory of the PMEC is

improved. The accurate analytical modelingmethod has laid theoretical foundation for the rapid optimization

design and wide application of the PMEC.

INDEX TERMS The permanent magnet eddy current magnetic coupler, the accuracy of analytical model,

the electromagnetic-thermal nonlinearity of materials, electromagnetic characteristics, temperature charac-

teristics, transmission characteristics.

NOMENCLATURE

hr Thickness of the PM [mm]

hc Thickness of copper rotor [mm]

hce Effective Thickness of copper rotor [mm]

hF Thickness of copper rotor back iron [mm]

hb Thickness of the PM back iron [mm]

g Air gap [mm]

r1 Inner diameter of the PM [mm]

r2 Outer diameter of the PM [mm]

r3 Inner diameter of copper rotor [mm]

r4 Outer diameter of copper rotor [mm]

The associate editor coordinating the review of this manuscript and

approving it for publication was Lei Zhao .

θ0 Peripheral angle of the PM unit

N1 Rotation speed of copper rotor[rpm]

N2 Rotation speed of the PM rotor [rpm]

s Slip between copper rotor and the PM rotor[%]

Rr Reluctance of the PM[H−1]

Rc Reluctance of copper rotor [H−1]

Ra Reluctance of air gap [H−1]

RF Reluctance of copper rotor back iron [H−1]

Rb Reluctance of the PM back iron [H−1]

Ra1 Reluctance of the PM self-leakage [H−1]

Ra2 Reluctance of the adjacent PM [H−1]

ϕr Flux source of the PM [Wb]

ϕe Effective flux through copper rotor[Wb]

Sr Surface area of the PM [m2]
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α PM ratio

p Pole pairs

µ0 Vacuum permeability[H/m]

µr Relative permeability of the PM

θ Angle in circumferential direction [rad]

Br Remanence of the PM[T]

Be Static effective magnetic field intensity[T]

Bp Induced magnetic field intensity[T]

Bpe Dynamic coupling magnetic field intensity[T]

σc Conductivity of copper rotor [MS/m]

σpe Effective conductivity of copper rotor [Ms/m]

ω Relative angular velocity [rad/s]

t1 Temperature of the PM back iron [◦C]

t2 Temperature of the PM[◦C]

t3 Temperature of air gap [◦C]

t4 Temperature of copper rotor [◦C]

t5 Temperature of copper rotor back iron [◦C]

t6 Temperature of the PM mounted rotor [◦C]

t7 Ambient temperature [◦C]

Pw Heating power of copper rotor [w]

I. INTRODUCTION

The traditional connection has the disadvantage of small

misalignment tolerance, which is the main reason for the fail-

ure of rotating machinery [1], [2]. Therefore, scholars have

been exploring magnetic coupling drive technology, it has the

advantages of large allowable misalignment, vibration isola-

tion and noise reduction, no harmonic pollution, etc. [3] The

permanent magnet eddy current magnetic coupler (PMEC)

relates to the electromagnetic thermal multi-field coupling.

How to establish accurate model is the basis of study the

performance of the PMEC, optimal design and shafting.

At present, the research methods mainly focus on numerical

simulation and analytical method [4], [5].

The finite element method (FEM) is the representative

of the numerical method. Li Z et al. studied the effect of

slip on torque by using 3-D FEM, the validity of FEM is

verified by experiments [6]–[8]. However, the FEM has a

long calculation period, which is not conducive to rapid opti-

mization, especially in the initial design stage, it is difficult

to meet the design [9], [10]. The analytical method mainly

includes Maxwell equations (ME) and magnetic equivalent

circuit (MEC). Based on the ME, the control equations

of each layer field domain were established under certain

simplified conditions, and the expression of the torque was

obtained by simplifying the method of variable separation.

The torque expression was discretized, and combined with

the boundary conditions of each layer field, the torque expres-

sion was solved [11]–[17]. However, the factors such as mag-

netic circuit saturation and magnetic leakage were difficult

to be accurately reflected in the analytical model, which

leaded to the low accuracy of the analytical model based on

ME. The MEC compares the magnetic circuit with the elec-

tric circuit, and factors such as magnetic circuit saturation,

nonlinearity of ferromagnetic materials, interaction between

permanent magnetic field and reactive magnetic field, etc.

can be considered. The magnetoresistance network model

is constructed by using the magnetoresistance varying with

time and space, and the network equation is established

by the magnetic potential of the node, and the magnetic

field distribution is obtained. The EMC can effectively bal-

ance the calculation time and accuracy, and it is suitable

for the initial and optimal design of electromagnetic equip-

ment [18]–[20]. Based on the MEC, Mohammadi s et al.

ignored the electromagnetic-thermal nonlinearity of mate-

rial, for example, only the resistance characteristics of the

copper rotor were considered and the inductance character-

istics were ignored, the thickness of the copper rotor, the

working temperature, magnetic properties of the permanent

magnet (PM) and the permeability of the back iron were

set as fixed values. The transmission analytical model of

the PMEC was established and compared with the FEM and

experiment [21]–[24]. The results showed that the analytical

model was not always accurate. Based on the parameter

table in literature, the accuracy of the model was high in

the range of low slip. If the parameter value was changed

or the slip was increased, the model accuracy was reduced.

For example, the air gap thickness increases from 4mm to

8.5mm, and the error increases by 1.4 times. The number of

the PMs increased from 8 to 16, and the error increased from

−2% to 7%. The analytical model can accurately analyze the

transmission capacity of the PMEC under 5% slip, however,

with the increase of slip, the accuracy of the analytical model

was deteriorating. When the slip exceeded 15%, the model

error was almost unacceptable. In order to solve this problem,

a correction coefficient was introduced in document [25],

which was a function of slip and had no clear physical

meaning. Only under certain parameters, the accuracy of

the modified model was high, but if the parameters were

changed, such as the air gap thicknesswas changed, themodel

precision was reduced. In references [26], [27], inductance

characteristics were introduced under constant temperature,

and the model accuracy was greatly improved. However,

in the industrial transmission system, the transmission con-

dition and the ambient temperature of the PMEC changed

greatly, it is impossible to keep the working temperature

of the PMEC unchanged. The transmission conditions of

the PMEC are various and the transmission power range

is wide. If the electromagnetic thermal nonlinearity of the

material is neglected, it is difficult to guarantee the accuracy

of the transmission analytical model when the transmission

power, the transmission condition or the ambient temperature

change, which becomes the bottleneck of the fast optimiza-

tion design of the PMEC.

In this paper, the mechanism research of the PMEC is

carried out. Combined with electromagnetic thermal the-

ory, the sensitive parameters are comprehensively revealed,

the electromagnetic-thermal nonlinear characteristics of

mater-ials is deeply studied. The analytical models of the

electro-magnetic thermal characteristics, such as the ther-

mal effect of magnetic properties, the thermal effect of per-

meability, the thermal effect of conductivity, the magnetic
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saturation effect, the skin effect, the eddy current inductive

reactance, are established. On this basis, combined with the

MEC, lumped parameter thermal network theory (LPNT)

and heat transfer theory, the analytical model of the PMEC

including sensitive parameters and electromagnetic thermal

character-istics of material is proposed. Through the compar-

ative study of the unimproved analytical model, the FEM and

experiment, without any correction coefficient, the improved

analytical model can accurately analyze the electromagnetic

characteristics, temperature characteristics and transmission

capacity of the PMEC under different parameters. The influ-

ence of the sensitive parameters on the electromagnetic field,

temperature field and transmission capacity of the PMEC are

summarized, and the precise modeling method provides a

new way for the fast optimization design of the PMEC.

FIGURE 1. Schematic diagram of the PMEC.

II. STUDY ON THE MECHANISM OF THE PMEC

A. ELECTROMAGNETIC-THERMAL MULTI-FIELD

COUPLING ANALYSIS OF THE PMEC

The structure of the PMEC is shown in Fig.1, including two

permanent magnet (PM) rotors and two copper rotors, which

are symmetrically distributed.

FIGURE 2. Distribution of magnetic field lines of the PM.

The FEM of the PM is shown in Fig. 2, and the distribution

of magnetic field lines is summarized as follows.

① represents the magnetic circuit of the magnetic field line

passing through the copper rotor back iron, ② represents the

magnetic circuit of themagnetic field line not passing through

FIGURE 3. MEC analysis diagram.

the copper rotor back iron, ③ represents the magnetic circuit

of the PM itself. Based on the analysis of the distribution

of magnetic field lines, the MEC is adopted to establish

the magnetic circuit diagram as shown in Fig. 3. the PM is

equivalent to the current source, and the back iron, copper

rotor, and air gap are equivalent to the resistance. In Fig. 3,

the magnetic circuit represented by ①, ② and ③ is consistent

with that in Fig. 2.

FIGURE 4. Relation diagram of the influence of sensitive parameters on
transmission performance.

On the basis of magnetic circuit analysis, the relationship

between sensitive parameters and transmission performance

is summarized as shown in Fig. 4, MF is the magnetic

field, EF is the eddy current field, TF is the temperature

field, A is the skin effect, B is eddy current induced reactance,

C is thermal effect of conductivity, D is the thermal effect

of reluctance; E is the thermal effect of PM, F is saturation

effect. Structural and electromagnetic parameters affect the

strength of the magnetic field. slip and magnetic field affect

the strength of eddy current field. The magnetic field and

eddy current field determines the transmission performance

of the PMEC. The heat loss affects the temperature field and

the electromagnetic parameters of the material. The electro-

magnetic parameters of materials affect the eddy current heat

loss. If the thickness of the back iron is too thin, the magnetic

density will be too high, which will lead to the saturation

effect and affect the permeability of the back iron. The slip

and the pole pairs determine the alternating frequency of the

eddy current. The alternating frequency determines the skin

effect and the inductive reactance.
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B. EFFECT OF EDDY CURRENT HEAT LOSS ON MAGNETIC

PROPERTIES OF THE PM

The calculation expression of magnetic field strength at oper-

ating temperature is shown in Eq. 1.

Brt = Br0 [1 + αB (t2 − 20)] (1)

in which, Brt is the magnetic induction strength at t2;

Br0 is the magnetic induction strength at 20◦C; αB is the

temperature coefficient of the PM.

C. EFFECT OF EDDY CURRENT HEAT LOSS ON

CONDUCTIVITY OF COPPER

The conductivity of copper is the reciprocal of the resistivity,

and the resistivity is approximately linear with the tempera-

ture. Eq. 2 is used to measure the effect of temperature on the

resistivity.

ρt = ρ0 [1 + ac (t4 − 20)] (2)

in which, ρt is the resistivity of copper at t4, ρ0 is the

resistivity of copper at 20◦C, αc is the resistivity temperature

coefficient of copper, the effect of temperature on conductiv-

ity is shown in Eq. 3.

σc =
σ0

1 + ac (t4 − 20)
(3)

in which, σc is the conductivity of copper at t4, σ0 is the

conductivity of copper at 20◦C.

FIGURE 5. B-H curve of back iron [27].

D. INFLUENCE OF BACK IRON THICKNESS AND HEAT

LOSS ON PERMEABILITY OF BACK IRON

The calculation of the magnetic flux density of the back iron

is shown in Eqs. 4-5, Bb is the back flux density of permanent

magnet, BF is the back flux density of copper rotor. Fig. 5 is

the B-H curve [27], and the relative permeability of back iron

µb and µF are determined according to the B-H.

Bb =
ϕr
/

2

hb (r2 − r1)
(4)

BF =
ϕe
/

2

hF (r2 − r1)
(5)

The relative permeability of back iron is also affected by

the temperature, as shown in Eq. 6-7.

µb = µb20 + µb20 · αµ (t1 − 20) (6)

µF = µF20 + µF20 · αµ (t5 − 20) (7)

in which, µb is the relative permeability of the PM back

iron at t1, µF is the relative permeability of the copper

back iron at t5.

E. THE EFFECT OF SLIP AND POLE PAIRS ON EFFECTIVE

THICKNESS OF COPPER ROTOR

With the increase of slip and the number of poles, the fre-

quency of eddy current on the copper rotor increases, and

produces skin effect. The calculation of skin depth is as

follows [28].

δ =

√

2

w1σcµ0µc
(8)

in which, w1 is angular frequency, w1 = 2π f, f =

2psN1/60, s = (N1 − N2)/N1.

δ =

√

15

πpsN1σcµ0µc
(9)

Due to skin effect, eddy current density of copper rotor

decreases exponentially along z direction, as shown in Eq. 10.

JZ = Je
−z/δ (10)

where, JZ is the eddy current density at z from the copper

rotor surface, and j is the eddy current density on the copper

rotor surface.

1 is defined as the effective depth of eddy current density,
∫ δ

0

Je
−z/δdz =

∫ 1

0

Jdz (11)

Eq. 11 is solved, 1 = δ(1-1/e).

The effective thickness hce of copper rotor is

hce = min {hc, 1} (12)

FIGURE 6. Relationship diagram of effective thickness of copper rotor.

Assuming the thickness of copper rotor is 6mm, the effect

of slip and pole pairs on the effective thickness of copper rotor

is shown in Fig. 6. When the slip and the pole pairs are small,

the alternating frequency of eddy current is low and the skin

effect is weak. The effective thickness of the copper rotor is

the geometric thickness of the copper rotor. When the slip

and the pole pairs are large, the frequency of eddy current is
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high and the skin effect is obvious. The effective thickness of

copper rotor is the skin depth.

FIGURE 7. Eddy current distribution of copper rotor.

F. THE EFFECT OF SLIP AND POLE PAIRS ON EDDY

CURRENT INDUCED REACTANCE

The Greenhouse method can quickly and accurately predict

the rectangular spiral inductance, and the error range is less

than 3% [26], [29], [30]. Based on FEM, the eddy current

distribut-ion of copper rotor is shown in Fig. 7, according

to the Greenhouse method in literatures [26], [29], The eddy

current loop can be approximately regarded as a planar spiral

inductor composed of four metal segments.

The total inductance LM of copper rotor is [26], [29]

LM = L1 + L2 + L3 + L4 − 2 (M13 +M24) (13)

Li = 2li

(

ln
2li

hce + hw
+ 0.5 +

hce + hw

3li

)

(14)

in which, Li is the self-inductance of i segment conductor.

li is the effective length of i segment conductor.

rAV =
r1 + r2

2

hw =
αθ0rAV

2

Mutual inductance is calculated as follows [26], [29].

Mi = 2liQi (15)

Qi = ln







li

MDi
+

(

1 +
l2i

MD2
i

)
1/2







−

(

1 +
MD2

i

l2i

)
1/2

+
MDi

li
(16)

lnMDi = ln di −











1

12
(

di
/

hw

)2
+

1

60
(

di
/

hw

)4

+
1

168
(

di
/

hw

)6
+ ...











(17)

in which, MD13 is the geometric mean distance of con-

ductor segment 1 and segment 3, d13 is the center dis-

tance between conductor segment 1 and segment 3, MD24

is the geometric mean distance of conductor segment 2 and

segment 4, d24 is the center distance between conductor

segment 2 and segment 4.

The calculation for impedance is as follows.

Z = RZ + jXLM = |Z | ejϕRZ (18)

RZ =
l

σchchw
(19)

X =
πspN1

15
(20)

in which, Z is impedance, RZ is resistance, σpe is defined

as effective conductivity.

|Z | =

√

(

l

σchchw

)2

+

(

πpsN1LM

15

)2

=
l

σpehchw
(21)

σpe =
σc

√

1 +
(

πpsN1LMhwhcσc
15l

)2
(22)

CosϕRZ =RZ
/

|Z | =
σpe

σc
=

1
√

1 +
(

πpsN1LMhwhcσc
15l

)2
(23)

FIGURE 8. Effective conductivity of copper.

The effect of slip and pole pairs on the effective conduc-

tivity of copper is shown in Fig. 8. With the increase of

slip and pole pairs, the alternating frequency of eddy current

increases, the inductive reactance of eddy current increases,

the impedance increases, and the effective conductivity of

copper decreases.

III. STUDY ON THE MULTI-FIELD COUPLING

MODDEL OF THE PMEC

A. ELECTROMAGNETIC MODEL OF THE PMEC

Based on section II, combined with MEC, the parameters in

Fig. 3 are analyzed, and the electromagnetic model of the

PMEC is established.

The internal resistance of the PM is as follows [26], [27].

Rr =
hr

αθ0
2

(

r22 − r21

)

µ0µr

(24)
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The reluctance of the PM back iron is as follows.

Rb =
1

∫ r2
r1

µ0µbhb
αθ0r

dr
(25)

The reluctance of copper back iron is as follows [27].

RF =
1

∫ r4
r3

µ0µFhF
rπ/p

dr
(26)

The reluctance of air gap is as follows.

Ra =
g

µ0

(

αθ0
r1+r2
2

)

(r2 − r1)
(27)

The reluctance of copper rotor is as follows.

Rc =
hc

µ0

(

αθ0
r1+r2
2

)

(r2 − r1)
(28)

FIGURE 9. Analysis diagram of magnetic circuit ②.

In Fig. 2, ② and ③ are magnetic flux leakage, and the anal-

ysis of magnetic circuit ② is shown in Fig. 9. The reluctance

of magnetic circuit ② is

Ra2 =
1

∫ ra2
0

µ0(r2−r1)

πr+
(

r1+r2
2

)

(1−α)θ0
dr

(29)

ra2 = min

{

αθ0
r1 + r2

4
, (g+ hc)

}

(30)

FIGURE 10. Analysis diagram of magnetic circuit ③.

The analysis of magnetic circuit③ is shown in Fig. 10.③ is

the self-leakage magnetic circuit of the PM. The self-leakage

of PM includes end leakage and side edge leakage, end leak-

age includes inner edge leakage and outer edge leakage [27].

The reluctance of side edge leakage is

Ra11 =
1

∫ ra11
0

µ0(r2−r1)
πr+hr

dr
(31)

ra11 = min

{

αθ0
r1 + r2

4
, (1 − α) θ0

r1 + r2

4
, (g+ hc)

}

(32)

The reluctance of inner edge leakage is

Ra12 =
1

∫ g+hc
0

µ0αθ0(r+r1)
πr+hr

dr
(33)

The reluctance of outer edge leakage is

Ra13 =
1

∫ g+hc
0

µ0αθ0(r1−r)
πr+hr

dr
(34)

The self-leakage of PM can be expressed as [27]

2

2
/

Ra11 + 1
/

Ra12 + 1
/

Ra13
= Ra1 (35)

Combined Eqs. 24-35, the effective flux ϕe is as follows

ϕe =
4R1Rr

R1 (4Rac + RF ) + 4Rr (4Rac + RF + R1)
ϕr (36)

in which, Rac = Ra + Rc, ϕe = BrtSr, R1 =
2Ra1(Ra2+Rb)
2Ra1+Ra2+Rb

.

Be =
ϕe

Sr
(37)

The static effective magnetic field strength is

Be (θ) =



































4R1RrBrt

R1 (4Rac + RF ) + 4Rr (4Rac + RF + R1)

−
αθ0

2
< θ <

αθ0

2
0

−
π

2p
< θ < −

αθ0

2
,
αθ0

2
< θ <

π

2p

(38)

According to Faraday’s law, copper rotor cuts magnetic

field, and alternating eddy current is produced on copper

rotor. Based on Ampere’s law, induced eddy current produces

induced magnetic field. The dynamic effective magnetic field

is formed by the superposition of the induced magnetic field

and the static effective magnetic field [26], [27].

Bpe (θ) = Be (θ) + Bp (θ) (39)

Based on the Ampere’s law, the calculation is [26], [27]
∮

l

Hdl =

∫∫

©
s

Jds (40)

Eq. 40 is substituted into Eq. 40.
∮

l

Bp (θ)

µ0
dl =

∫∫

©
s

σperAVωBpe (θ) ds (41)

Bp (θ)

µ0
· (2g+ 2hc + 2hr ) = σpeωr

2
AV hce

∫

Bpe (θ)dθ

(42)

in which, m =
µ0hcer

2
AV

σpeω

2g+2hc+2hr
.

According to Eq. 42,

Bp (θ) = kemθ + c (43)

The general solution of Bp(θ ) is derived as fol-

lows [26], [27].

Bp (θ) =



























k1e
mθ ,

−π

2p
< θ <

−απ

2p

k2e
mθ − Be,

−απ

2p
≤ θ ≤

απ

2p

k3e
mθ ,

απ

2p
< θ <

π

2p

(44)
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Bp(θ ) meets Eq. 45-48 [26], [27].

Bp

[

−απ

2p
− 0

]

= Bp

[

−απ

2p
+ 0

]

(45)

Bp

[

απ

2p
− 0

]

= Bp

[

απ

2p
+ 0

]

(46)

Bp (θ1) = 0 (47)
∫ θ1

−π
2p

JhcerAV dθ =

∫ π
2p

θ1

JhcerAV dθ (48)

Based on the above conditions, Bp(θ ) can be solved.

In combination with Eq. 38 and Eq. 39, Bpe (θ ) can be solved.

k1 = Be









cosh

[

(1 − α)
mπ

2p

]

cosh

[

mπ

2p

] − e

απm

2p









(49)

k2 = Be

cosh

[

(1 − α)
mπ

2p

]

cosh

[

mπ

2p

] (50)

k3 = Be









cosh

[

(1 − α)
mπ

2p

]

cosh

[

mπ

2p

] − e

−απm

2p









(51)

Bpe (θ) =



























k1e
mθ −π

2p
< θ <

−απ

2p

k2e
mθ −απ

2p
≤ θ ≤

απ

2p

k3e
mθ απ

2p
< θ <

π

2p

(52)

B. MODELING OF EDDY CURRENT THERMAL LOSS

The eddy current heat loss of the copper rotor is the heat

source of the PMEC, and heat loss is very important to the

temperature characteristic, the electromagnetic characteristic

and the transmission characteristic. The eddy current heat loss

is calculated as follows.

Pw = 4pks

∫

V

|J |2

σc
dV (53)

in which, ks is the factor of eddy boundary effect [31].

ks=1−
tanh (kr )

kr {1+tanh (k)r tanh [p (r4−r3−r2+r1) / (2rAV )]}

(54)

in which, kr = p(r2 − r1)/(2rAV).

The calculation expression of eddy current heat loss is

Pω = 4pksσper
2
AVω2CosϕRC

∫

V

B2pedV (55)

C. STUDY ON TEMPERATURE CHARACTERISTICS

OF THE PMEC

The heat generated by the copper rotor is dissipated through

heat conduction, heat convection and heat radiation. Based

on the LPTN, the eddy current loss of the copper rotor is

regarded as the current source, the thermal resistance between

components is regarded as the resistance, and the temperature

is regarded as the potential. The equivalent heat grid diagram

of the PMEC is established, as shown in Fig. 11.

FIGURE 11. Equivalent thermal grid of the PMEC.

In Fig. 11, t1 is the temperature of the PM back iron, t2
is the temperature of the PM, t3 is the temperature of air

gap, t4 is the temperature of copper rotor, t5 is the temper-

ature of the copper rotor back iron, t6 is the temperature

of the installed rotor, t7 is the ambient temperature, PW is

the heating power of copper rotor, R1−7−1 is the convection

thermal resistance between the PM back iron and air, R1−7−2

is the radiation thermal resistance between the PM back iron

and air, R1−6 is the conduction thermal resistance between

the PM back iron and the installed rotor, R1−2 is the con-

duction thermal resistance between the PM and the PM back

iron, R2−6 is the conduction thermal resistance between the

installed rotor and the PM, R2−3 is the convection thermal

resistance between air gap and the PM, R3−6 is the convection

thermal resistance between air gap and the installed rotor,

R3−4 is the convection thermal resistance between copper

rotor and air gap, R4−5 is the conduction thermal resistance

between copper rotor and its back iron, R4−7 is the convection

thermal resistance between copper rotor and air, R5−7−1 is the

convection thermal resistance between copper rotor back iron

and air, R5−7−2 is the radiation thermal resistance between

copper rotor back iron and air. Based on the circuit research

method and the heat transfer theory, the research of the

Fig. 11 is carried out.

The conduction thermal resistance R1−6, R1−2, R2−6 and

R4−5 are calculated as follows [16].

R = LR
/

λA (56)

inwhich, λ is the thermal conductivity of thematerial, LR is

the length of heat transfer path, A is the heat flow area.
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The convection heat resistance R1−7−1, R4−7, R5−7−1,

R3−6, R2−3 and R3−4 are calculated as follows [32].

R = 1
/

htA
(57)

In which, ht is the convective heat transfer coefficient.

The ht calculation in R1−7−1, R4−7 and R5−7−1 is shown in

Eq. 58 [33], and the rest is shown in Eq. 59 [34].

ht = 9.73 + 14v0.62t (58)

ht = Nuλair
/

g (59)

in which, vt is the velocity of air passing through the sur-

face, λair is the thermal conductivity of air, and the calculation

is shown in Eq. 60 [34], Nu is the Nusselt number, and the

calculation is shown in Eq. 61 [34].

λair = 2.72 × 10−4

(

tg + tf

2

)0.8

(60)

where, tg is the temperature of the gas, tf is the temperature

of the solid surface in contact with the gas.

Nu =











2, ta ≤ 1700

0.128t0.367a , 1700 ≤ ta ≤ 104

0.409t0.241a , 104 ≤ ta ≤ 107
(61)

ta is the Taylor number, which is calculated as follows.

ta =

(

νrg

γt

)2
g

r4
(62)

in which, vr is the relative sliding speed, γt is the air

kinematic viscosity, as shown in Eqs. 63-65 [34].

µg = µ15

(

tg

288.15

)1.5 288.15 + tB

tg + tB
(63)

ρg = 1.293 ×
273.15

tg
(64)

γt =
µg

ρg
(65)

in which,µ15 dynamic viscosity at 288.15k. tB is a constant

related to the type of gas.

R1−7−2 and R5−7−2 are radiation thermal resistances,

which are calculated as follows [35].

R =
1

εtδtAF12
(66)

εt is the radiation rate. F12 is the shape coefficient. δt is the

blackbody radiation constant, 5.67 × 10−8W/(m2·k).

Combined with the theory of heat transfer and the LNPT,

the heat transfer equations are established in the appendix.

D. ELECTROMAGNETIC THERMAL MULTIFIELD

COUPLING MODEL OF THE PMEC

There is speed difference in the transmission process of the

PMEC, and the energy loss is lost in the form of eddy current

heat loss [22].

Pw = Tω (67)

T is the transmission capacity of the PMEC, combinedwith

Eq. 53, it is calculated as follows.

T = 4p
ks

ω

∫

V

|J |2

σc
dV =

4pksσ
2
pev

2

σcω

∫

V

B2pe (θ)dV (68)

T =
2pksr

3
AV (r2 − r1) hceσpeωCosϕRZ

m

·
[

k21e
−αmπ
p − k21e

−mπ
p + k22e

αmπ
p − k22e

−αmπ
p

+k23e
mπ
p − k23e

αmπ
p

]

(69)

The analytical model not only contains the sensitive param-

eters, but also contains the electromagnetic-thermal nonlin-

earity of materials, which guarantees the accuracy of the

established transmission analytical model from the perspec-

tive of mechanism. The solution process is shown in Fig. 12.

The electromagnetic, temperature and transmission charac-

teristics of the PMEC are studied.

FIGURE 12. Flow chart of iterative analysis of analytical model.

IV. NUMERICAL SIMULATION STUDY ON MULTI-FIELD

COUPLING OF THE PMEC

The structural parameters are shown in Table 1. Combined

with the electromagnetic-thermal FEM, the comparative

study of electromagnetic characteristics, temperature charac-

teristics and transmission characteristics is carried out. The

flow chart of multi-field coupling FEM is shown in Fig. 13,

and the steps are as follows.

1) Combined with the structural parameters of the PMEC,

the FEM model of the PMEC is established, as shown

in Fig. 14.
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TABLE 1. Parameters of the PMEC.

FIGURE 13. Flow chart of electromagnetic thermal multi field coupling.

FIGURE 14. Three dimensional finite element model of the PMEC.

2) Determination of electromagnetic thermal parame-

ters, including material electromagnetic parameters,

electro-magnetic thermal effect coefficient and heat

transfer coefficient.

3) The electromagnetic numerical simulation is studied,

the FEM model is imported into the Maxwell 3D

design module on the ANSYS Workbench platform,

and the model is processed. Electromagnetic calcula-

tion model is selected, electromagnetic parameters and

element types of materials are set, grids are divided,

electro-magnetic boundary conditions and operation

conditions are imposed, solvers are set, and transient

electro-magnetic analysis is carried out.

FIGURE 15. Electromagnetic thermal multi field coupling simulation
diagram of the PMEC.

4) The electromagnetic numerical simulation results

are imported into the steady-state Thermal module,

as shown in Fig. 15. The eddy current heat loss is

the temperature field heat source. The heat transfer

coefficient of the material is set, the thermal boundary

conditions are applied, and the solver is set to conduct

the temperature field analysis. For example, when the

air gap thickness is 4mm and slip is 12%, the tempera-

ture distribution of the PMEC is shown in Fig. 16.

FIGURE 16. Temperature distribution of the PMEC (g = 4mm).

5) Compared the setting data of working temperature

with simulation data. If Eq. 70 is satisfied, the iter-

ation is stopped and electromagnetic distribution,

electromagne-tic torque and temperature distribution

are output. Otherwise, the temperature distribution

according to Eq. 71 is updated, and the electromagnetic

parameters of thematerial are updated based on the new

temperature distribution. Returning to 3, the research of

electromag-netic thermal simulation is carried out.

∣

∣

∣

∣

t(k) − t(k−1)

t(k)

∣

∣

∣

∣

≤ 0.01 (70)

t(k+1) =
[

t(k)
]0.5 [

t(k−1)
]0.5

(71)

The FEM is compared with the improved analytical model

and the unimproved analytical model to verify the accuracy

of the improved analytical model under different sensitive

parameters.
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FIGURE 17. Distribution diagram of static effective magnetic field.

A. STUDY ON THE EFFECT OF AIR GAP THICKNESS AND

SLIP ON ELECTROMAGNETIC CHARACTERISTICS

When the air gap thickness is 4mm, the static effective mag-

netic field distribution is shown in Fig. 17. The static effective

magnetic field is generated by the PM. Most of the magnetic

field lines start from the N-pole, pass through the air gap and

the copper rotor, enter the back iron of the copper rotor, and

then pass through the copper rotor and the air gap again to the

S-pole of the adjacent PM.

FIGURE 18. Distribution diagram of effective magnetic field (g = 4mm).

FIGURE 19. Distribution diagram of effective magnetic field (g = 6mm).

The distribution curve of static effective magnetic field is

shown in Fig. 18 and Fig. 19. In the range of −10◦ ∼10◦,

the magnetic field is strong and evenly distributed, while

in other intervals, the magnetic field is almost 0. The mag-

netic field is mainly distributed in the region correspond-

ing to the PM. The analytical data are basically consistent

with the FEM data, with an average error of 3.9%. This is

because the increase in air gap thickness leads to the increase

in air gap reluctance, which leads to the increase in magnetic

leakage, so the effective magnetic field strength decreases.

When the air gap is 4mm, the distribution of dynamic

effective magnetic field under 2% and 4% slip is shown

FIGURE 20. Distribution diagram of effective magnetic field (s = 2%).

FIGURE 21. Distribution diagram of effective magnetic field (s = 4%).

in Fig. 20 and Fig. 21. Compared with the static effective

magnetic field, the magnetic field intensity is negative in the

range of −15◦ ∼ −10◦, positive in the range of 10◦ ∼15◦,

and gradually enhanced in the range of −10◦ ∼10◦. With the

increase of slip, the influence of induced magnetic field on

the magnetic field of the PMEC is enhanced.

FIGURE 22. Influence of air gap and slip on temperature of copper rotor.

B. STUDY ON THE EFFECT OF AIR GAP THICKNESS AND

SLIP ON TEMPERATURE CHARACTERISTICS

The influence of air gap thickness and slip on the temperature

of copper rotor is shown in Fig. 22. The air gap is negatively

related to the temperature rise of copper rotor. When the

air gap thickness is 4mm, the temperature of copper rotor

under different slip is as shown in Fig. 23. Within the range

of 2%∼4% slip, the temperature of copper rotor shall not

exceed 45◦C.When the slip is 12%, the temperature of copper

rotor reaches 97 ◦C. The FEM data is consistent with the

analytical data, and the error range is no more than 2.9%.

95244 VOLUME 8, 2020



X. Yang et al.: Improved Analytical Model of Permanent Magnet Eddy Current Magnetic Coupler

FIGURE 23. Temperature curve of copper rotor.

FIGURE 24. The influence of air gap thickness and slip on transmission
capacity.

C. STUDY ON THE EFFECT OF AIR GAP THICKNESS AND

SLIP ON TRANSMISSION CHARACTERISTICS

Based on the proposed transmission analytical model,

the influence of slip and air gap on the transmission capacity

of the PMEC is studied, as shown in Fig. 24.With the increase

of air gap, the transmission capacity of the PMEC decreases.

With the increase of slip, the transmission capability of the

PMEC is enhanced, but when the slip exceeds a certain value,

the transmission capability is decreased.

FIGURE 25. The influence of slip on the transmission capacity.

The thickness of air gap is 4mm, 6mm and 8mm, the influ-

ence rule of slip on the transmission capacity of the PMEC is

shown in Fig. 25. In the range of 100% slip, the comparative

study is as follows. Within 0∼20% slip, slip is positively

correlated with the transmission capacity, slip is negatively

correlated with the transmission capacity in 20%∼100% slip.

Under different air gap thickness and slip, the variation law

of FEM data is consistent with that of analytical data, and the

position of peak torque inflection point is the same. The error

range is no more than 3.9%.

When the slip is less than 20%, the eddy current intensity

increases, which makes the driving force increase, and then

the transmission capacity of the PMEC increases. When the

slip is higher than 20%, the slip will continue to increase, and

the inducedmagnetic field will weaken the effectivemagnetic

field, thus reducing the effective magnetic field strength, and

the driving force of magnetic coupling. So the transmission

capacity of the PMEC is reduced.

FIGURE 26. The influence of copper rotor thickness on transmission
capacity(g = 6mm).

D. RESEARCH ON THE INFLUENCE OF COPPER ROTOR

THICKNESS ON TRANSMISSION CAPACITY

The thickness of copper rotor is changed, and the FEM data

is compared with the analytical data, as shown in Fig. 26.

The variation of FEM data is consistent with that of analysis

data. When the thickness of copper rotor is less than 5mm,

the thickness of copper rotor is positively related to the

transmission capacity, when the thickness of copper rotor is

more than 6mm, the thickness of copper rotor is negatively

related to the transmission capacity. With the increase of the

thickness, the increase of the magnetoresistance will increase

the flux leakage of the PM and reduce the effective magnetic

field intensity. However, the increase of the copper rotor

thickness is conducive to the enhancement of the eddy current

field. The optimum thickness of the copper rotor is 6mm. The

error between FEM data and analysis data is less than 4.1%

under different slip and thickness of copper rotor.

E. STUDY ON THE INFLUENCE OF PM RATIO ON

TRANSMISSION CAPACITY

The thickness of air gap is 6 mm, and the circumferential

angles of the PM are 16◦, 18◦, 20◦, 22◦, 24◦, 26◦, 28◦,

respectively. The analytical data and FEM data are compared,

as shown in Fig. 27. The PM ratio is positively related to the

transmission capacity. The PM ratio is larger, the volume of

the PM is larger, and the total magnetic flux is greater, so the

transmission capacity of the PMEC is enhanced. When the

PM ratio is more than 0.85, the distance between the PMs is

very small, which makes the magnetic flux leakage increase
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FIGURE 27. The influence of PM ratio on transmission capacity(g = 6mm).

rapidly and the utilization rate of magnetic energy decrease.

The transmission capacity of the PMEC is almost unchanged.

Under different slip and PM ratio, the variation law of the

analytical data of transmission capacity is consistent with that

of the FEM data, and the error range is no more than 3.6%.

FIGURE 28. The influence of pole pairs on transmission capacity
(g = 6mm).

F. STUDY ON THE INFLUENCE OF POLE PAIRS ON

TRANSMISSION CAPACITY

When the air gap thickness is 6mm, only pole pairs is

changed, and the total volume of the PM remains unchanged.

The analytical data and FEM data are compared in depth,

as shown in Fig. 28. When the pole pairs is less than 6, the

pole pairs is reduced and the boundary effect of eddy current

is enhanced, so the transmission capacity of the PMEC is

decreased. When the pole pairs is greater than 7, increasing

the pole pairs will reduce the distance between the PMs,

the magnetic flux leakage increases and the effective mag-

netic field intensity reduces, so the transmission capacity of

the PMEC will decrease. The optimum number of poles is 6.

Under different slip, the error range of analysis data and FEM

data is less than 3.9%, which further verifies the accuracy of

the proposed analytical model.

G. RESEARCH ON THE INFLUENCE OF THE PM

THICKNESS ON TRANSMISSION CAPACITY

The thickness of the PM is changed, and the analysis data

of transmission capacity is compared with the FEM data,

as shown in Fig. 29. The PM thickness has a positive

FIGURE 29. The influence of the PM thickness on transmission capacity
(g = 6mm).

correlation with the transmission capacity of the PMEC.With

the increase of the PM thickness, the effective magnetic flux

increases. Under the same slip, the eddy current field in

the copper rotor is strengthened, the driving force of the

magnetic coupling is enhanced, and the transmission capacity

of the PMEC is enhanced. The analytical data of transmission

capacity is slightly larger than the FEM data under different

thickness of the PM, and the error range is less than 3.5%.

FIGURE 30. The comparison diagram of transmission model.

H. THE COMPARATIVE STUDY OF MODELS

The analytical model of the PMEC transmission ignores the

electromagnetic thermal nonlinear characteristics of materi-

als, such as the thermal effect of magnetic properties, the

thermal effect of permeability, the thermal effect of conduc-

tivity, the magnetic saturation effect, the skin effect, the eddy

current inductive reactance, and the accuracy of the trans-

mission model is not always accurate. In view of this prob-

lem, the comparative study is conducted on the influence

of the electromagnetic thermal nonlinear characteristics of

materials on the model accuracy, as shown in Fig. 30 and

Fig. 31. On the basis of Table 1, ignoring the electromagnetic

thermal nonlinear characteristics of materials, Br, σc, µb and

µF are regarded as constants, and the analytical model of

transmission is established. The relationship between slip

and transmission capacity is shown in curve ④. Based on

the analytical model proposed in this paper, the relationship

between slip and transmission capacity is shown in curve ⑦.

Curve ⑧ represents the relationship curve between slip and
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FIGURE 31. The comparison diagram of transmission model data under
certain slip.

transmission capacity based on the FEM of electromag-

netic thermal multi-field coupling. Comparative study shows

that, within 100% slip, curve ⑦ is basically consistent with

curve ⑧. Compare curve ④ with curve ⑧, the error range is

not more than 5.5% within 5% slip, and when the slip is 8%,

the error increases to 16%.

The reasons are as follows. When the slip is small, com-

bined with the research of section III.B and section IV.B,

the heating of the PMEC is very small, so theworking temper-

ature of the PMEC is very low. Combined with the analysis

of sections II.B, II.C and II.D, the magnetic properties, per-

meability and conductivity have little influence. The results

of section II.E and section II.F show that when the slip is

small, the alternating frequency of eddy current is low, and

the skin effect and inductive reactance are weak. Therefore,

neglecting the nonlinear characteristics of the material has

little effect on the accuracy of the analytical model. When the

slip is large, combined with the research of section III.B and

section IV.B, the heating of the PMEC is large, the working

temperature is high, and the influence of magnetic properties,

permeability and conductivity is large. Moreover, the large

slip makes the alternating frequency of eddy current high,

and the skin effect and the inductive reactance characteristics

are strong. Therefore, the accuracy of the analytical model

deteriorates with the increase of slip.

In order to investigate the influence of the thermal effect

of the material, skin effect and inductive reactance of eddy

current on the accuracy of the model, Curve ⑤ is the change

curve of transmission capacity only considering thermal

effect, curve ⑥ is the change curve of transmission capacity

only considering inductive reactance and skin effect. Com-

pared with curve ⑧, the results show that the nonlinear char-

acteristics of material have a great influence on the accuracy

of analytical model, especially the skin effect and inductive

reactance of eddy current.

V. EXPERIMENTAL STUDY ON THE PMEC

In order to verify the proposed analytical model, transmission

test platform of the PMEC is built, as shown in Fig. 32. The

electromagnetic characteristics, temperature characteristics

and transmission characteristics of the PMEC are studied.

Considering the material properties and the safety of the

FIGURE 32. Physical diagram of the experimental platform.

experimental equipment, the temperature of the copper rotor

shall not exceed 200 ◦C during the experiment [36].

A. RESEARCH ON ELECTROMAGNETIC CHARACTERISTICS

Under the static state of copper rotor and the PM copper, the

measurement and control system controls the rotation of the

output shaft of the actuator to drive the axial movement of

the PM rotor. The tilt sensormeasures the rotation angle of the

output shaft, then the air gap thickness between the conductor

rotor and the permanent magnet rotor is calculated to realize

the semi closed loop control of the air gap thickness. Tesla

meter is used to measure the effective magnetic field strength.

FIGURE 33. Relation curve between air gap and effective magnetic field
strength.

The relationship between the air gap thickness and the

effective magnetic field strength is shown in Fig. 33. The

air gap thickness is negatively correlated with the effective

magnetic field strength, and the error range between the

experimental data and the analytical data is less than 3.3%,

which verifies the validity of the analytical model.

B. RESEARCH ON TEMPERATURE CHARACTERISTICS

The copper rotor back iron and copper rotor are good heat

conductors, in addition, the copper rotor back iron is in

close contact with the copper rotor, and the contact surface

is large. Therefore, the temperature difference between the

copper rotor back iron and the copper rotor is very small.

The temperature of copper rotor back iron can well reflect

the temperature of copper rotor. In the experiment, infrared

non-contact temperature sensor is used to measure the tem-

perature of copper rotor back iron.

The measurement and control system controls the output

shaft of the actuator to rotate so that the air gap thickness

is 4mm. The measurement and control system controls the
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FIGURE 34. Temperature curve of copper rotor (g = 4mm).

output speed of the motor, and the torque sensor has the

function of measuring the speed and torque. The comparison

curve of experimental data, analytical data and FEM data is

shown in Fig. 34. The variation law of experimental data,

analytical data and FEM data is consistent, and the error

range is no more than 3.8%. The air gap thickness is changed

to 24mm, and the temperature curve is shown in Fig. 35.With

the increase of air gap thickness, the working temperature of

copper rotor decreases, and the error range of experimental

data, analytical data and FEM data is less than 4.2%. The

validity of the proposed analytical model is verified in the

analysis of temperature field.

FIGURE 35. Temperature curve of copper rotor (g = 24mm).

C. RESEARCH ON TRANSMISSION CHARACTERISTICS

The measurement and control system controls the output

speed of the motor, the torque sensor measures the speed and

torque of the shafting, the actuator controls the air gap thick-

ness to be 4mm, 6mm and 24mm respectively. According to

the research of temperature field, when the air gap thickness

is 4mm and 6mm, and the slip is 30%, the temperature of

copper rotor is about 180 ◦C. Therefore, when the air gap

thickness is 4mm and 6mm, the slip range of experimental

test is 30%. When the air gap thickness is 4mm, the variation

law of transmission characteristics is shown in Fig. 36. The

analytical data presented in this paper, FEM data and experi-

mental data are basically the same, and the error range is not

more than 3.2%. The analytical data without electro-magnetic

thermal nonlinearity ofmaterials, FEMdata and experimental

data are compared, as the slip increases, the error increases,

when the slip is 5%, the error is about 6%, when the slip

FIGURE 36. Transmission characteristic curve of the PMEC (g = 4mm).

is 14%, the error increases to 31%, when the slip is 30% and

the error is more than 100%.

FIGURE 37. Transmission characteristic curve of the PMEC (g = 6mm).

The air gap thickness is 6mm, the variation rule of

the transmission characteristics is shown in Fig. 37. The

improved analytical data, FEM data and experimental data

are in good agreement, the error shall not exceed 3.5%. How-

ever, the error of analytical data without the electromagnetic

thermal nonlinearity of materials is small when the slip is less

than 5%.With the increase of slip, the error increases continu-

ously.When the slip is 14%, the error increases to 28%.When

the slip is 30%, the error is 70%.

When the air gap thickness is 24mm, the transmission

characteristics are shown in Fig. 38. The improved analytical

data, FEM data and experimental data are compared. The

error range shall not exceed 2.9%, and the error does not

increase with the increase of slip. The error of the unimproved

analytical data increases with the increase of the slip. When

the slip is 5%, the error is 8%.When the slip is 14%, the error

increases to 29.6%. When the slip is 30%, the error is 110%,

and when the slip is 100%, the unimproved analytical data is

about 6 times of the experimental data.

Through the comparative study of experiment, FEM,

improved analytical model and unimproved analytical model,

it is proved that the electromagnetic thermal nonlinearity
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FIGURE 38. Transmission characteristic curve of the PMEC (g = 24mm).

of materials are important to the accuracy of the analytical

model, and the accuracy of the analytical model proposed in

this paper is verified.

VI. CONCLUSION

In order to solve the accuracy problem of the analytical

model of the PMEC, this paper starts from the transmission

mechanism of the PMEC, reveals the electromagnetic thermal

nonlinear characteristics of materials, and establishes the ana-

lytical model of the electromagnetic-thermal multi-field cou-

pling. Comparedwith unimproved analytical model, the FEM

and the experiment, the improved analytical model can accu-

rately analyze the electromagnetic characteristics, tempera-

ture characteristics and transmission characteristics of the

PMEC. The summary is as follows.

1) The electromagnetic thermal nonlinear characteris-

tics of materials is revealed. Eddy current heat loss,

PM heat effect, conductivity heat effect, permeabil-

ity heat effect, magnetic saturation effect, skin effect

and eddy current inductive reactance characteristics

are studied in depth. The general law of the sensitive

parameters is given, which lays a theoretical foundation

for the accurate establishment of the analytical model.

2) Based on the EMC, Faraday’s law, Ampere’s law and

LPTN, the analytical model of the PMEC including

fully sensitive parameters and electromagnetic thermal

nonlinearity is established. Combined with the FEM of

electromagnetic-thermalmulti-field coupling, the com-

parative study is carried out. The analytical model can

accurately analyze the electromagnetic characteristics,

temperature characteristics and transmission character-

istics of the PMEC with different slip and structural

parameters, and the error between the analytical data

and the FEM data is less than 4.2%, which verifies the

validity of the analytical model.

3) The influence of thermal effect, skin effect and induc-

tive reactance of material electromagnetic parameters

on the accuracy of transmission analytical model is

studied, and the phenomenon that the error of the unim-

proved analytical model increases with the increase of

slip is repeated. The improved analytical model can

accurately analyze the transmission characteristics of

the PMEC under different parameters, and it provides

reference for the accurate analytical modeling of the

PMEC.

4) The experimental study on the electromagnetic charac-

teristics, temperature characteristics and transmission

characteristics of the PMEC are carried out, and the

improved analytical model, the unimproved analytical

model, the FEM and the experiment are compared. The

accuracy of the improved analytical model is further

proved.

APPENDIX

Q4−5 =
λcπ

(

r24 − r23

)

hc
(t4 − t5) (72)

Q4−7 = 2πr4hch4−7 (t4 − t7) (73)

Q3−4 = h3−4π

(

r24 − r23

)

(t4 − t3) (74)

Q5−7−1 = h5−7−1A5−7 (t5 − t7) (75)

Q5−7−2 = ε5−7δtA5−7

(

t45 − t47

)

(76)

Q3−6 = h3−6A3−6 (t3 − t6) (77)

Q2−3 = h2−3πα

(

r22 − r21

)

(t3 − t2) (78)

Q2−6 =
λrA2−6

h′
r

(t2 − t6) (79)

Q1−7−1 = h1−7−1π

[

(r2 + 0.01)2 − (r1 − 0.01)2
]

(t1 − t7)

(80)

Q1−7−2 = ε1−7δtπ

[

(r2 + 0.01)2−(r1 − 0.01)2
] (

t41 −t47

)

(81)

Q4−5 is the heat transferred from copper rotor to copper rotor

back iron, Q4−7 is the heat transferred from copper rotor

to air, Q3−4 is the heat transferred from copper rotor to air

gap, Q5−7−1 is the heat convection of copper rotor back iron,

Q5−7−2 is the heat radiation of copper rotor back iron, Q3−6

is the heat transferred from the air gap to the installed rotor,

Q2−3 is the heat transferred from air gap to the PMEC, Q2−6

is the heat exchanged between the permanent magnet and the

installed rotor, Q1−7−1 is the heat convection of the PM back

iron, Q1−7−2 is the heat radiation of the PM back iron.
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