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This paper presents an improved 2-D analytical model to predict the magnetic field distributions and torque
characteristics for a flux focusing disk-type permanent magnet eddy current coupling. Due to the inhomoge-
neous physical properties in the permanent magnet regions, based on the equivalent magnetic circuit method, a
fictitious magnetization for the iron cores is introduced to simplify the complexity of modeling. The magnetic
flux density distributions are derived when the eddy current generated in the copper plate and its back iron is
reasonably concerned in 2-D Cartesian coordinates. Then, the explicit expression of torque is given and the
torque-speed characteristics are analyzed. In the end, the calculated results of the proposed model are com-
pared with those obtained from the magnetic equivalent circuit model and 3-D finite-element simulations.
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1. Introduction

Permanent magnet (PM) eddy current couplings can be
used to transmit the torque and adjust the speed in
industry [1-3]. Flux focusing disk-type PM eddy current
couplings have made an alteration to the PM rotor: the
circumferentially magnetized PM has a reverse polarity
with its neighbor and is inserted into the iron yoke, as
shown in Fig. 1. Compared with the conventional
couplings with surface-mounted PM structures, they have
robust rotor construction and high irreversible demagneti-
zation withstand, which can enhance the safety and
increase the productivity in the long running time [4-6].
However, the research on such devices has been insuffi-
cient, especially the accurate and simple analytical model.

At present, the flux focusing PM devices, for example,
PM machines [7, 8] and PM gears [9, 10] are usually
studied using the numerical approach or magnetic equi-
valent circuit (MEC) approach. The former, such as the
finite-element method (FEM) [11-14], is mature and
powerful, and acknowledged by the scholars, engineers
and technicians. With this approach, the geometric details
and nonlinear materials properties can be considered, thus
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fairly reliable results can be obtained during the analysis.
However, the expensive computer resources and time-
consuming procedure hinder its application in the initial
design stage of such devices. Therefore, more often than
not, it is employed as a means of validation. In this paper,
the 3-D FEM is used to evaluate the proposed analytical
model. MEC model is a simple analytical method, and
has been employed for PM eddy current couplings and
brakes [15-17]. But it can only offer the average values of
the flux density and eddy current density, and the approxi-
mate estimation of torque. Moreover, to increase the
accuracy, more magnetic circuits have to been divided,
which will increase the computation of the reluctances.
The 2-D layer model has been given great attention to
the study of the traditional PM eddy current couplings
[18-22]. Compared with the numerical approach, its
primary advantages are low computational complexity,
straightforward expression form with acceptable precision.
Based on some assumptions, such as linear magnetic
behavior and homogeneous physical properties in each
region, the model is divided into several regions, then the
magnetic flux density and induced currents are derived by
solving the 2-D govern equations. It is worth pointing out
that some correction factors are often used to compensate
the 3-D effects at last [15-23, 26]. The 3-D analytical
model has recently been studied, which is extremely
complex [24, 25]. Therefore, the 2-D layer model method
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is a good choice to predict and investigate the perfor-
mances of flux focusing PM eddy current couplings.
However, the homogeneous physical properties in PM
region will result in complicated boundary conditions,
and analytical burden [27, 28], thus the foregoing 2-D
layer model cannot be used directly.

The purpose of this paper is to develop a new fully
analytical model for the flux focusing disk-type PM eddy
current couplings by combining MEC method with
conventional 2-D layer model. The 2-D magnetic flux
density, induced currents in copper plate and iron yoke,
and the total torque are predicted in the proposed model.
In addition, some important performances of such device
are analyzed. In order to evaluate the proposed model, the
analytical solutions are verified with the results obtained
by the MEC method and 3-D FEM.

2. Analytical Model

2.1. Geometry and Assumptions

The geometry of the flux focusing disk-type PM eddy
current coupling is shown in Fig. 1, where the left side
shows the general structure of axial-flux type, and the
right sides shows the PM rotor of flux-concentration type.
Table 1 illustrates the physical meaning and values of
model parameters. To simplify the analysis process, the
real 3-D cylindrical topology is reasonably reduced to the
2-D linear model by imaging that the structure is cut
radially and rolled out circumferentially at the mean
radius of the magnets [18-23]. Figure 2 shows the
resulting 2-D layer model in a Cartesian coordinates (x, y,
z), where the three spatial axes x, y and z indicate the
circumferential, axial, and radial direction of the PM eddy
current coupling, respectively. It is worth noting that Fig.
2 also depicts the flux paths which will be used to
estimate the magnetization of iron poles in the subsequent
section.

As shown in Fig. 2, the whole analytical domain involves
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Fig. 1. (Color online) Flux focusing disk-type PM eddy-cur-
rent coupling.
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Fig. 2. (Color online) Simplified 2-D analytical model and
flux paths.

four sub-regions, namely, PM with iron core region (I),
air gap region (II), conductor region (III), and iron yoke
region (IV). Moreover, to make the analytical solution of
such motional eddy current problem simplify and rational,
some assumptions are frequently performed in the model-
ing and analysis of the electromagnetic devices, which are
adopt as follows:

(1) The conductor plate with iron yoke are stationary,
and the PM rotor are moving with the translational
velocity v.

(2) The iron cores of PM rotor have zero conductivity.

(3) The iron yoke have finite magnetic permeability py
and nonzero conductivity oy, thus, this region is studied.

(4) The magnets are circumferentially magnetized with
relative recoil permeability x,; and the permeabilities of
the PMs and the conductor plate are the same as the air
Ho-

(5) The magnetic vector potential A; in every region (i
=L, II, 111, IV) has only radial component (z-direction).

(6) All field quantities to be considered are periodic
symmetric along the motion direction.

2.2. Problem Description and Strategy

As shown in Fig. 2, the region I has two different
material properties, which will result in complicated
boundary conditions at the interface place between PMs
and iron cores. Therefore, the traditional layer model
cannot be applied into the flux focusing disk-type PM
eddy current coupling. In this study, to solve this problem,
a fictitious magnetic source is proposed.

Due to the great relative permeability in the iron core
region, most of the flux lines vertically enter the air-gap
region from the iron core. Therefore, the iron cores are
regarded as the field source, which must meet the follow-
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Table 1. Parameters and material properties.

Symbols Parameters Values
I; Inner radius 30 mm
1, Outer radius 50 mm
h,, Height of PM 5 mm
p Pole-pairs number 4
g Length of air-gap 1 mm
h, Thickness of copper plate 1 mm
L, Thickness of iron core 10 mm
I Thickness of back iron 3.7 mm
h, Over length of copper plate 10 mm
B, Remanence of magnets 127T

H, Coercivity of magnets —980 kA/m
os Conductivity of copper 58 MS/m
oy Conductivity of back iron 6.9 MS/m

ing requirements:

(1) The fictitious magnetic source has the same mag-
netic flux as the iron core, which will assure the fictitious
magnetization of iron poles is proper, and the analytical

model is undistorted.

(2) The fictitious magnetic source is the axially (or
vertically) magnetized, and the magnetization direction is
alternated from one magnet to another, which will assure
the analytical model can be conveniently established.

Based on the above analysis, the fictitious magneti-

zation of iron poles is expressed in terms of M. In the
Cartesian coordinate system, the region I has been united,
therefore the magnetization of region I can be further
defined as

M = M.e, + Mye, (1)

where, M, and M, denote the horizontal component and
vertical component of M, respectively; e, and e, are the
unit vectors in the x- and y-directions, respectively. Figure
3 shows the distribution of M, and M,. Their analytical
expressions in the area x € (-7, 7,) are given by

-M,, —z’p<x<—rp+hm/2
M =M, -h,[2<x<h,]2 (2)
-M,, t,—h,[2<x<7t,.
and
M, - -M,, -t,-h,[2<x<-h,][2 3)
M,, h,[2<x<h,[2+7,.

where, 7, is the pole pitch, and 7, = A, + 7,, in addition ,we
have

M,=r @
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Fig. 3. (Color online) Magnetization model of PMs and iron
poles.

Due to the periodicity of the field source, the magneti-
zation can be expressed using a Fourier series with the
complex notation. Therefore, (2) and (3) can be further
written as

2M, . nmh -
M, = 0 sin—2 ™™ = M, e™ 4)
n=t135-- HTT 2Tp n=t135
M = 2M1 cos }’lﬂ'hm ejmx — M ejm.\' (6)
y . wn
n=t135,.. JOTT T n=+13,5

where, n denotes the spatial harmonic number and 7 = Zl
P

2.3. Calculation of Fictitious Magnetization

The calculation of fictitious magnetization of iron poles
is pretty critical. It can be determined by the assumption
that the flux from an iron pole is equal to that from the
surfaces of the adjacent PM without considering leaked
magnetic flux. But a correction factor, which is obtained
by FEM, has to be employed to compensate the deviation
[29]. It is apparent that the process is cumbersome and a
waste of time. In this paper, by using equivalent magnetic
circuit method, a relatively accurate M, is derived without
further correction.

?2
R, L R

“e

NI
Fig. 4. (Color online) Equivalent magnetic circuit for the stud-
ied topology.
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Figure 2 has shown the main flux paths, which also
serve as the reference to develop the equivalent magnetic
circuit in Fig. 4. By definition, in Fig. 4, ¢, is the
magnetic flux of PMs; R,, is the reluctance of the PMs; R,
is the total reluctance of the air gap and conductor plate;
R, and R; are the reluctances of the primary iron yoke and
the secondary iron yoke respectively; R; and R, are the
reluctances corresponding to the leakage flux through the
air gap and the back side of the primary iron yoke respec-
tively. ¢./2 is the air-gap flux that passes through one-half
of the iron pole vertically. According to the relevant
calculation formulas of reluctances [5, 30-32], their ex-
pressions can be easily obtained. The details are given in
Appendix.

In view of no significant magnetic saturation in the iron
regions, R, and R, can be neglected in comparison with
other reluctance values [30-32]. With an analogy to
Kirchoft’s voltage law in circuit, ¢, is derived as

_ 20, xR, [| R, [IR,)

¢, = 7
¢ Rla‘|Rli‘|Rn1+2Rg ( )

Therefore, the fictitious magnetization of iron poles can
be calculated as

9.
M, =—— (8)
ﬂOT& (lo _ll)
2.4. Flux Density Solution in Different Regions
The magnetic vector potential A(B=VxA ) is intro-
duced. The field equations in different regions can be

expressed in terms of A, subject to the Coulomb gauge,
V-A=0, by

1, (VxM), i=I
0, i=I,V

VA= ! 9)
—t s i=I
-udy, =V

where, Jyy and Jyy are the eddy current density induced in
conductor plate and iron yoke, respectively, and given by

OA

Ju=0Ey = _O-3Va_xm (10)
OA

JIV:U4EIV = _O-4V_xw (11)

where, v=wR,, is the tangential speed of the conductor
plate and iron yoke, where w is the angular speed and R,,
is the mean magnet radius.

It has been assumed that A; has only z component, thus
A; = A;(x, y)e,, herein A4;is a scalar form, e, is the unit
vector in the z-direction. By using the separation of
variables method, and considering the periodic distributions
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of the field quantities along the x-direction, the general
solution of A4; in each region can be written as

. ] M
4,(x,y) = z e™ [Clne’"-" +D,e™ + JH My, J (12)

n=%1,3,5, m
D N R 13)
Ay (x,y) = ;5 mej'""'(C,,,ne)”'"’ +Dye™) (14)
Ay (x,y) = :+§5 e™ (Cn,"e}”z"’ + Daneimn ) (15)

where, N

J -1
—arctan(m” yo,v)
. n > 2arc Nl
A=3m" +(my,ov) e
0~"1
j -1
Zarctan(m~ p,04v)
A=3m" +(mu,o,v) e?
2 4> 4

In order to determine the coefficients C;,, Dy,, Cin Dimns
Dups Cupws Cryn and Dy, in (12)-(15), some boundary
conditions have to be satisfied. According to the continuity
of the normal component of the magnetic density and the
tangential magnetic field at the interface, the boundary
conditions can be expressed by

(16)

ox ox
17
IR P N
Mok, Oy M, Hy Oy,
aAm =%
ox Oox
18
o4, _ oA, (18)
W,
aAII] — aA]V
ox ox
o4, 14, (19
Hy Oy, Oy yee
1 04 1
L~ M_ =0 o (20)
/’lO/’lr ay /’lr
0A1V |_v:d= 0 (21)
ox

where, a =1/, b = [,+g, ¢ = |,+g+h., and d = [, +g+h+l,.
It's important to note that, due to the tangential component
of the magnetization of the magnetic source, the magnetic
field intensity of PM region can be given by

_ B x IUOM

Bv_/uOMv
Xe + J J

H X
Ho Ho

(22)

y
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As a matter of fact, (17) and (20) are formulated based
on (22). According to the relationship between magnetic
flux density and vector magnetic potential, the tangential
and axial components of the magnetic flux density in
every layer can be deduced by

B, =B, e, +B,.‘ye_,, (23)
where,
0A. 04,
B,=—,B =—" 24
= B 24)

To be emphasized, in this study, the equivalent perme-
ability of iron yoke (z4) is employed with reference [33].
The corresponding formulas are presented in Appendix.
When solving the coefficients Cj,, Dy, Cius Dy Digins
Cutns Ciy and Dy, eight linear equations are formed,
which can be expressed in the matrix form. Then the
solutions can be easily obtained by using the mathematical
software MATLAB.

The system of linear equations can be written by

KX=N (25)

where, K, X, and N denote the constant matrix, the
unknown coefficient vector, and the constant column
vector, respectively, and can be expressed by

T
X = {Cln s Dln H Clln b Dlln b Cl”n > Dllln > Can H D[Vn } (26)
T
N={R,P,0,0,0,0,0,7} 27
where,
2M, nmt 2M . NAT
E - _ IIUO cos m , A — OILIO sin m (28)
mnw 27, mnw 27,
r ma —ma ma —ma ar
e —e —e
ma —mad ma —ma
e —e e fe
mb —mb b ~Ab
e e —e —e
b b b Ab
K= me"™ —me™ A" Ae”
Aic —Aic e —Ac
e e - —
Qe —ine PRI
yovne IL—,Uqu Alc—ﬂze “ e
Jd Ay
et e
L 1 _1 .
(29)

2.5. Electromagnetic Torque
Based on the energy conservation, an approach to
calculate the total torque of the electromagnetic device is
used as follows:
P I -1l

T=—-= - IjHﬂJ;,|dxdy+

1 -1
0o,

j ﬂJfV ety (30)
1w
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where, the right side of “=" has two parts, the torque
generated by the copper plate and the iron yoke, respec-
tively. Moreover, the eddy current can be expressed by

J == jmow(C; e" + D, e )e™ 31)

-

Jp== jmo—4V(C4,nelzy + D4,ne%“y )e'™ (32)

2.6. 3-D Correction Factor

Though (30) can be employed to evaluate the torque
characteristics, the results in magnitude will produce a
large error margin [18]. The solution of eddy-current is a
3-D problem in nature, however, to simplify the analysis,
it is reduced to a 2-D model. Therefore, the 3-D effects of
eddy currents has been neglected in the torque expression
(30). In reality, the induced currents not only flow in the
z- direction, but also the x-direction that make no contri-
bution to the transmission torque, yet produce joule loss.
Among the existing correction methods, the recognized
Russell and Norsworthy factor has been widely adopted
in electromagnetic devices [18, 19, 26]. Therefore, the 3-
D correction factor is adopted by

tanh 7, =1)
T
ko=1- ’ (33)
LU" —h) 1+ tanh 7”(1" 1) x tanh Lh”
2T 27 T

P P p

Taking the 3-D effects of the eddy current couplings
into account, the total torque is further expressed by

T, =kT (34

3. Valuation and Analysis

For ease of comparison studies, the geometry parameters
of the studied topology listed in Table 1 are derived from
the similar research in [5]. To validate the proposed
analytical model, the analytical results are compared with
those obtained by 3-D FEM using the software package
ANSOFT Maxwell. In addition, the MEC model [5] is
also applied for comparison when predicting some per-
formances, such as the torque-slip speed characteristics.
Specifically, in the analytical model, only several harmonic
orders are chosen, and the 3th and 5th harmonic are
considered in this paper.

3.1. 3-D Finite Element Model

The nonlinear magnetic characteristic of the back iron
is considered and shown in Fig. 5. The relative perme-
ability of copper plate is set to 1, and the other material
properties are described in the Table 1.
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Fig. 5. (Color online) B-H curve for the ferromagnetic mate-
rial.
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Fig. 6. (Color online) 3-D FE model. (a) 3D topology. (b)
Meshing of conductor plate and back iron. (¢) Current density
distribution in the conductor plate. (d) Current density distri-
bution in the iron yoke.
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The 3-D finite element model of the flux focusing disk-
type PM eddy current coupling is shown in Fig. 6(a). A
sufficiently fine mesh of eddy current regions (conductor
plate and iron yoke) is employed in Fig. 6(b). The actual
current density distribution on the surface of the con-
ductor plate and its back iron at the slip speed of 500 r/
min are shown in Fig. 6(c) and (d), respectively.

It is important to note that the computation time for 3-D
FEM, employing a desktop PC (32 G (RAM) with 8
core), is about 150 min (15 points), while nearly all less
than 1s for the proposed analytical model.

3.2. Magnetic field distributions

Figure 7 illustrates the flux density distributions along
the circumferential direction (x-direction) at the middle of
air gap region, i.e. z = a + g/2 for two different slip
speeds, namely, 0 r/min and 500 r/min. The air gap length
is fixed at g = 1 mm. According to the corresponding
calculation formulas, some parameter values are obtained.
The reluctances in different region are R,,= 1.83x107, R,
= 3.02x10%, R, = 1.54x10%, R;, = 1.54x107, respectively;
the fictitious magnetization is M, = 4.96x10°; and the
coefficients of magnetic vector potential A are given in
Table 2 and Table 3.

Thus, at the slip speed of 0 r/min, the air-gap flux
density is expressed by

Table 2. Coefficients of magnetic vector potential at the rela-
tive speed of 0 r/min.

Symbols n=1 n=3 n=>5
Cr 0.0002 0 0
Dy -0.0017 -0.0006 -0.0003
Cr 0.0005 0 0
Dy 0.0059 0.0084 0.0247
Cur 0.0005 0 0
Dy 0.0059 0.0084 0.0247
Cy 0 0 0
Dy 0.0118 0.0165 0.0489

Table 3. Coefficients of magnetic vector potential at the rela-
tive speed of 500 r/min.

Symbols n=1 n=3 n=>5
C; 0.0002-0.0002f 0 0
Dy —0.0017-0.0002/ —0.0006 —0.0003
Cy 0.0005-0.0002f 0 0
Dy 0.0059-0.0002f 0.0084 0.0247
Cm 0.0002-0.0003/ 0 0
Dy 0.0061+0.0041;  0.0067+0.0063;  0.0186+0.0185/
Cy 0 0 0
Dy 0.0114-0.0020;  0.0163-0.0022; 0.0482-0.006/
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Bi.}o (x,7) = 0.05¢7100¥+100y | () 5o /100x-100y _ 5 51 ,j300x-300y

7500x-500y
—12.35¢’ Y (35)

B, (x,y)= —O.OSjejmo“lOO"' _ 0.59j6j100x—100_\' _ 2.52jej300,r7300_v
_ 12.35]‘ej500x—500y (36)

And at the relative speed of 500 r/min, the air-gap flux
density is expressed by
B, 500(x,¥)=(0.05- 0.02 7)e’ 1% _(0.59 —0.02 j)e/!" "
_2.526j300xf300_v —1 2‘3SejSOOX7500y (37)

B, , s00(%,3) = =(0.02+0.05))e” 1% — (0.02+0.59))e”! " *
_2.52jej300.\'7300_v _ 12.35jej500x7500_v (38)

The parameter results may be the complex number, but
only the real components are effective. It can be clearly
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Fig. 7. (Color online) Flux density distribution along the x-
direction in the middle of the air gap: (a) at a relative speed of
0 r/min. (b) at a relative speed of 500 r/min.
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Fig. 8. (Color online) Eddy current density distribution along
the x-direction at the surface of: (a) copper plate. (b) back
iron at the relative speeds of 100 r/min, 300 r/min, and 500 r/
min.

observed that the analytical results are in good agreement
with the 3-D FEM simulations (FEA in Fig. 7). The slight
disagreement could be down to the curvature effects and
the mesh number. The curvature effects are not taken into
account in the analytical model, and the mesh number
will impact on the 3-D FEM results. In addition, Fig. 7
also shows that both the normal and the tangential flux
density tend to be distorted due to the induced currents in
conductor plate and its back iron regions.

3.3. Eddy current distributions

Figure 8 illustrates the eddy current density along the
circumferential direction on the surface of copper plate
and its back iron. Three different values of slip speed,
namely, 100 r/min, 300 r/min and 500 r/min, are
investigated, and the air-gap length is fixed at g=1 mm.
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Due to the change of the slip speed, the coefficients of
magnetic vector potential have changed, and Table 4 and
5 show the results. According to the analytical model, the
eddy current density for the different slip speeds can be
respectively expressed by

J[]Hoo(xay) =(121x 107]. 12.43% 106)e(]0].13+15.079j)y+j]00x
+(3.643% 105]' _4.857 105)e—(101.13+15.079j)\f+j100x (39)
+(6.05% 107]' —9.47x10° )e—(303.39+l5.23j)y+j300.\'
+(2.96 108]. _4.74% 107)e—(500.23+l5.242j)y+j500x

T 300 (%,9) = (291 10° j + 2,19 10%)!! 3242139021000
H4.37x107 7 —1.82x107)e (10852421567 /100x
+(1.7x10% j —8.52x 107)g 00374527+ j300x
+(8.2x10° j —4.19x 10%)e (0207 +45:367w+300x

(40)

JIII—SOO(x9y) — (243 %1 OGJ + 364 x1 Oé)e(l18.82+64.]710j)_v+j100x
+(7.41 x 107] —4.98x% 107)6—(118.82+64.l710j)_v+j100x (41)
+H(2.44x10° j —2.29 x10%)e P 7+ 0T 300x
+(1 13x 109] —1.12x 109 )e—(505.65+75.3950j)_v+j500x
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Fig. 9. (Color online) Comparison of torque-relative speed
curves for different air-gap length (g =1 mm, g=3 mm, g=
5 mm).

Table 4. Coefficients of magnetic vector potential at the rela-
tive speeds of 100 r/min.

Symbols n=1 n=3 n=>5

C 0.0002 0 0

Dy —0.0017 —0.0006 —0.0003

Cy 0.0005 0 0

Dy 0.0059 0.0084 0.0247

Cnr 0.0005-0.0001; 0 0

Dy 0.006+0.0009;  0.0083+0.0013;  0.0244+0.0039;
Cry 0 0 0

Dy 0.0118-0.0004/  0.0165-0.0004j  —0.0489-0.0012;
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Table 5. Coefficients of magnetic vector potential at the rela-
tive speeds of 300 r/min.

Symbols n=1 n=3 n=>5

C 0.0002 0 0

D, —0.0017 —0.0006 -0.0003

Cy 0.0005-0.0001; 0 0

Dy 0.0059-0.0001; 0.0084 0.0247

Cu 0.0004-0.0003; 0 0

Dy 0.006+0.0025/  0.0078+0.0039/  0.0225+0.0115
Cw 0 0 0

Dy 0.0116-0.0012j  —0.0164-0.0013;  0.0486-0.0036;

It can be seen that the analytical results are accurate
enough in comparison with the 3-D FEM. In addition,
Fig. 8 also shows that the induced currents in back iron
are far less than those in copper plate. With the increase
of slip speed, the eddy current will increase, but does not
exceed 50 A/mm?, thus these working states are acceptable.
Because large eddy current will cause the temperature of
conductor plate rise severely.

3.4. Torque-slip speed characteristic

FigURE 9 shows the torque—slip speed characteristics
obtained by the proposed model, 3-D FEM, and MEC. As
shown in Fig. 9, three values for the air-gap length (g = 1
mm, ¢ = 3 mm, and g = 5 mm) are discussed. The 3-D
correction factor greatly depends on the structure para-
meters, therefore, for the case shown in Table 1, k. is
0.518. Due to the change of the air gap length, the
fictitious magnetization has changed, respectively, M; =
3.55x10° for g = 3 mm, and M, = 2.79x10° for g = 5 mm.

It can be seen that the predictions from the proposed
model and MEC model conform with 3-D FEM results at
a small gap length (g =1 mm). However, with the increase

Iron yoke
Copper palte

Fig. 10. (Color online) Harmonic analysis of analytical torque
at a relative speed of 500 r/min.
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of air gap length, the significant discrepancy between
MEC and 3-D FEM appears. It is satisfying that this
phenomenon does not arise in the proposed analytical
model. Hence, as mentioned earlier, when MEC approach
is employed to analyze and predict the performance of
such devices with a large air gap length, the results are no
longer reliable. In addition, one of the most outstanding
feature of eddy current couplings can also be observed
that adjusting the air gap length can change the output
torque. Thus, such devices are also employed as the speed
regulating equipment in industry.

3.5. Harmonics spectrum of transmitted torque

The harmonic analysis of the analytical torque is shown
in Fig. 10. It can be discovered that the fundamental
harmonic component accounting for 84.3 % of the total
torque gives apparent majority role in the torque trans-
mission system. However, the second and the third largest
harmonic components, i.e., 3th harmonic and 5th harmonic,
contribute to about 12.66 % and 2.59 % of the total
torque, respectively. Therefore, only when the 3th harmonic
and 5th harmonic are considered, can the analytical model
achieve the satisfactory accuracy. On the other hand, Fig.
10 also shows that the transmitted torques associated with
the iron yoke are small compared to those related to the
copper plate, but they should not be omitted. In the case
shown in Fig. 10, the contribution of iron region accounts
for 11.54 % of the total torque.

3.6. Influence of the structure parameters

As stated previously, the contribution of the back iron
to the total torque has to be considered. Herein, the effects
of back iron on torque will be further investigated. Figure
11 displays the torque variations versus the thickness of

3\‘----3.7 mm - 2.7 mm —4.7 mm‘

Torque (Nm)

Proportion

2(I)0 4(I)O G(I)O 8(I)0
Slip speed (rpm)

Fig. 11. (Color online) Influence of back iron yoke on the

torque.
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Fig. 12. (Color online) Influence of copper plate thickness on
the torque.

back iron. Three values for the thickness of back iron,
namely, /, = 2.7 mm, /, = 3.7 mm, and /; = 4.7 mm are
explored. As can be seen from Fig. 11, with the increase
of the thickness of back iron, the total torque increases,
but showing a diminishing trend; the contribution of back
iron to the total torque also increases, but showing a
downward trend with the increase of slip speed. There-
fore, in any case, we cannot turn a blind eye to the
contribution of the back iron to the total torque. However,
taking into account the total weight of PM eddy current
coupling and its mechanical inertia, back iron usually
can't be too thick.

Figure 12 shows the torque variations versus the copper
thickness. The slip speed has been fixed at 500 r/min; and
the other geometrical parameters remain the same. It can
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Fig. 13. (Color online) Influence of number of pole-pairs on
the torque.
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Fig. 14. (Color online) Influence of over length region of con-
ductor plate on the torque.

be observed that an optimal value, 7~ 1.65 N - m for 4. =
2 mm, exists for the copper thickness in this case. More-
over, compared with the 3-D FEA, the toque formula can
fairly well predict the optimal value.

The influence of the pole-pairs number on the torque is
exhibited in Fig. 13. In the case, the slip speed 500 r/min
is considered, and the other geometrical parameters are
leave on the default values in Table 1. As can be seen
from Fig. 13, with the increase of pole-pairs number, the
torque will rapidly increase, but there is a converging
trend for the torque curve. In addition, these values are
well predicted by using the analytical model.

Because the over length part of the conductor plate can
provide the return of eddy current, it is necessary to study
the effect of the over length part on the torque. We have
defined a dimensionless parameter J, which shows the
over length part share of the radial length of conductor
plate,

S=—"0 (42)

Figure 14 shows the torque variations versus the value
of 0. It can been observed that the torque will increase
with the value of ¢, and then remain steady when ¢ > 1.
Compared with ¢ = 0, at the optimal condition, the torque
is increased with 60 %. For the studied case (Table 1), 6 =
1 has been chosen. Fig. 14 also shows the J has taken into
account in the analytical model, and there is a close trend
between analytical model and the 3-D FEA.

4. Conclusion

In this paper, by combining the MEC method and 2-D
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layer model techniques, a fully analytical model has been
proposed for the flux focusing disk-type permanent magnet
eddy current couplings. The prediction results of the
proposed model have been validated by comparing with
3-D FEM and an existing MEC model. The model is also
employed to study the harmonic and the influences of
important geometrical parameters on the torque. In spite
of simplicity and time-saving, the proposed model enjoys
acceptable accuracy. Therefore, the analytical model is
suitable in the initial design and optimization stages, and
can be applicable for the other similar devices with
magnetic concentration topology.
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Appendix

The elements of equivalent magnetic circuit shown in
Fig. 4 are expressed by

¢)m = Brlp (lo _li) (A‘l)
h
R =—"— A2
Hopd, (1, = 1) 4.2)
+h
g7 (A3)

"l ~1)z, 2

R, :[’u(’(l" _l'%an(l+ﬂX(g+h%nﬂ (A.4)
R, = {0.26;10 @ —1)+£l=) gy, {T—ﬂ (A.5)
T h,

According to [33], the equivalent permeability of
ferromagnetic materials is developed based on limiting
nonlinear theory [34] and linear theory [35]. By equating
the eddy current loss expressions obtained from the above
two theories, the equivalent permeability 14 can be effec-
tively obtained by solving the following equations

o 20 21
8 1 sinh Y —sin v
—_— 2 =, <l (A.6)

377 272 cosh 27 +cos zy
72 7>
’7/1 Zl

sinh A4, _ sin 27
8 1_(1_17 j ! 7> 7>
31y, I ’

2y, 2]5 ZV
cosh A +cos ”, (A7)
where,

a7l )

and ¢, is an empirical coefficient and set to 0.75 [33]; B,
is the peak magnetic flux density at the surface of back
iroAn, H; being the corresponding magnetic field intensity
of the actual steel characteristics. It is evident that the
equivalent permeability u4 is hidden in these equations to
solve.
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