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Abstract—Linear magnetic gears take the definite merit of direct
force amplification or speed reduction without using any bulky,
inefficient rotary-to-linear mechanism. In this paper, an analytical
calculation approach to determine the performance of linear tubular
magnetic gears is proposed. The key is to adopt the concept
of anisotropic magnetic permeability to handle the field-modulation
region which consists of iron rings and airspaces in a zebra-striped
manner. By solving the Laplace’s and Poisson’s equations in the linear
tubular magnetic gear, the corresponding magnetic field distributions
can be analytically determined. Finally, the analytical calculation
results are compared with the numerical results obtained from the
finite element method, hence verifying the validity of the proposed
analytical field calculation.

1. INTRODUCTION

There is no doubt that mechanical gears were one of the most
important inventions, which can scale up and down the torque and
speed to satisfy various application needs. With ever increasing
demand on the transmission efficiency and reliability, mechanical gears
are being challenged by a new class of transmission devices — magnetic
gears. These magnetic gears employ magnetic attraction for torque
transmission, hence eliminating the transmission loss and wear-and-
tear problem [1,2]. Moreover, the magnetic gears can readily be
integrated into the permanent magnet (PM) machines to form a special
class of PM machines — the magnetic-geared PM machines. They
can enable high-speed rotating-field design to increase the torque
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density while offering low-speed output rotation for in-wheel direct-
drive electric vehicles [3]. Also, they can perform online power splitting
of the engine power for electric variable transmission, hence offering the
optimal operation line for hybrid electric vehicles [4].

In order to handle linear motion, both the mechanical gears
and magnetic gears generally need to couple with a rotary-to-linear
mechanism which is bulky, heavy and inefficient. In recent years, the
concept of magnetic gears has been extended to the linear morphology,
namely the linear tubular magnetic gear as shown in Figure 1 [5,6].
With the use of linear magnetic gears, the linear motion can be directly
handled without using any rotary-to-linear mechanism, such as the
linear free-piston generator for range-extended electric vehicles [7] and
the linear generator for wave energy harvesting [8].

In order to design and analyze the magnetic gear performances,
the finite element method (FEM) has been widely adopted [9-11].
The finite element method is an excellent tool for numerical field
calculation, but it provides little information on the relationship of
the machine geometry and its performance, and usually needs lengthy
computation [11]. To complement the FEM, the analytical calculation
for field analysis of machines including magnetic gears is highly
desirable [12-14]. However, the available analytical calculation method
for magnetic gears is developed for the coaxial topology [12]. Also,
because each airspace in the corresponding field-modulation region
needs to be modeled separately, the resulting analytical expression is
very complicated.

The purpose of this paper is to propose an analytical calculation
method for linear tubular magnetic gears. The key is to adopt the
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Figure 1. Linear tubular magnetic gear. (a) Front view. (b) Side
view.
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concept of anisotropic magnetic permeability to model the whole field-
modulation region, rather than to handle each airspace separately.
Firstly, the linear tubular magnetic gear will be analytically modeled.
Then, the corresponding magnetic field solution will be derived.
Consequently, the magnetic field distributions will be calculated by
using the proposed approach, and finally verified by comparing with
the FEM results.

2. ANALYTICAL MODEL

In the linear tubular magnetic gear, the magnetic fields are only
produced by PMs and no current source is involved. Thus the magnetic
scalar potential v is adopted for the magnetic field calculation. In
order to facilitate the analytical modeling, the following assumptions
are made:

(1) The permeability of back irons of two movers is assumed to be
infinite.

(2) The relative recoil permeability of PMs is assumed to be linear.

(3) The axial length is infinite so that the field distribution is axially
symmetric and periodic.

(4) The field-modulation region is considered to be composed of
anisotropic magnetic material in which the permeabilities along
the r-direction and the z-direction are different.

Figure 2 shows the model of the linear tubular magnetic gear. The
field-modulation region consists of field-modulation rings and airspaces
interleaving one another. From the point of view of the magnetic
circuit, it can be decomposed into the r and z directions. Namely, in
the r-direction, the field-modulation ring reluctance Ry, and airspace
reluctance R, are connected in parallel, whereas in the z-direction, the
two reluctance are connected in series. Therefore, the permeabilities
along the two directions can be expressed as:

b b
Hfmor = HO <1 - 7;) "i_,uicTite (]-)
T,
pm s = o (2)

PicTt + by (po — fic)
where g is the airspace permeability, u;. is the iron core permeability,
b; is the width of the field-modulation rings, and 7; is the pole-pitch of
the field-modulation ring.
In order to ease the modeling, PMs on the high-speed mover
and the low-speed mover are handled individually. Then, by using
the superposition law, the resultant magnetic field distribution can be
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Figure 2. Linear tubular magnetic gear model. (a) Schematic
diagram. (b) Equivalent magnetic circuit of field-modulation region
along r-direction. (c) Equivalent magnetic circuit of field-modulation
region along z-direction.

obtained. Firstly, PMs on the high-speed mover are considered while
PMs on the low-speed mover are considered as airspace. Taking the
above-mentioned assumptions, the calculation areas can be divided
into four regions, namely the high-speed mover PM region I, the inner
air-gap region II, the field-modulation region III, and the outer airspace
region IV, as shown in Figure 3. The field density B and field intensity
H in each region can be deduced accordingly.
In region I, where PMs are involved, it yields:

B = po (prmH + M) (3)

where i, is the relative recoil permeability of PMs, and M is the
residual magnetization vector.

In region III, where the material is anisotropic along the r and z
directions, it yields:

Br = me,rHr (4)
Bz - Mfm,sz (5)
In regions II and IV, they are simply governed by:

B = ,u,oﬁ (6)
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Figure 3. Field regions and boundaries.

Due to the symmetry of the tubular structure, the 3-D problem
can be reduced to a 2-D problem in which only the radial and axial
components exist. The governing field equations in the four regions can
be derived by using the Laplace’s and Poisson’s equations accordingly.

In region I, the governing equation can be expressed as:

Yt 1oyt 9%yl 1 0
o7 Tror T a2 T ar M) @)

where M, is the radial component of the residual magnetization vector.
In regions II and IV, the governing equation can be written as:
YLV gyplLIV. g1 IV

or2 r Or + 022 =0 (8)

In region III, the governing equation can be deduced as:

aQwHI 1 awHI 8217/)111
M fm_r ( Or2 + ; or > +/«Lfm,zW =0 (9)

In order to solve the above equations, the boundary conditions
need to be identified. As shown in Figure 3, there are five boundaries
formed by the four regions where r;, 7, 7, 7, and r, are the
radii of the high-speed mover yoke, the surface of PMs on the high-
speed mover, the inner surface of the field-modulation region, the outer
surface of the field-modulation region and the low-speed mover yoke
respectively.

When r = r;, it yields:

Hl(ri,z)=0 (10)
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When r = r,,, it yields:

H(rpm, 2) = HY(rp, 2) (11)
Bl(rm, 2) = B (rp,, 2) (12)

When 7 = rg;, it yields:
HN(rpi,2) = H (rg;, 2) (13)
B7I"I(Tfi7 Z) = B7I"H(Tfi7 Z) (14)

When r = ry,, it yields:
H N (rpo,2) = H.Y (g0, 2) (15)
Br,I«H(Tfoa Z) = B'}‘V(rfoa Z) (16)

When r = r,, it yields:
HY (ro,2) =0 (17)

It should be noted that since the axial length of the linear tubular
magnetic gear is assumed to be infinite, all the boundary conditions
are only radially dependent.

3. MAGNETIC FIELD SOLUTION

By using the separation of variables, the magnetic field equations
in regions II, IIT and IV governed by the Laplace’s equation can be
decomposed into a Helmholtz equation and a Bessel equation. Then,
by solving the two equations, a general solution can be obtained.

3.1. Field Solution in Regions without PMs

In region II, the solution of ¥ can be expressed as:
“+o0o
P " [an To(knr)+ b)Y Ko (knr)] % [of sin(knz) + d), cos(knz)]  (18)
n=1

where Iy(-) and Ko(-) are the modified Bessel functions of the first kind
and the second kind of order zero, respectively.
In region III, the solution of ¢ can be written as:

+oo
P = Z [aEIIO(pnT) + ngKo(pnr)]

n=1

X [C;H sin(k,z) + dt cos(kpz)] (19)
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where

P = \/Mfm,zkn (20)

VM fmor

In region IV, the solution of ¥ can be deduced as:

+o0o

o =3 [aY Io(knr) + b)Y Ko(kar)]
n=1
x [ sin(kyz) + dy, cos(knz)] (21)

3.2. Field Solution in Region with PMs

For region I, the magnetic field equation is governed by the Poisson’s
equation. Its solution consists of a general solution and a particular
solution. The general solution has the same form as the other three
regions:

+oo
o =Y [anTo(knr) + b Ko(knr)] x [cg sin(kn2) + dj, cos(kn2)] (22)
n=1

The special solution depends on the magnetization distribution
of PMs. Figure 4 depicts the PM magnetization distribution M, on
the high-speed mover. Since the PMs are radially magnetized, the
magnetization function is only z-dependent. In general, it can be
expressed as [14]:

(Ro +
MT: 247" ZM sin(wy, z (23)
where
Ry = ! (24)
b i+ Tm
Mg
Mo
T

>
z

Figure 4. PM magnetization distribution.
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R2 ey TZ"["m (25)
2n —1
Wy = L (26)
T
4B es 1
M, = 27
" o (2n— 1) (27)

where r; and 7, are the radii of the high-speed mover and the PMs on
the high-speed mover respectively, and B, is the residual flux density
of PMs. Thus, by using the separation of variables, the particular
solution can be deduced as:

+00 oo
2R M, M,
¢ZI) . Z w—; sin(wpz) = —2Ry Z 72” sin(wyz) (28)
Hrm 2= Wh n=1 M

3.3. Boundary Conditions

Based on the boundary conditions of each region, the coefficients of
the above equations can be determined accordingly.

Firstly, on the surface of the high-speed mover back iron,
from (10), it yields:

M,
(A} 1o (knr:) + By Ko(knri)] cos(knz) — 2Ro—5- cos(wnz) =0 (29)
n

Thus, it further yields:

kn = wn (30)
2Ry M,
Al = 2 F ,,0)B
n I()(wn'rl)w% (wn7wn7rl7 ) n
Secondly, on the surface of the low-speed mover back iron,
from (17), it yields:
AV Io(wnro) + BEY Ko(wnro) = 0 (32)

Thirdly, on the surface of the PMs on the high-speed mover,
from (11) and (12), it yields:

M,
Ado(wnrm) + ByKo(wnrm) = 2Ro—5
n

= ANy (wnrm) + BYKo(wnrm) (33)
M,

MTm[A}Jl (WnTm) — B’}LKI (wWnrm)] + —=

= Agh(wnrm) — BEKl(wnrm) (34)

where [;(-) and K;(-) are the modified Bessel functions of the first kind
and the second kind of order one, respectively.
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Fourthly, on the inner surface of the field-modulation region,
from (13) and (14), it yields:

Al To(wnryi) + BR Ko(wnry:)

= ALHIO(pnrfi) + BTIlIIKO(pTLTf’L') (35)
HowWn [AEA (wnr i) — BIK (wnrfi)]
= fifm P [AN T (Pt pi) — BYUK L (D7 p4)] (36)

Finally, on the outer surface of the field-modulation region,
from (15) and (16), it yields:

AEIIO (panO) + BEIKO (pnrfO)

= AV Io(wnrfo) + BLY Ko(wnT fo) (37)
M fm_rPn [AgIll (pnrfo) - B;LHKl (pnrfo)]
= UoWn [A}lvh (wano) — B;LVKl(wano)] (38)

By solving (29)—(38), the coefficients can be determined. The
corresponding details are given in the Appendix. With these solutions,
the magnetic scalar potential expression in each region can be
expressed in a Fourier series. Namely, in the inner air-gap, it is given
by:

+o0
Pl = Z (A To(wnr) + BY Ko(wyr)] X sin(w,z) (39)
n=1

Meanwhile, in the outer air-gap, it is given by:

+o00
PV = Z [ALVIO(wnr) + B;VKo(wnr)} X sin(wp2) (40)
n=1

where A B AV and BLV are the coefficients determined by the
boundary conditions which are given in Appendix A.

4. CALCULATION RESULTS AND VERIFICATION

In order to verify the proposed calculation, a practical linear tubular
magnetic gear is adopted for exemplification. Table 1 lists its key data.

According to (39) and (40), the magnetic scalar potential
distributions at both the inner and outer air-gaps can be calculated as
shown in Figure 5 in which the effects due to PMs on the high-speed
and low-speed movers are determined separately. In order to determine
the performance of the linear tubular magnetic gear, the magnetic flux
density distributions at the inner and outer air-gaps can be deduced
from the corresponding magnetic scalar potential distributions.
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Table 1. Key data of linear tubular magnetic gear.

High-speed mover yoke radius 16 mm
High-speed mover PM pole-pitch 12 mm
Low-speed mover PM pole-pitch 6 mm
PM height 4mm
Air-gap length 1mm
Field-modulation ring height 6 mm
Field-modulation ring width 4mm
Field-modulation ring pitch 8 mm
Field-modulation ring relative permeability 4000
PM relative permeability 1.09
PM remanence 1.23T
PM coercivity 890kA/m
0.007 0.0030

0.006

0.0025

Inner air-gaj 0.00204

Inner air-gaj
.0015
.0010

0005

Scalar potential (A)
i =4 s

04

-0.0005q

-0.001 T T T T T -0.0010 T T T T T
0 60 120 180 240 300 360 0 60 120 180 240 300 360

Electrical angle (degree) Electrical angle (degree)

(a) (b)

Figure 5. Magnetic scalar potentials at inner and outer air-gaps. (a)
Due to PMs on high-speed mover. (b) Due to PMs on low-speed mover.

Firstly, when the PMs on the high-speed mover are considered
while those on the low-speed mover are ignored, the magnetic flux
density distributions in the inner air-gap are given by:

B! =y an — AT (w,r) + BU K, (wnr)] x sin(wpz) (41)

B = — an [AN Ty (wnr) + BY Ko(wnr)] x cos(wpz) (42)

n=1

Similarly, the magnetic flux density distributions in the outer air-gap
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are given by:

+oo
BV = MOZ% (=AY I (war) + ByY Ki(wpr)] x sin(wpz)  (43)
n=1

I\Y
Bz

+o0o
— 40 an [ALVIO(wnT) + BLVKO(wnr)} x cos(wpz) (44)
n=1

Consequently, the corresponding air-gap flux density distributions are
calculated as depicted in Figure 6 in which the radial and tangential
components are separately plotted. In order to verify the analytical
calculation, the air-gap flux density distributions are also numerically
computed by using the FEM. By comparing the analytical results with
the FEM results, it can verify that the proposed analytical calculation
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Figure 6. Magnetic flux density distributions due to PMs on high-
speed mover. (a) Radial component in inner air-gap. (b) Tangential
component in inner air-gap. (c¢) Radial component in outer air-gap.
(d) Tangential component in outer air-gap.



166 Li and Chau

0.10
0.15 .
—— Analytical _ - .
_ —._FEM € 0054 - Analytical
£ 0.107 = -~ FEM
z Z
% 0.05 3 0
k=1 »
5 0 c
= = -0.057
£ -0.051 £
k=l [
ks £.0.10
-0.107 =
0.15 T T T T T -0.15 T T T T T
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Electrical angle (degree) Electrical angle (degree)
(a) (b)
0.8
0.8 —— Analytical .
—~ —.— FEM = —— Analytical
) > 04 —— FEM
2 0.4+ =
>
5 0] g0
s =
E k=
= 4 4 =
N &0 -0.4
& S
0.8 e
T T T T T -0.8 T T T T T
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Electrical angle (degree) Electrical angle (degree)
(c) (d)

Figure 7. Magnetic flux density distributions due to PMs on low-
speed mover. (a) Radial component in inner air-gap. (b) Tangential
component in inner air-gap. (c¢) Radial component in outer air-gap.
(d) Tangential component in outer air-gap.

can provide the same level of accuracy as the FEM. It should be noted
that the analytical calculation takes the definite advantages that it
can provide insight of the relationship between the machine geometry
and its performance, and can avoid lengthy computation for design
optimization.

Secondly, when the PMs on the high-speed mover are ignored
while that on the low-speed mover are considered, the corresponding
air-gap flux density distributions are calculated as depicted in Figure 7
which are obtained based on the same approach. Again, by comparing
the analytical results with the FEM results, it can further verify
that the proposed analytical calculation can provide the same level
of accuracy as the FEM.

Finally, by applying the superposition law, the analytically
calculated magnetic flux density distributions in the two air-gaps due
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Figure 8. Magnetic flux density distributions due to PMs on both
movers. (a) Radial component in inner air-gap. (b) Tangential
component in inner air-gap. (c¢) Radial component in outer air-gap.
(d) Tangential component in outer air-gap.

to PMs on both movers can be deduced from Figures 6 and 7. As shown
in Figure 8, the analytical distributions are well verified by comparison
with the numerical distributions obtained from using the FEM.

5. CONCLUSIONS

In this paper, an analytical approach for calculation of magnetic field
distributions in linear tubular magnetic gears has been proposed.
Compared with conventional analytical approaches, the concept of
anisotropic magnetic permeability is firstly utilized to model the field-
modulation region. Thus the proposed analytical expression can be
much simplified and the analytical calculation can be greatly reduced.
Based on a practical linear tubular magnetic gear, the validity and
accuracy of the proposed analytical calculation are well verified by
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comparing the calculation results with that obtained from using the
FEM.
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APPENDIX A.

Let
Ln(fir)
E M ’T7n =
i) = 7 (for)
Kn(fir)
F =
(fl,fg,’l”,n) In(f27a)
Kn(fir)
G =
(flanaT‘?n) Kn(fQT)
In(fir)
H(fi, fo,r,n) =
i Joo ) = (o)
Ho
g=—
VHfmor b fm 2
G(Wnupny Tfo, 0) - COG(anpm Tf07 1)
_F(wna Wn, To, 0) LH(menv Tfo, O) + COH(wnvpm Tfo, 1)J
g=1L
H(pnapna Tfo, O) + H(pnapna Tfo, 1)
F(wmpmrfoa 0) + COF(memTfo: 1)
_F(wnawnarm()) I_E(wrhpnvrfm()) - COE(wnapnarfoa 1”
r=1L
F(pmpmrfm 0) + F(mepn; rf07 1)
S LCOH(pn,wm Tf’ia 0) + H(pn)an Tfia ]-)J
+T LCOG(pTL)wn) Tfiv 0) - G(pm Wnyy Tfia ]-)J
v=-1 J
€o [H(wThwn? Tfiv O) + H(wnv Wn, Tfia 1)]
S LCOE(pnawnarfia 0) - E(pn7wn7rf’i7 l)J
+T [coF (Pn,wn, T£i5 0) + F(pn, Wi, iy 1) ]
V=1t .

Co [F(wnvwnarfia 0) + F(w’rbw’n?rfia 1)]
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U [t H (wn, Wn, T, 0) + H(wn, W, Ty 1] 4V (lrm — 1)
Lo [H (wny Wiy Tm, 0) + H (why wny T, 1))

U (ttrm — 1) + V [ttrm F(wWny Wi, T, 0) 4+ F(wWny Wi, T, 1)]
Lorm [F(Wny Wny Ty 0) + F(wp, Wiy Ty 1)]

af;v = —F(wn,wn, 0, 0)

Then, it yields:

W:

X:

" (W + X F(wn, wn, i, 0)] In(wnri)w?
B 2Ry M,
W%Ko(wnrm) [H(Wna Wny T'm, 0) + H(Wna Wny T'm, 1)]
W + X F(wp,wn,1i,0)]
+—= M
,UrmwnKl (Wnrm) [H(Wm Wns T'myy O) + H(Wm Wns T'myy 1)]
W+ XF(wp, wn,1i,0)]
B 2Ry M, F (wnp,wp, i, 0)
W%IO(wnrm) [F(W’I’L7wn7 T?TM O) + F(wn7wn7 Tm7 1)}
(W + X F(wp,wn,1i,0)]
B M, F(wy,wn,1i,0)
,urmwnll(wnrm) [F(Wna Wny Tm, 0) + F(wna Wny Tm, 1)]
W + X F(wp,wn,1i,0)]
AV = gIVBIV
AHI — SBIV
n n
B = 7B
Al = UBlY
B = VB’
2Ry M,
AL = wBlY 4 y
" " W%Ko(wnTm) [H(wnawnarmao) +H(wnawnarma1)]
M,
HrmwnKl (Wnrm) [H(wm Wns T'm,y 0) + H(Wm Wny T'myy 1)]
2Ry M,
Bl = xBIYV + =
" " W2 Io(wnrm) [F(wn, wn, Tms, 0) 4+ F(wn, Wi, ', 1)]
+ M

rmwndt (Wnrm) [F(wmwm Tm, 0) + F(men, Tm, 1)]
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