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Abstract—In order to solve the defects that the end-effect of magnetic
field is ignored in two dimension (2-D) analytical method or 2-D
finite element method (FEM); meanwhile, mass computer resource
and time for parametric design or optimization are wasted in three
dimension (3-D) FEM, a concise and efficient 3-D analytical approach
is put forward for the calculation of the air-gap magnetic field and
torque of coaxial magnetic gears. Based on the cylindrical coordinates
where a coaxial magnetic gear is in, the equivalent current model and
vector magnetic potential equation of permanent magnets in high speed
permanent magnetic ring are constituted. By superposed magnetic
flux density of every tile permanent magnets on high speed permanent
magnetic ring in cylindrical coordinates, a air-gap magnetic field 3-D
analytical formula is set up without ferromagnetic pole-pieces; in the
interest of modulated air-gap magnetic field 3-D analytical formula
with ferromagnetic pole-pieces, three types boundary conditions using
state equations of contact surfaces between ferromagnetic pole-pieces
and air-gap are established by a thorough analysis of the modulate
mechanism of ferromagnetic pole-pieces. Finally, magnets of the
low speed permanent magnetic ring are reduced to a distribution of
equivalent current, which experience the Lorentz force in modulated
magnetic field of high speed permanent magnetic ring for torque
calculation. The integrals in all aforementioned calculation are axial, so
the end-effect is embodied in above analytical model and more precise
than 2-D analytical method or 2-D FEM. As the calculation results,
the formula is accurate but faster than the 3-D FEM. The analytical
model is suited for programmable calculation and that will make the
structural and parametric design or optimization of coaxial magnetic
gears simple and timesaving.
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1. INTRODUCTION

Coaxial magnetic gear (CMG) is a novel magnetic transmission device
with coaxial inner and outer rotor, whose principle of operation was
introduced in [1]. It employs rare-earth permanent magnets on both
the inner and the outer rotor, and it has ferromagnetic pole-pieces
between the two rotors. The air-gap magnetic field between rotors is
modulated by the ferromagnetic pole-pieces. Meanwhile, the gear ratio
is achieved.

The pole number of magnets on high speed rotor is less than the
low speed one in CMGs. Both of them produce magnetic field in the
air-gap, and this field is modulated by the ferromagnetic pole-pieces
which have alternated ferromagnetic and non-ferromagnetic pole-
pieces. Because the efficient utilization of all the permanent magnets
of the inner and the outer rotor contribute to torque transmitting, the
air-gap magnetic flux density and torque density are higher than those
of traditional magnetic gears [1] and can be used in many aspects of
our life [2, 3].

The performance of air-gap magnetic field and torque play a
pivotal role in permanent magnetic gears. An exact calculation
of them is vitally important for their design and optimization [4–
7]. The common method for magnetic field calculation is either
analytical method or numerical method (especially the finite element
method, FEM) [6–10]. The CMGs have two air-gaps between the
inner and the outer rotor which are isolated by ferromagnetic pole-
pieces. Moreover, the ferromagnetic pole-pieces are made by alternated
ferromagnetic and non-ferromagnetic pole-pieces. Therefore, the two
air-gap magnetic fields are modulated by the ferromagnetic pole-pieces
that the magnetic field will be aberrantly nonlinear and the amount of
its corresponding space harmonic spectrums will be changed. So the
analytical model may be very difficult to set up for above reasons.
Based on the magnetic field integral method and the equivalent
current model, literature [11, 12] derived torque calculation formula
for permanent magnetic gear with parallel axis. But their methods are
inappropriate for the CMGs on account of the lack of ferromagnetic
pole-pieces to impact the air-gap magnetic field. Recently, some
researchers have calculated and investigated the characteristics of
ferromagnetic material and antiferromagnetic structures according to
the complex numerical methods [13, 14]. Based on the Poisson’s and
Laplace’s equation, literature [15, 16] obtained a two dimension (2-
D) analytical result of air-gap magnetic field for CMGs. They used
separation of variables method by the boundary conditions about
permanent magnets, air-gaps, and ferromagnetic pole-pieces.
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At present, the analysis or calculation about CMGs is mainly 2-D
FEM [17–19], since it is simpler and faster than the three dimension
(3-D) FEM.

The magnetic flux density is different along the axis, especially
when the field point is on the end of the axis. This is called magnetic
field end-effect which has been neglected in 2-D analytical method
or 2-D FEM. It supposes that air-gap magnetic fields are invariable
along the axis, and will produce great error in calculation results when
length/radius ratio of permanent magnet is low [20, 21]. From the
experiment results, literature [22] validated that error between 2-D
FEM and test is 30%–40%. So it is essential to calculate the air-gap
magnetic field and torque by 3-D method.

Literature [22] used 3-D FEM to analyze and calculate the CMGs
by scalar magnetic potential. The calculation results agreed with
the measured ones basically. With 3-D FEM, literature [23] also
investigated the influence of design parameters on the air-gap magnetic
flux density and torque capacity of CMGs, and it is a guide for
structural parameter design or optimization about CMGs. The cogging
torque of CMGs is also studied in literature [24, 25] and validated by
tests.

3-D FEM wastes mass computer memory resource and CPU time
for dividing grids and nodes, though it is more precise. Moreover, there
are some defects in FEM calculation for permanent magnetic gear:
(1) the geometrical size and material character must be well-defined
beforehand for the calculated object, and they can not be changed
when FEM program is calculating, so that is not flexible in design.
(2) 3-D FEM can offer neither closed-form solution nor detailed model
parameters, and it is tentative in parametric optimization based on
single step [5].

Because of the 3-D analysis and calculation about electromag-
netics is much complicated, there is no published literature for 3-D
analytical method about CMGs.

CMGs have two transmission modes: (1) ferromagnetic pole-pieces
are fixed, high and low speed permanent magnet ring rotate in opposite
direction. This is called the negative accelerated/decelerated device;
(2) low speed permanent magnet ring is fixed, high speed permanent
magnet ring and ferromagnetic pole-pieces rotate in same direction.
This is called the positive accelerated/decelerated device. The former
will be studied in this paper by 3-D analysis, and the calculation
method here for air-gap magnetic field and torque is also suited to
the latter one.

To avoid the great calculation error in 2-D analysis and to take
magnetic flux leak and end-effect into account, we choose cylindrical
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coordinates for 3-D analytical calculation of the air-gap magnetic
field and torque of CMGs. Firstly, a vector magnetic potential
equation of air-gap magnetic field without ferromagnetic pole-pieces
is evaluated according to the equivalent current model of permanent
magnet, and the 3-D analytical model of magnetic flux density in air-
gap is gained by superposing single one that produced by each tile
permanent magnet. Then, from the modulating mechanism, boundary
conditions (including the magnetic flux leak between poles when
magnetic lines close in the ferromagnetic pole-pieces) are obtained
on surfaces between air-gap and ferromagnetic pole-pieces. And from
these boundary conditions, the 3-D air-gap magnetic field analytical
model is constituted with the modulating mechanism of ferromagnetic
pole-pieces. Finally, to calculate the torque, magnets of the low speed
permanent magnetic ring are reduced to a distribution of equivalent
current, which experiences the Lorentz force in modulated magnetic
field of high speed permanent magnetic ring. Because of all the
integrals are along the axial of permanent magnetic ring, the end-effect
is taken into account in the constituted model of this paper.

Because of the magnetic flux leak and end-effect are considered in
above analysis and calculation, the constituted model is more precise
than 2-D analytical method or 2-D FEM. Compared with 3-D FEM,
the analytical method is suited for programmable calculation and that
will make the structural parameter design or optimization of CMGs
simple and timesaving. It eliminates the blindfold defect of 3-D FEM
in trial method with mass computer resource and time, also adapts to
the parameterized and the serial applications in technical projects.

2. CALCULATION OF MAGNETIC FIELD OF HIGH
SPEED PERMANENT MAGNETIC RING WITHOUT
FERROMAGNETIC POLE-PIECES

Figure 1 shows the topology of a typical coaxial magnetic gear.
The high speed permanent magnetic ring (inner rotor), low speed
permanent magnetic ring (outer rotor), and the ferromagnetic pole-
pieces rotate around common-axis. And their radii are Ri(1), Ri(2),
Ro(1), Ro(2), Rm(1), and Rm(2) respectively. Their corresponding
edge angles of tile permanent magnets in the inner rotor, ferromagnetic
pole-pieces, and the outer rotor are φi(1), φi(2), φm(1), φm(2), φo(1),
and φo(2) respectively. The φi(1), φm(1), and φo(1) overlap with x-
axis. ϕ is circumferential angle, and ρ is radial vector which starts
from point O as shown in Figure 1(a).

Because z-axial length of two rotors and the ferromagnetic pole-
pieces may be different, their coordinates are denoted by Zi(1), Zi(2),
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(a) (b)

Figure 1. Field modulated permanent magnetic gear. (a) Cross
section of the considered magnetic gear. (b) Exploded view.

Figure 2. Permanent magnets on the inner rotor in cylindrical
coordinates system.

Zo(1), Zo(2), Zm(1), and Zm(2) respectively as shown in Figure 1(b).
Figure 2 is the inner rotor of Figure 1 in cylindrical coordinates

system. The origin O, the same as the one showed in Figure 1,
locates in the center of cylinder of inner rotor. The unit vectors
of the cylindrical coordinates along ρ, ϕ, and z are eρ, eϕ, and ez

respectively. A source point coordinate and a field point coordinate
of a random permanent magnet in Figure 2 are p′(ρ′, ϕ′, z′) and p (ρ,
ϕ, z) respectively. Their corresponding radius vectors are r′ and r
respectively.

In the cylindrical coordinates system, supposed B is magnetic flux
density in a random field point of air-gap, and its corresponding vector
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potential is A. It can be expressed as

B=∇×A=eρBρ+ eϕBϕ + ezBz

=eρ

(
1
ρ

∂Az

∂ϕ
− ∂Aϕ

∂z

)
+eϕ

(
∂Aρ

∂z
− ∂Az

∂ρ

)
+ez

(
∂

∂ρ
(ρAϕ)− ∂Aρ

∂ϕ

)

Supposed BΩ is magnetic flux density in a random field point p (ρ,
ϕ, z) of air-gap, and its modulus along ρ orientate in the cylindrical
coordinate system is BΩρ. Because only the component BΩρeρ of BΩ

in the cylindrical coordinate system along ρ orientate contributes to
the torque, so the analytical formula is just about BΩρ in this paper.
By the method of magnetic field calculation in literature [26] gives

BΩρ = |BΩ|= |BΩρeρ|= µ0M

4π
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(1)

In (1), Sρ′(n) and Sϕ′ (m) are Simpson’s coefficients. I1 and I2

can be gained from the following equations.
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3. MODULATED MECHANISM AND BOUNDARY
CONDITIONS OF FERROMAGNETIC POLE-PIECES

B is changed after installed ferromagnetic pole-pieces between the
inner and the outer rotor, for B and its corresponding A embodies
some boundary conditions as shown in Figure 3.

Supposed vector potential A1, A2, and A3 are denoted to
the radial, angular, and axial interface of ferromagnetic pole-pieces
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Figure 3. Boundary conditions of ferromagnetic pole-pieces.

marched with the air-gap, and Am is inside ferromagnetic pole-pieces.
According to the boundary conditions of static magnetic field, we have:

(a) The vertical component of magnetic flux density is continuous
along radial interface, so the first-type boundary condition in air-gap
of modulated magnetic field is

A1 = Am

(
ρ = Rm(1) or ρ = Rm(2)

φm(1) ≤ ϕ ≤ φm(2)
Zm(1) ≤ z ≤ Zm(2)

)
(2)

(b) Because of the great permeability of ferromagnetic pole-
pieces [27]; besides the magnetization is uniform along radius and
vertical with the sectored interfaces, these sectored interfaces are iso-
potential surface approximately, namely A2 is not changed along sector
angular direction [5, 16]. So the second-type boundary condition in air-
gap of modulated magnetic field is

∂A2

∂ϕ
= 0

(
Rm(1) ≤ ρ ≤ Rm(2)

ϕ = φm(1) or ϕ = φm(2)
Zm(1) ≤ z ≤ Zm(2)

)
(3)

In (3), ferromagnetic pole-pieces has Nm segments and their edge
angles are

φm(1) =
2π

Nm
(nm − 1) , φm(2) =

2π

Nm
nm, (nm = 1, 3, . . . , Nm − 1)
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(c) In the same way, A3 is not changed along axial direction on the
axial interfaces, because we only calculate BΩρ here. So the third-type
boundary condition is

∂A3

∂z
= 0

(
Rm(1) ≤ ρ ≤ Rm(2)
φm(1) ≤ ϕ ≤ φm(2)

z = Zm(1) or z = Zm(2)

)
(4)

From the first-type boundary condition: magnetic flux density
is not changed through the two arc surfaces of ferromagnetic pole-
pieces, and namely the magnetic field produced by permanent magnets
is shifted from inner radius of ferromagnetic pole-pieces to outer
constantly. If the thickness of ferromagnetic pole-pieces is ∆ρm =
Rm(2)−Rm(1), then magnetic flux density keeps constant in this range.
The magnetic flux density BΩρ1 at p (ρ, ϕ, z) will be invariable and
it is equal with BΩρ at p (ρ−∆ρm, φ, z). Because of this, substituting
ρ = ρ−∆ρm into (1), it yields

BΩρ1 (ρ, ϕ, z) = BΩρ (ρ−∆ρm, ϕ, z) (5)
From the second-type boundary condition: we find that

∂Aρ

∂ϕ
= 0,

∂Aϕ

∂ϕ
= 0,

∂Az

∂ϕ
= 0

At point p (ρ, ϕ, z), magnetic flux density BΩρ2 is supposed as
the radial component of whole permanent magnets on the inner rotor
and it satisfies the second-type boundary condition. Then (1) can be
rewritten as

BΩρ2 =
µ0M

4π
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2∑

k=1
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(
ϕ−ϕ′(m)

)
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(
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)



(6)
In the same way, from the third-type boundary condition, at point

p (ρ, ϕ, z), magnetic flux density BΩρ3 is the radial component of whole
permanent magnets on the inner rotor and it satisfies the third-type
boundary condition. It yields

BΩρ3 =
µ0M

4π
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2∑

j=1

2∑

k=1

(−1)(s+1+j+k)


∆ρ′
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n=0

Sρ′ (n) ρ′ (n) sin (ϕ−φi (j)) I1

(
ρ, ϕ, z; ρ′ (n) , φi (j) , Zi (k)

)



(7)
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Table 1. Parameters of analytical calculation.

inner rotor ferromagnetic pole-pieces outer rotor

symbol value symbol value symbol value

Ni 4 Nm 54 No 46

Ri(1) 54 mm Rm(1) 69mm Ro(1) 76mm

Ri(2) 68 mm Rm(2) 75mm Ro(2) 82mm

φi(1) 2π
Ni

(ni − 1) φm(1) 2π
Nm

(nm − 1) φo(1) 2π
No

(no − 1)

φi(2) 2πni
Ni

φm(2) 2πnm
Nm

φo(2) 2πno
No

Li 14mm Lm 14mm Lo 14mm

Zi(1) −Li
2

Zm(1) −Lm
2

Zo(1) −Lo
2

Zi(2) Li
2

Zm(2) Lm
2

Zo(2) Lo
2

Using parameters in Table 1, (1), (5), (6), and (7) are programmed
with Matlab 7. The magnets used for CMGs are sintered Nd-Fe-B
material, and their magnetizations are all M = 890000 (A/m).

Along the radius Ro(1) and Ri(2), divide up the surface of
cylindrical air-gap into 360 segmentations (the air-gap magnetic field
of the outer rotor can be calculated according replacing parameters
whose subscript is i by the ones of o). With the constituted model of
this paper, BΩρ is calculated when ϕ increased by each one degree as
shown in Figure 1 on a 3.0 GHz computer which has quad-core CPU
and 2 GB memory. The results are shown in Figure 4(a) to Figure 4(d).

It takes approximately 15 s respectively to compute of air-gap
magnetic field at Ro(1) of the inner rotor and at Ri(2) of the outer
rotor, as shown in Figure 4(a) and Figure 4(b). The Figure 4(c)
takes 20 s. The same parameters as Table 1 are checked with the
same computer using the Maxwell 3-D Field Simulator from Ansoft
14, and it takes approximately 25 min respectively for the analysis not
including modeling, meshing, setup and postprocess in Figure 4(a) or
Figure 4(b).

For distinctly explaining the results, a main waveform in
Figure 4(a) and Figure 4(b) is chosen.

From Figure 4(a), we find: the radial component of the air-
gap magnetic field produced by the inner permanent magnets is
entire sinusoid curve without ferromagnetic pole-pieces; when the
ferromagnetic pole-pieces is installed, the eight main waveform is
modulated, and a modulated harmonic wave is formed along the
ferromagnetic pole-pieces covered by sectored edge angle of permanent
magnets. The curve of the constituted model of this paper is almost
the same as the one of FEM according to Figure 4(a).

The wave crest and trough in region I and II are the enhancement
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(a) (b)

(c) (d)

Figure 4. Flux density distribution along the radial component.
(a) Air-gap magnetic field at Ro(1) produced by the inner rotor.
(b) Air-gap magnetic field at Ri(2) of the outer rotor. (c) 3-D curve of
air-gap magnetic field at Ro(1) of the inner rotor (constituted model).
(d) 3-D curve of air-gap magnetic field at Ro(1) of the inner rotor
(FEM model).

of air-gap magnetic field which is produced by the inner rotor and
modulated by the ferromagnetic pole-pieces. This is the invariable
shift of magnetic flux density derived by the first-type boundary
condition. The same curve which overlaps basic waveform is the air
interval of ferromagnetic pole-pieces. The permeability in air-gap of
these segments is not changed, so the magnetic flux density is not
modulated. In addition, also from Figure 4(a), because of the second-
type boundary condition in region III, the magnetic flux lines from
permanent magnets go through angular edge of ferromagnetic pole-
pieces and back to the adjacent permanent magnets, therefore a closed
circuit is formed between ferromagnetic pole-pieces and permanent
magnets, the magnetic energy does not be transferred from the inner
rotor to the outer rotor (in the same way from the outer rotor to the
inner rotor), and this closed circuit brings magnetic flux leak between
magnetic poles. With the leak, magnetic flux density in air-gap is
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decreasing, and these values are less than ones of basic waveform.
From Figure 4(b), we find: because of the large number of

magnetic poles and high rotational frequency, the magnetic field
waveform produced by the outer rotor is dense. Its harmonic spectrum
is obvious enough to express the modulated effect of ferromagnetic
pole-pieces. The wave crest and trough of magnetic flux densities
in the region with non-ferromagnetic material of ferromagnetic pole-
pieces are almost cut out entirely, only left the ones going through
ferromagnetic pole-pieces. From Figure 4(b) the modulated magnetic
field has distinct eight waveform and it is equal to the magnetic pole
number of permanent magnets on the inner rotor; by the way gear
ratio is accomplished. Because of a large number of magnetic pole and
clear modulated effect in Figure 4(b), 3-D FEM curve is not drawn to
avoid confusion. Its comparative result of the constituted model and
3-D FEM refer to Figure 4(a).

From Figure 4(c) and Figure 4(d), we find: when the angular
and altitudinal coordinates are variable and the radius is constant,
peak value of magnetic flux density occurs at axial middle plane on
the rotor shaft, viz. z = 0. When this plane is closer to the end of
the shaft, the magnetic flux density is less gradually. The minimum
occurs at plane Zi(1) = −Li/2 and Zi(2) = Li/2, this is the end-effect.
The length is less, the curvature is larger, and the end-effect is more
obvious, it is through the third-type boundary condition that makes
it. The curvilinear plane of the constituted model of this paper and
3-D FEM are alike as shown in Figure 4(c) and Figure 4(d).

4. TORQUE ANALYSIS OF OUTER ROTOR

Figure 5 is the equivalent current model of a tile permanent magnet
on the outer rotor. The orientations about Jov and Jos are determined
by right-hand rule.

There are No tile permanent magnets on the outer rotor, and two
surface current densities on each permanent magnet contribute to the
torque transmission. For the initial position is zero (viz. an edge on tile
permanent magnet overlaps with x-axis) such as Figure 1, the surface
current of permanent magnet flows along the radial edge surface of

φo(1) = 2π (no − 1)/No (no = 1, 2, . . . , No)

And
φo(2) = 2πno/No (no = 1, 2, . . . , No)

When the outer rotor rotates an angle, its total volume current is
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Figure 5. Equivalent current model of a tile permanent magnet on
the outer rotor.

zero and its surface current [26] is

Jos =





M · ez




Ro(1) ≤ ρ ≤ Ro(2)
φo(2) = αo0 + 2π

No
no

Zo(1) ≤ z ≤ Zo(2)




−M · ez




Ro(1) ≤ ρ ≤ Ro(2)
φo(1) = αo0 + 2π

No
(no − 1)

Zo(1) ≤ z ≤ Zo(2)




(8)

Supposed T is the torque of the outer rotor as showed in Figure 1,
and in literature [26] it is given by

T =
∮

s
ro × (Jos ×BΩ)ds (9)

Substituting (8) and BΩρ into (9), it yields

T (αo0) = 2M
No∑

no=1

(−1)no

∫ Zo(2)

Zo(1)

∫ Ro(2)

Ro(1)
ρBΩρdρdz (10)

In (10), BΩρ can be calculated by (1), (5), (6), and (7) according
to the corresponding boundary condition. The coefficient 2M takes
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into account the fact that there are two surface currents at the
interface between neighboring tile permanent magnets, and these
surface currents have the same orientation and function for torque
calculation.

Rewriting (10) with Simpson’s method, we have

T (αo0) =
2MLo∆ρo

NρNz

No∑

no=1

(−1)no

Nz∑

p=0

Sz (p)
Nρ∑

q=0

Sρ (q) ρ (q) BΩρ (11)

In (11), where ∆ρo = Ro(2) − Ro(1), and notice the integration
points are

ρ (q) = Ro(1) + q (Ro(2)−Ro(1))/Nρ, (q = 0, 1, 2, . . . , Nρ)

And

z (p) = Zo(1) + p (Zo(2)− Zo(1))/Nz, (p = 0, 1, 2, . . . , Nz)

Sz(p) and Sρ(q) are integration coefficient respectively.
Equation (11) is programmed with the same parameters as

Table 1. The torque is calculated for αo0 from 0◦ to 16◦, (viz. the
outer rotor rotates a pair of pole angle), as shown in Figure 6. In this
figure 2-D and 3-D FEM are expressed in terms of discrete points.

From Figure 6, the values from the constituted model of this paper
are almost comparable with 3-D FEM. The peak torque occurs when
outer rotor rotates the angle of half pole, viz. αo0 is 0◦, 8◦, or 16◦. The
calculation speed by the constituted model of this paper is much faster
than the 3-D FEM. It took approximately 1 h on a 3.0 GHz quad-core

Figure 6. Torque T vs. angle αo0.
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CPU and 2GB memory computer for 16 torque values. Meantime, the
same data are computed on the same computer using 3-D FEM from
Ansoft 14. It took approximately 5 h for the analysis not including
modeling, meshing, setup and postprocessing.

Furthermore, the calculation speed of 2-D FEM is much fast (just
5min) in Figure 6, however its end-effect of permanent magnets is
neglected and the calculation results are 50% bigger than 3-D FEM.
The constituted model of this paper is based on 3-D model and
takes into account the end-effect and the magnetic flux leak between
magnetic poles. And that it is also a better method to obtain the exact
result.

5. CONCLUSION

(a) The end-effect of permanent magnets is neglected in 2-D analysis, so
the calculation result of 2-D has bigger errors than 3-D, and there will
be greater end-effect and errors in 2-D analysis when the length/radius
ratio of permanent magnets is smaller. Because of all the integrals are
along the axial of permanent magnetic ring, the end-effect is taken into
account in the constituted model.

(b) Ferromagnetic pole-pieces is essential part in CMGs and
its mechanical configuration and material character makes air-gap
between the inner and the outer rotor forming three types boundary
conditions: The first-type boundary condition is the invariable shift
of magnetic flux density and enhances the wave crest and trough in
the modulated region of basic waveform; The second-type makes the
magnetic flux leak between poles and deduces air-gap magnetic flux
density; The third-type forms the end-effect of permanent magnets.

(c) When the angular and altitudinal coordinates are variable and
the radius is constant, the peak value of magnetic flux density is at the
middle plane on the rotor shaft. It is less when the plane is closer to
the end of the shaft. The minimum occurs at the two ends, the less
the axial length is, the larger the curvature is in orientation, and more
obvious the end-effect is.

(d) The second-type boundary condition makes magnetic flux leak
between poles, and the third-type boundary condition produces end-
effect, both of them will deduce the efficiency of CMGs. How to
decrease the leak and the end-effect is the key work of CMGs for the
future.

(e) Compared with 2-D analysis or 2-D FEM, the 3-D analysis
is more precise because of embodying the end-effect. The constituted
model of this paper is the same accurate in comparison with the 3-
D FEM but much faster; moreover, the design parameters can be
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replaced without re-constituting the model. Meanwhile the model is
readily programmed and is ideal for parametric analysis. It should be
of considerable use in the design and optimization of CMG devices.
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