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Magnetic-Field Computation of a Novel 3-DOF Deflection-Type
PM Motor with Analytical and Finite-Element Methods
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Abstract: Based on brief introduction of the operation principle and superior performance of the permanent-magnet (PM)
deflection type three-degrees-of-freedom motors, one novel PM motor air-gap magnetic-field calculation schemes based on the
analytical and finite-element methods are presented and scalar magnetic-flux density calculation formulae in the spherical
coordinate are developed. A rotor magnetic-field model is built in a 3D finite-element software and computed with simulation to
derive the flux-density distribution under different magnetization modes. The results obtained with these two methods are
compared and validated. The theoretical analysis and computation results demonstrate the effectiveness of the designed structure;
it is easy for the rotor to achieve a three-degree-of-freedom deflection motion, which provides references for further research and

experimental design of the related motors or actuators.
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Izra¢un magnetnega polja v motorju s strajnimi magneti z
analiti¢no metodo in metodo konénih elementov

V ¢lanku je predstavljen izraCun magnetnega polja Vv
elektricnem motorju s trajnimi magneti. Pri izraunu smo
uporabili analiti¢no metodo in metodo kon¢nih elementov ter
predstavili izratun gostote magnetnega pretoka. Magnetno
polje v rotorju smo modelirali v tridimenzionalnem prostoru in
dolo¢ili porazdelitev gostote magnetnega pretoka pri razlicnih
nacinih magnetizacije. Dobljene rezultate smo verificirali in
primerjali. Teoreticna analiza in simulacijski rezultati
dokazujejo ucinkovitost predlagane strukture elektricnega
motorja s trajnimi magneti.

1 INTRODUCTION

With the development of the industry and
technology, robots and manipulators, which can achieve
a three-degree-of-freedom (3-DOF) motion for energy
conversion, are used more and more widely. This kind
of the energy-conversion devices are usually built with
several conventional driver motors, each having a single
degree-of-freedom, which reduces the position
accuracy, efficiency and dynamic performance of the
system. It is for this reason that the multi-DOF actuators
or motors have attracted much attentions [1-7]. To
realize the optimal structure design and precision
control, an analysis method and a feedback control
scheme are necessary. However, the operation
mechanisms and control algorithms are not as common
as those used for a single-DOF actuator control system,
which are not suitable for the multi-DOF actuator
applications [8]. So the analysis and control have
become a crucial problem and should be paid more
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attention. There are mainly the analytical (magnetic
circuits) and finite-element-based analysis and modeling
methods for the magnetic-field calculation in actuators
or motors [9]. Here, analytical and FEM softwares are
selected to derive the magnetic-field characteristics for
dynamic-modeling applications.

According to the original complicated 3D structure
of the motor, the magnetic-field distribution and
configuration-parameter determination are important in
the motor design. The aim of this study is to calculate
and evaluate a novel permanent-magnet deflection-type
actuator by using both the analytical and 3D finite-
element analysis, and to provide a detailed discussion
on its distribution and characteristics. The work results
can have maximum capabilities for further optimization
and energy-index investigation of this kind of the motor
or actuator with multiple degrees of freedom.

2 OPERATION PRINCIPLE AND STRUCTURE
OF APM MuULTI-DOF ACTUATOR

The working principle of the motor is based on the
interaction between the magnetic field generated by an
energized coil and a PM field. A detailed description of
the mechanism of the motor is given. To the 2 and 5'
coils loaded DC current, it produces the magnetic poles
as the N poles, and to the 2' and 5 coils loaded current
produces the magnetic poles as the S poles. Its
schematic diagram is shown in Fig. 1. The poles of the
same polarity produce mutually exclusive forces; the
magnetic poles of the opposite polarity generate
attractive  forces, that derive a  synthesized
electromagnetic torque making the rotor complete the



52

movement around the X-axis deflection. Fig. 1 also
gives a schematic cross-sectional view of the movement
around the X-axis deflection.

Activating the 3, 4, 1' and 6' coils with the load
currents produces the magnetic poles of the S-polarity;
the magnetic poles generated by the 3', 4', 1 and 6 coils
with the load current produce the poles of the N-
polarity. Thus, the synthetic electromagnetic torque is
exerted on the motor rotor to do a yaw movement
around the Y axis. The schematic diagram is shown in
Fig. 2.

Activating the 1, 1', 4 and 4' coils with the load
currents produces the magnetic poles of the S-polarity;
activating the 3, 3', 6 and 6' coils with the load currents
produces the magnetic poles of the N-polarity. The
magnetic S-poles generated by the currents produce
tangential tensile components on the PM rotor N-poles,
and the current generation of the N-poles causes
tangential thrust components of the PM rotor N-poles.
The synthetic tangential electromagnetic torques turn
the actuator into a rotational movement around the Z-
axis. Because of the different positions of the actuator's
rotor, inducing a special current through the current
controller of the corresponding coil, a successive Z-axis
rotational motions of the actuator can be realized. Fig. 3
shows a schematic diagram of the motor around the Z-
axis rotation.

Figure 1. Deflection-type motion around the X axis

Figure 2. Deflection-type motion around the Y axis
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Figure 3. Deflection-type motion around the Z axis

The three-degree-of-freedom actuator structure limits
the deflection motions around the X and Y axes to a
certain angle. By changing the direction of the
energized current in the coil, the motor can be realized
by the reverse direction movement.

3 ANALYTICAL ANALYSIS OF THE ACTUATOR

3.1 Classification of the magnetic-field solution
area

The electromagnetic-field analysis plays an
important role in the calculation of the design and
parameters of the PM motor. An analytical analysis of
the electromagnetic-field results, and of physical
concepts contribute to optimisation of the qualitative
aspects of the relationship between the magnetic-field
distribution of the main structure of the motor
parameters and can be intuitively drawn. As the
magnetic field generated by the magnetic pole of the
PM rotor is an important part of the air-gap magnetic
field, it is necessary to analyze the PM rotot-pole
magnetic-field. Table 1 shows the main parameters of
the PM rotor.

The magnetic field produced by the PM rotor can be
divided into 2 parts [8, 10]:

the outer magnetic field of the rotor, with the
magnetization characteristics

B, = #,H, @

where g, is the permeability of vacuum,
1, =47rx107H/m, and
the inner magnetic field of the rotor, with the
magnetization characteristics

B, = tiortHy + 1M, 2
where 4, is the PM relative magnetic permeability,

M, is the residual magnetization, M, =B,/ 1, Bien

is the residual magnetic-flux density.
From (1) and (2), it follows

VxH, =0,k =12
VxB, =0,k=12

©)
4)
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H, can be expressed by the scalar magnetic potential
@, gradient as
H, =-Vo, ©)

Thus, the followings can be derived from the above
formula

20 _
2 VD, =0 (©)
V2D, =1/ 11,V -M, =0 @

3.2 Scalar magnetic-potential general solution

The magnetic field of the PM rotor of the motor can
be reduced to solving problems with the Laplace
equation under certain boundary conditions. The
Laplace equation in spherical coordinates is:

1[0 oD, 1 aoi}_o
(8)

1 0,.
| = (r’®,)+ ——(sind—) +
rz{ar( ) sin@@é?( 66) sin® @ op

The scalar magnetic potential in the spherical
coordinate's Laplace general solution is

D, =3 KA+ DN (0,0)

n=0 m=-n (9)
C?Uts'de Inner diameter Latitude angle Pole pairs
iameter
Rr/mm Rb/mm pr P
155 5 36 2
Residual Relative - Residual
- - Distance to the -
magnetic-flux magnetic rotor centre magnetic-
density permeability flux density
B /T M, d/mm B /T
1.14 1.02 15.7 1.14

where i=1, 2 represents the two parts of the magnetic
field, and K; and &,; are determined by the boundary

conditions.

Y6, 9) = SR (cos O)e™” (10)

where gn_ [@+D(0-m! = pmicose)  denotes the
4z(n+m)!

Legendre functions, and

m gm+n
2

P"(cosd) =
(11)

(1—cos®6)

cos’ 6 -1)"
2"n! dx™" ( )

Table 1: The parameters of the PM rotor in computation

3.3 Air-gap magnetic-field density

Based on the scalar magnetic-potential general
solution, the air-gap magnetic field density B, can be
expressed with equation (12).

© +n
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Then B, can be further calculated from the boundary

conditions of the PM motor, kI =o,.C, . and

em =0,,C.n» Where R is the inner diameter of the
stator.
O = _(On,3 /On,AernJr1 ~On2 /On,l) / (erml - Rsznﬂ) Rserl

Oh5 = (On,3 /o R2n+l O /On,l) / (erml - Rs,zml)

n4'‘r
Ona =[(tt; — 12, )NRE™]
0,; =[u,n+ 1, (N+1]0, , /O, ~RIZNRZ™ (L ,) +
(n+1+ ,umn)Rf”*l}
0, = RIF (R R )(u, — sy JORE"™ — RIZRE™
IR (1= g1,) + (N +1+ g1, MR |
0, ={IN-+ 4t (N+DIRZ™ +[(0+2) — 41, (N+DIRZH s, — pt,NRZ™
—RENRZM - 4,) + (N + 1+ 44M)REHagn + 1, (N+1)]
and from
27 . T
Con =M, [ (@)™ dp[ S [P (cos ) sin? ado (1
3)
where
f(#) = ()" coslp—ary =7, (p-1)] P12

nm’

When n=2, it is the fundamental component of the flux
density with the 6 direction. The fundamental
component of the air-gap flux density can be derived by
the fundamental magnetic potential:

231848, |B,[R*(-RR 1, +3R s + 2Rty 4 R ~2R )

1 c0s2psin’
=Bt +6Ry 41 1y +6R 41, ~6R "4t ” + 4Rt +6R i + Ryt +64 R’

o 077288, | B, |R(-5R R, +3R s + 2Ry + Rt ~Rpt) o
By |= 5 5 5 52 B 5 5 YU c0s2psing
B —OR i + BR i ty + OR st = OR,a” + ARty + 6R "ty +9R " 464,
"0 | st |B[RCBRR M+ R+ Rt R R ) oy
Ry Ot +6R  ~OR 1+ 4R Wt +6R 4R <6 RS
(14)
When m=n=2,

_ 23184a,0,B |R/(-5R Ry, +3R7u, + 2R7uy + 2Ro, — 2Rty
= ORSy + 6R i pty + 6RO, — 6RO + ARR 1, + 6RCaty + IR, + BR7”
17 cos 2psin’ @

Ir
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Taking the harmonics of the magnetic field along the ¢
and @ directions into account, the surface of B, with

the changes in ¢ and 6 can be derived as shown in Fig.
5.

@ (rad)

Figure 5. g, distribution of the drum-type rotor
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Figure 6. Changes in B, with ¢

As seen from Fig. 5, B, changes with @ and 6 in
the form of the cosine-wave surfaces, having the peak
points of the two positive and two negative peak points
along the equator, which is consistent with the four-pole
structure of the drum-shaped rotor magnet. When 6=n/2,
the variation of B, is shown in figure 6. As shown in
Fig. 6, when 6 is fixed, the fundamental wave
component in the ¢ direction of the B varies
sinusoidally. The distance between the two peaks is 180
°, the peak value is 0.5135T and the electrical angle is
of twice the mechanical angle.

4 FINITE-ELEMENT ANALYSIS OF THE PM
RoOTOR MAGNETIC FIELD

4.1 Geometric and material parameters of the PM
rotor

The finite-element model of the PM rotor is shown
in Fig. 7. The overall structure of rotor takes the drum
shape. For the drum-type rotor, the ball radius is
R=15.5mm, the rotor thickness is 10mm, the cylinder of
the radius of 5mm is in the central position where
placed the output shaft; the rotor has two pairs of the
magnetic poles, the N poles and the S poles that are
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alternately arranged around the Z axis with the pole
pitch of 0.2mm.

Figure 7. PM rotor model

To calculate PMs, there are usually two current-
simulation methods used: the body current-density
analog and the surface current-density analog. The
linear PM generally equals the currents on its surface.
The linear PM material relational expression is

MpzlurXHc (16)

where M, is the PM magnetization intensity, (4, is the
relative magnetic permeability, H, is the ferromagnetic
material coercivity.

Br = /uo x M p (17)
This means that among parameters My, £, H_ and

B,, only two are independent from each other. To define
the linear PM material, two parameters are needed.
They can be calculated based on the relationship. In one
case, the NdFeB PM material is selected for the motor

rotor, with PM relative permeability 4 of 1.02, and

coercive force H. of -890kA/m. The calculated PM
polarization is 907.8kA/m and the residual magnetic-
flux density is 1.14T.

4.2 PM Magnetizing forms

The magnetizing modes of the motor PM rotor can
be the radial, the axial and the parallel three-way
magnetization. The radial magnetization is in a spherical
coordinate system. The center of the ball drum is talken
as the starting point, extending the magnet
magnetization direction along the R axis; the axial
magnetization is in a cylindrical coordinate system,
taking Z axis as the axis, and the magnet magnetization
direction is along the p axis; the parallel magnetization

is in the space of the Cartesian coordinate system, the
magnetization direction of the magnet is along a certain
coordinate axis, and the magnetization direction is
perpendicular to the plane formed by the other two axes
along the coordinate-axis direction. It follows that by
taking a single PM pole, the N pole for example, the
vector distribution of the magnetic-flux density with
three magnetizing ways is given as shown in Figs. 8-10.
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Figure 10. Parallel magnetization mode

4.3 FEM analysis on the rotor magnetic field

The finite-element analysis software  Ansoft
Maxwell 3D module is used to model and calculate the
magnetic-field. The following axial magnetization is
taken as an example to analyze the magnetic field
generated by the rotor PM in the axial magnetization
mode. The motor PM rotor flux-density vector
distributions are shown in Figs. 11-12.

Figure 11. Flux-density vector

Figure 12. 3D flux-density vector

In the motor PM rotor equatorial 0.2mm
circumferential path (the starting point to the
intersection with the X axis, the direction is counter-
clockwise), that is, in the spherical coordinate position
of #=90°, the modulus value of the magnetic intensity
calculated curve is shown in Fig. 13. A comparison with
the fundamental amplitude of Fig. 5 shows that the data
obtained with the two methods are basically identical. In
the peak position and on the amplitude level, they are
more consistent, but they fully verify the correctness of
the magnetic-field computational analysis and for a
similar spherical PM.
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Figure 13. Flux density magnitude values of ¢=90°

5 CONCLUSION

Based on a new type of the multi-degree-of-freedom
PM motor structure proposed in this paper, an air-gap
magnetic-field calculation and analysis methods of the
PM rotor and analysis methods are explored, for other
with an analytic method and a three-dimensional finite-
element method. Results of the calculations, analysis
and comparison of the magnetization flux-density
distribution in the radial and axial directions are given,
providing the bases to calculate the torque of the motor
rotation and yaw movements. The calculation results
verify the effectiveness of the design and give the
references for further design and optimization of the 3-
DOF deflection-type PM motor. PM stator and rotor-
structure parameter optimization and control-strategy
design are the next step of our future work.
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