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Abstract

A Lorentz force-type magnetic bearing (LFMB) with good linearity is suitable for the high-precision deflection control of
a magnetically suspended gimballing flywheel (MSGFW). In this paper, a novel LFMB with improved double magnetic
circuits is presented. Inclined magnetization Halbach array permanent magnets (PMs) and trapezoidal PMs are utilized for
improving the magnetic flux density. A mathematical model of the magnetic flux density is established based on the equiva-
lent surface current method. To obtain the maximum magnetic flux density, the optimal magnetization angle is calculated,
and the dimension parameters are optimized by the sequential quadratic programming method. A maximum magnetic flux
density of 0.615 T is obtained, which is 7.9% larger than that of an LFMB with conventional double magnetic circuits. Based
on simulation results, LFMB prototype magnetic flux density experiments are carried out. The results show that the magnetic
flux density fluctuations of the two LFMB schemes are similar. The maximum magnetic flux density of 0.608 T is increased
by 6.7% when compared with that of the LFMB with conventional double magnetic circuits at 0.57 T. The error between
the simulation and the experiment is within 5%. This indicates that the LFMB with improved double magnetic circuits is
promising when it comes to meet the agile maneuver requirements of the spacecraft.

Keywords Magnetically suspended gimballing flywheel - Lorentz force-type magnetic bearing - Magnetic flux density -
Equivalent surface current method

1 Introduction bias momentum wheel [7] and the magnetically suspended
attitude control energy storage flywheel [8]. The angular
momentum is changed, and the control torque is obtained for

attitude stabilization when the rotor is accelerated or decel-

A flywheel is the key inertial actuator for generating high
precision control torque to realize the attitude stabiliza-

tion and adjustment of spacecraft [1-3]. When compared
with conventional ball bearing flywheels, magnetically
suspended flywheels (MSFWs) have aroused widespread
concern owing to the remarkable advantages of the no stic-
tion-friction effect, long service life, high control precision,
micro vibration, and so on [4, 5]. Depending on the rotor
speed, the MSFWs can be divided into the magnetically sus-
pended reaction flywheel [6], the magnetically suspended
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erated. However, the torque is too small to achieve the agile
maneuvers of spacecraft in orbit. The instantaneous large
procession torque of a magnetically suspended gimballing
flywheel (MSGFW) is obtained when the rotor angular
momentum direction is changed by means of a deflection
magnetic bearing (MB) [9]. Thus, the MSGFW is suitable
for spacecraft attitude maneuver control.

Two types of MBs, magnetic reluctance MB and Lorentz
force-type magnetic bearing (LFMB) [10-15], can be used
for the deflection control of a MSGFW. Murakami et al.
[16] proposed an active—passive MSGFW. The passive MB
is used for radial translation suspension, and the three-axis
magnetic reluctance MB is adopted for axial translation
control and radial deflection. Han et al. [17] presented an
active—passive scheme with radial magnetic reluctance MBs
for radial translation suspension. Axial translation suspen-
sion and radial deflection are realized by the passive MB.
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Seddon et al. [18] presented another active—passive MSGFW
with a pair of radial magnetic reluctance MBs for radial
translation and radial deflection control. The suspension pre-
cision of the active—passive MSGFW is relatively low due to
the passive MB. Coupling between the passive axial suspen-
sion and the active deflection is unavoidable. To eliminate
the interference torque, Wen et al. [19] introduced a 5 degree
of freedoms (DOFs) MSGFW with a pair of radial magnetic
reluctance MBs to realize radial deflection. To decrease the
axial size of the MSGFW in [19], Tang et al. [20] devel-
oped another active MSGFW with a pair of axial magnetic
resistance MBs for radial deflection and axial translation
controls. Based on the comprehensive sensitivity and cross-
factor variance, Jin et al. [21] presented a multi-objective
design optimization to simultaneously optimize the radial
and axial suspension force. Then, Diao et al. [22] and Sun
et al. [23] proposed sequential subspace optimization meth-
ods to improve optimization efficiency. However, the deflec-
tion torque precision is limited due to magnetic reluctance
MBs with nonlinear force. To remedy the limitation of mag-
netic reluctance MBs, an LFMB with good linearity and no
displacement stiffness is adopted for deflection suspension
[24]. Gerlach et al. [25] proposed a 5-DOF active scheme
that relied on LFMBs. Concerning reference [25], Liu et al.
[26] presented a similar 5-DOF active LFMB scheme, and
its attitude control and attitude sensitivity were studied in
detail.

The bearing capacity of the LFMB scheme for the
MSGFW is insufficient during ground experiments. Com-
bining the magnetic reluctance MB with high stiffness and
the LFMB with good linearity, Li et al. [10] introduced a
4-DOF hybrid active—passive MSGFW scheme. The mag-
netic resistance MBs were utilized to realize radial transla-
tion and passive axial support, and the LFMB was adopted
to achieve high-precision deflection control. To increase the
suspension precision, Xiang et al. [11] proposed a 5-DOF
active hybrid MSGFW with the conical magnetic resistance
MB for 3-DOF translation and the LFMB for 2-DOF deflec-
tion. However, interference torque is generated due to the
change of the air gap shape in [10, 11] when the rotor is
tilted. Ren et al. [12], Liu et al. [13] and Xu et al. [14] pre-
sented a hybrid MSGFW with a spherical air gap for elimi-
nating interference torque during rotor deflection.

The LFMB of the hybrid MSGFWs in [10-12] is the
core component to output gyroscope moments by tilting the
rotor at a high rated speed. The magnetic flux density of the
conventional LFMBs in [10-25] was relatively low due to
the single-sided PMs. To increase the magnetic flux density,
LFMBs with double-sided PMs were adopted in [11, 12].
Liu et al. [13] proposed a LFMB with double-sided trap-
ezoidal PMs to reduce the magnetic flux leakage at the right-
angle area of the rectangular PMs. The above magnetic flux
density uniformity was poor due to PM rings with multiple
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arc PMs. Xu et al. [14] presented the LFMB with magnetic
rings to suppress the magnetic flux leakage in the splicing
gap. Based on the smoothing function of the magnetic rings
for magnetic flux, Zhao et al. [15] proposed a LFMB with
conventional double magnetic circuits, which combined the
Halbach array PMs main circuit and the auxiliary magnetic
circuit. Both the magnetic flux density and its uniformity
were improved. However, the magnetomotive force of the
Halbach array PMs is not fully utilized due to inconsist-
ency between the magnetization direction and the magnetic
vector.

In this paper, a LFMB with improved double magnetic
circuits is presented to improve the PMs magnetomotive
force efficiency. Inclined magnetization Halbach array PMs
and trapezoidal PMs are combined to increase the magnetic
flux density. A mathematical model of the magnetic flux
density is established. The optimal magnetization angle is
obtained, and the related dimension parameters are opti-
mized. An LEFMB prototype is developed and experiments
on the magnetic flux density are carried out to verify its
effectiveness.

2 MSGFW and LFMB
2.1 MSGFW structure and its working principle

The configuration of a MSGFW is shown in Fig. 1. The
MSGFW is mainly composed of a brushless DC motor, a
sphere rotor, a pair of axial spherical magnetic resistance
MBs, a single radial spherical magnetic resistance MB, the
LFMB, eddy current displacement sensors and gyroscope
houses. The sphere rotor with a rated speed of 9000 r/min
is driven by the brushless DC motor. The radial and axial
translations are realized by the radial and axial spherical
MBs, respectively. The 2-DOF deflections are controlled
by the LEFMB. The eddy current displacement sensors are
utilized to measure the rotor real-time position and attitude.

 Eddy current

Sphere rotor
| displacement sensors
P

A
Axial spherical magnetic
resistance MBs

Radial spherical
LFMB magnetic resistance MB

Fig. 1 Configuration of a MSGFW
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The gyroscope houses are adopted to provide a vacuum
environment.

Gyroscope moment is generated when the sphere rotor
with a rated speed of @ is tilted by the LFMB. The gyro-
scope moment M can be expressed as:

M=JoxQ, 1)

where J. is the rotary inertial momentum around the Z axis,
and £ is the sphere rotor procession angular velocity. The
larger the deflection torque T, the faster the rotor procession,
and the larger the gyroscope moment M. When the sphere
rotor is tilted around the X axis with a deflection angle of a,
the deflection torque Ty can be written as [15]:

8(1—25m2%>smﬂ-k%§sm3ﬁﬂn22 Ki

2 1

T, = NRBi 0 =[ o0}
0 0

2

where N is the number of coil turns, R is the radius of the
coils, B is the magnetic flux density, i is the control current
in the LFMB coils, g is the half central angle of a single
coil, and K; is the current stiffness of the deflection torque.
Similarly, the deflection torque T, around the Y axis can be
obtained. When the dimension parameters of the LFMB are
constant, the current stiffness of the deflection torque is in
proportion to the magnetic flux density of the LFMB. There-
fore, the parameters related to the magnetic flux density are
the objects to analyze.

2.2 Comparison between two LFMBs

The two schemes, an LFMB with conventional double mag-
netic circuits and an LFMB with the improved double mag-
netic circuits (IDMC), are shown in Fig. 2. The magnetic
fluxes of the two schemes are composed of the main mag-
netic flux generated by Halbach array PMs (defined as Part-
A) and the auxiliary magnetic flux produced by auxiliary
PMs (defined as Part-B). The main magnetic fluxes plotted
in black solid line are, respectively, generated by the con-
ventional and the inclined magnetization Halbach array PMs
defined as Part-A(I) and Part-A(II). The auxiliary magnetic
fluxes plotted in black dash lines are generated by rectangu-
lar and trapezoidal PMs defined as Part-B(I) and Part-B(II),
respectively. As shown in Fig. 2, most of the magnetic lines
in the blue elliptical region of Part-A(I) are inconsistent with
the magnetization direction, which results in low efficiency
of the PMs. When compared with the LFMB with the con-
ventional double magnetic circuits, in Part-A, the magnetiza-
tion directions of the LFMB with the improved double mag-
netic circuits are consistent with the magnetic lines. Under
the same dimensions, the magnetic flux density is improved
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Fig.2 Two LFMB schemes
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Fig. 3 Magnetic flux density of two LFMBs: a part-A; b part-B; ¢
two LFMB schemes

and the efficiency of the PMs is higher. In Part-B, auxiliary
trapezoidal PMs are adopted to replace the auxiliary rectan-
gular PMs to improve the magnetic flux density.

The magnetic flux densities simulated by the finite ele-
ment method are shown in Fig. 3. In Fig. 3a, the maximum
magnetic flux densities generated by Part-A(I) and Part-A(II)
are 0.528 T and 0.543 T. When the magnetomotive force
strengthens with an increase of the magnetizing length, the
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magnetic flux density of Part-A(II) with a longer magnetiza-
tion length is obviously larger than that of Part-A(I). Thus,
the magnetomotive force efficiency of Part-A(Il) is relatively
high since the Halbach array PMs are inclined magnetized.
As can be seen in Fig. 2, the magnetization length of the
PM of Part-B(II) is longer than that of Part-B(I). Thus,
a magnetic flux density with a maximum of 0.0605 T of
Part-B(II) is larger than that with a maximum of 0.054 T of
Part-B(I), which is shown in Fig. 3b. As shown in Fig. 3c,
the total magnetic flux densities of the two LFMB schemes
are improved as the superposition of Part-A and Part-B.
The maximum magnetic flux density of the LFMB with
the improved double magnetic circuits is 0.598 T, which
is increased by 4.9% when compared with that of 0.57 T
of the LFMB with the conventional double magnetic cir-
cuits. The fluctuations of the two LFMBs are approximately
equivalent due to the similar dimensions of the auxiliary
magnetic rings. Therefore, the LFMB with the improved
double magnetic circuits is adopted for deflection control
of the MSGFW.

3 Theoretical analysis

An LFMB with the improved double magnetic circuits is
shown in Fig. 4. The materials of the PMs and the magnetic
rings are Sm2Co17 and 1J50, which are the same as those
of an LFMB with the conventional double magnetic circuits.
Each of the inclined magnetization Halbach array PMs is
composed of two inclined magnetization PMs and a radial

Inclined magnetization |
_ — Halbach array PMs
(Sm2Col7)

Air gap

(1J50)

_ . —Main magnetic flux
R;

|
|
|
|
i
i
|
!
!
Trapezoidal PMs 1
|
|
i
]
|
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Transition region

Coil region
Auxiliary magnetic rings
(1150)

Rotation axis

Fig.4 LFMB with the improved double magnetic circuits scheme
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magnetization PM. The main magnetic flux is generated
by two axial magnetization PMs and four sets of inclined
magnetization Halbach array PMs. The solid line is the
main magnetic flux flowing across the auxiliary magnetic
rings, the air gap, the coils and the main magnetic rings.
The dashed line denotes the auxiliary magnetic flux passing
through the auxiliary magnetic rings, the air gap and the
coils. The total magnetic flux in the coil region is obtained
by the superposition of the main and auxiliary magnetic
fluxes.

To simplify the calculation of the magnetic flux density
generated by the inclined Halbach array PMs, the equivalent
surface current method is adopted to obtain the magnetic
flux density at an arbitrary point in the coil region. The mag-
netic flux density of the PM with an arbitrary magnetization
direction can be equivalent to that generated by the surface
currents I-IV. A model of an arbitrary inclined magnetiza-
tion PM is shown in Fig. 5, and the center of PM is taken as
the coordinate origin.

As shown in Fig. 5, 6 is the magnetization angle, J is the
surface current density, J,, and J, are the components of J
in the Y and Z directions, m and k are the width and height
of the arbitrary inclined magnetization PM, r is the vec-
tor length from the surface current element to the arbitrary
P(y, 2), ¢ is the angle between the vector direction of r and
the Y+ direction, and ¢,—¢, are the boundaries of ¢. The
magnetic flux density at an arbitrary P(y, z) is generated
by the inclined magnetization PM in Fig. 5a, which can be
equivalent to the superposition of those in Fig. 5b and c. In
Fig. 5b, the model is considered as the axial magnetization
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Fig.5 Equivalent surface current of PMs: a inclined magnetization
PM; b axial magnetization PM; ¢ radial magnetization PM
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PM with surface currents I and II. In addition, its surface
current density is J,. The magnetic flux density generated
by the arbitrary element of the surface current I is By, which
can be resolved into By, and By, in the Y and Z directions.
The model in Fig. 5c is the radial magnetization PM with
surface currents III and IV. In addition, its surface current
density is J,,.

The magnetic flux densities generated by an arbitrary ele-
ment of the surface currents II-IV are By, By and Byy. B;,
and B;, (where i =1L, III, IV) are the components in the ¥ and
Z directions. There is no volume magnetizing current due to
the uniform magnetization. The surface current density J is
equivalent to the magnetization M. The components J, and
J can be expressed as:

J}. = Mcos8
J,=Msin@ '

According to the Biot—Savart law, the magnetic flux den-
sity B generated by the surface current / is given by:

_ Mol

B_ ’
' 2nr

C)
where i is the vacuum permeability, and I is the surface
current corresponding to J. The magnetic flux density com-
ponents By, and By, in the ¥ and Z directions are expressed
as:

P2 J
By, = / o Gin @dl
o 2rr

B / " dl. ®
= o 2xr @

Similarly, the magnetic flux density components B—By
in the Y and Z directions at an arbitrary point P(y, z) gener-
ated by the four equivalent surface currents can be obtained
as:

— L 20D, (3, 2) — @50, 2)

B.. Bur. 2 cos @, (,2)
Iy Py I 11,, cos @,(».2) ,2) — @,(3,2)
Byy Bryy | _ Ho e A R
= 1 cos ¢3(¥,2)
BIz BIIIz 2r (,02()’, 2) — P4 02 2 In cos qo?(y i)
B. B 1 cos ’, )
lz ZIVz (040’, 7) — @3 (y’ 2) ) In cos Zzg 2)
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0 cosé

where the boundaries ¢,—¢, of ¢ are given by:

( z—k/2

,7)=tan™! ———

¢1(3.2) = tan y+m/2

k/2

(pz(y’ Z) = tan_l u
) y+m/2 o

@5(y,7) = tan™! k2

y—m/2

z2+k/2

,7) =tan! ———

\(p4(yz) an y—m/2

As shown in Fig. 4, according to the same dimensions
and symmetrical location, the PMs are classified into four
groups: groupl including PM1, 7, 8, and 14; group2 includ-
ing PM2, 6, 9, and 13; group3 including PM3, 5, 10, and 12;
group4 including PM4 and 11. To simplify the calculation,
PM4 and PM15 are combined as an axial magnetization PM.
In addition, PM11 and PM 16 are dealt with similarly.

O and o,, are the coordinate origin and the center of PMs,
respectively. For a simplified calculation, the operator is
used, and it is expressed as:

Dﬁﬁ)”a,(—l)qb(pn(y’ Z) = (pn[y - (_1)Pa’ <= (_1)qb]m,k’ (8)

where a and b are the abscissa and ordinate of the vec-
tor Oo,; ¢, (i=1, 2, 3, 4) represent the boundaries; p
and ¢ are the constant values; @, that is equivalent to
(—t,—t,—2g—w.)/2 and b, that is equivalent to (h,,— h;)/2
are the abscissa and ordinate of the vector Ooy; t, and t, are
the Halbach array middle PM thickness and the auxiliary
magnetic ring thickness; g and w, are the air gap thickness
and the coil width; and 4, and h; are the main magnetic
ring height and the PM1 height. It can be seen in Fig. 4 that
the height of each PM in groupl is %, and the correspond-
ing width is the sum of #, and ¢,. The magnetic flux density
generated by groupl can be written as:

] , ©)
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( ty+t,h )
2 2 tyt+t,h
MM cos [D e ®,, z)]
Bly()” 7) = 7 Z Z< nl_Il,S (=1yay(=1)ib, "1 .
p=1g=1
—1)¢ Il _ 1yt
+(=1)cos 6 l Z4D(—1>val,(—1>qbl(”"(y’ 2 2;43 D a1y, 2n0>2)
n= n=
% ; ' ’ . ©
. t,+1,.h t,+1,.h
e l 2D C1yay(-1yb, P> 2) — 2 D ey -1y, Pn > Z)]
u I ) n=24 n=1,3
0 h
B.(y,2) = — Z z 9 I1 cos [Dt”ﬂ”’ ! ®,0, Z)] g
T p=1 =1 (=1)cosf . n=23 (=Dray(=1ytb, T
2 tyt+th
IT cos [D(h-wal 1y, P> Z)]
L n=14 " ! )

It can be seen in Fig. 4 that the coordinates of the vectors Oo,
(ay, by); 005 (a3, bs); and Ooy (ay, by) are (—t,— g — (W, +1,)/2,
hd2 —hy—hyl2); (—t,—g—(w.+1,)/2, (hy+h3)/2); and

-

((=t,—t,—2g—-w,)/2, 0), respectively. In addition, /5 and h,
are the heights of PM3 and PM4. Similarly, the magnetic flux
densities generated by the PMs of group2—group4 at an arbi-
trary point P(y, z) can be obtained as follows:
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As shown in Fig. 4, all of the PMs are located between
the two main magnetic rings. The distance between the two
main magnetic rings is d,,. Since the magnetomotive force
in the interfaces between the four groups of PMs and the
main magnetic rings is different from that inside the four
groups of PMs, the surface currents in the two interfaces
are considered. The main magnetic flux in the two inter-
faces is obviously changed. According to the images method
[28], the surface currents in the two interfaces can be seen
as numerous image sources. The total main magnetic flux

can be obtained by the superposition of the magnetic fluxes
generated by the image sources and four groups of PMs. The
magnetic flux densities generated by the image sources of
four groups of PMs are similarly calculated as Egs. (9) and
(10), and the results can be defined as B’,-y and B';, (i=1, 2,
3,4).

Based on the analysis above, the magnetic flux density
components generated by four groups of PMs and their
image sources are added together, and the total magnetic
flux density components B, and B, at an arbitrary point P(y,
z) are given by:

4
M
B9 =Y (By+B,)= ”20—ﬂ [k, (3, 2) 5in 0 + Ky (7, 2) €05 0 + sy (v, 2)]
i=1

: (11)

4
M
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It can be seen from Eq. (11) that the magnetic flux density
depends on the magnetization angle . As shown in Eq. (12),

where k; (y, z) (i=1, 2, ..., 6) are functions related to the
position of the arbitrary point P(y, z). In addition, k; can be
expressed as:

( fytg.hy N
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Table 1 Design parameters of an LFMB with the improved double
magnetic circuits

Symbol Parameters Value
R; Inner cylinder radius of inner magnetic ring 47.2 mm
w, Coil width 3.6 mm
g Air gap thickness 0.7 mm
1y Main magnetic ring thickness 4 mm
t, Auxiliary magnetic ring thickness 1 mm
t, Halbach array mid PM thickness 4 mm
h,, Main magnetic ring height 28 mm
h, Coils height 8 mm
hy PM1 height 3 mm
h, PM2 height 5.2 mm
hy PM3 height 3.4 mm
hy PM4 height 4.2 mm
[ Magnetization angle 20°

0, Trapezoidal PM base angle 73°

L. Distance between the upper coils and lower 6.8 mm

coils in Z axis

the functions k; (i=1, 2, ..., 6) are related to the dimension
parameters including g, w,, ;,, t,, h,,, hy, hy, hs, and hy.

N 0.6466 71
p0.65 A [
< N Theortgttic(ai[ analysis 06465 b
> after dimension [
5 0.61 optimization]  0.6464 B”’“‘9'64§6T NI
= 0.6155 T
2k I
g =)
T 057 o S 2 0615 P
3 Il —— < | ™ P
& || Simulation after ~ 0.614 B 0.6153T
g dimensionoptimization . |
S 0.53 (I 0.6082
2 o —— ‘
2 Simulation before N !
= I | dimension optimization \y  0-6076 [
0.49 :
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Fig.8 Magnetic flux density versus magnetization angle
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Fig.9 Magnetic flux density in the radial section: a radial compo-
nent; b axial component

4 LFMB design
4.1 Sensitivity analysis

According to Eqgs. (11), (12) and the theoretical analysis
above, two types of parameters, the magnetization angle
0 and the dimension parameters g, w,, t;,, t,, h,,, i, hy, hy
and hy, are calculated. The main magnetic ring height #,,
and the radial dimensions g, w,, t,, and t, are consistent
with the overall dimensions of an LFMB with the conven-
tional double magnetic circuits in [15]. The PM heights in

Buma0.611T

pr—
L135E-06 55528 1.11056 1.66584 222112
27764 1.3882 2.49876

776- 83292 388 1.94348

Fig. 10 Magnetic flux density distributed in the circumferential direc-
tion: a sectional view of a nephogram; b magnetic flux density in the
middle of upper coil regions

Inner PMs
of LFMB

Outer PMs
of LFMB
|~ N

Three dimensional
displacement controller

Halls sensor Industrial computer

Radial sphere MB MSGFW  Rotary table ;Step motor driver

Step motor

Fig. 11 Magnetic flux density experiment system

(a) (b)
Upper coil  B,,,,0.573T Beman0-576T
region " B0,

Benan0.603T

Top of upper 608T
coil 3

Fig. 12 Magnetic flux density experiment results: a radial section; b
circumferential direction
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Part-A(II) including PM1 height /;, PM2 height 4,, PM3
height /3, and PM4 height h, are variable dimension param-
eters. The PM2 height £, can be calculated by the formula
hy=(h,,— h,)/2 — h; — h;. Therefore, the dimension param-
eters h;, hy and h, together with the magnetization angle
0 are adopted as design parameters. To improve the effi-
ciency of the LFMB design, a sensitivity analysis [22, 23]
is employed. The sensitivity S; of the magnetic flux density
versus the design parameters 6, h,, h; and h, are given by:
__ 0B

S;i=—
ox;

AB .

ZA_xi(lz 1,2,3,4), (13)
where x,, x,, X3, and x, denote 6, h;, hs, and h,, respectively.
The perturbation AB is calculated by the finite element
method [27]. The sensitivities S; (i=1, 2, 3, 4) are 4.2 mT/°,
0.5 mT/mm, 0.4 mT/mm, and 0.1 mT/mm. The sensitivity of
the magnetic flux density B to the magnetization angle 6 is
far greater than the other three sensitivities. The magnetiza-
tion angle 6 can be considered as the critical factor.

4.2 Magnetization angle

The parameters are consistent with those of the LFMB
scheme in [15], including the coil width w, of 3.6 mm, the
coil height /. of 8 mm, the air gap thickness g of 0.7 mm, the
auxiliary magnetic ring thickness ¢, of 1 mm, the Halbach
array mid PM thickness #, of 4 mm, the main magnetic ring
thickness #,, of 4 mm, and the main magnetic ring height #,,
of 28 mm. As shown in Fig. 2, the heights of the inclined
magnetization Halbach array PMs in Part-A(II) are different
from those of Part-A(I). In Part-A(II), the PM heights (s, of
2.5 mm, h, of 5.2 mm, h; of 3.9 mm, and A, of 4.8 mm) are
used. A simulation model is established by the finite element
method based on the above parameters. The magnetic flux
density curves of the theoretical analysis and the simulation
are plotted in Fig. 6.

When the magnetization angle is 20°, the simulation mag-
netic flux density reaches a maximum of 0.608 T. The opti-
mal magnetization angle of the theoretical analysis is 25°,
and its corresponding maximum magnetic flux density is
0.632 T. The deviation between the simulation and theoreti-
cal analysis values of the maximum magnetic flux density
is about 0.02 T, when ignoring the magnetic flux leakage in
the calculation.

4.3 Dimension parameters
Based on the analysis results above, a magnetization angle
of 20° is adopted. The dimension parameters £, h; and A,

are calculated. The design variable X can be written in vec-
tor form as:

@ Springer

X=[h hy by (14)

According to the structure in Fig. 4 and the dimension
parameters of the LFMB scheme in [15], the initial bounds
of the design variables can be defined as follows:

2mm < by £ 4mm
3mm < h; <5Smm . (15)
3.6mm < hy <5mm

The larger the magnetic flux density, the larger the deflec-
tion torque of the LFMB, the greater the gyroscope moment
of the MSGFW. Thus, the maximum magnetic flux density
B, 1s defined as the optimization objective. The optimiza-
tion objective function with the design variables is expressed
as:

B, .x = max f(X) = max f(hy, hs, hy). (16)

The sequential quadratic programming method [29, 30]
is utilized to optimize the design variables h;, h; and hy.
The optimization curves are plotted in Fig. 7. As shown in
Fig. 7, the curves of the design variables and the objective
are convergent after the 50th iteration. The optimal values of
the PM1 height £, the PM3 height %5, and the PM4 height
h, are 3 mm, 3.4 mm, and 4.2 mm, respectively. In addition,
its corresponding maximum magnetic flux density is about
0.6153 T.

After optimization of the PMs heights, the magnetic flux
densities versus the magnetizations angle are calculated
again, and their corresponding curves are shown in Fig. 8.
The optimal magnetization angle of the theoretical analysis
and simulation are within 22-23° and 20-21°, respectively.
These values are nearly equivalent to those before the dimen-
sion parameters optimization. In addition, the corresponding
optimal magnetic flux densities are 0.6466 T and 0.6153 T.
The optimized results show that the optimal magnetization
angle is basically invariable before and after the dimension
parameters optimization. They also show that the theoreti-
cal analysis has a good agreement with the simulation. The
design parameters of an LFMB with the improved double
magnetic circuits are listed in Table 1.

5 Simulation and experiment
5.1 Simulation

The magnetic flux density of an LFMB can be divided into
the radial and axial components. The radial component and
its fluctuation are related to the stiffness and precision of the
deflection control. Interference torque is induced by the axial
component. Based on the design parameters in Table 1, the
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two components in the radial section are simulated by the
finite element method, as shown in Fig. 9a and b, respec-
tively. In Fig. 9a, the radial magnetic flux density is rela-
tively low in a position far away from the PMs. That is in
accordance with the theoretical analysis in Egs. (6) and (7),
where the radial magnetic flux density B,, increases with a
decrease of the abscissa y of the arbitrary P(y, z). Owing
to magnetic flux leakage, the radial magnetic flux density
decreases gradually along with its position from center to
the coil region edge in the axial direction. Therefore, the
maximum and minimum radial magnetic flux densities of
0.615 T and 0.58 T are in the axial and radial centers of
the coil region edges. Since inclined magnetized PMs are
adopted in the LFMB with the improved double magnetic
circuits, the maximum and minimum values are increased
by 7.9% and 8% when compared with those of 0.57 T and
0.537 T in the LFMB with the conventional double magnetic
circuits in [15]. Its corresponding magnetic flux density fluc-
tuation of 0.85% is almost equal to that of 0.75% in [15] due
to the auxiliary magnetic rings of Part-B in both schemes. It
can be seen in Fig. 9b that the axial component is less than
5% of the radial component. The maximum and minimum
axial components in the coil region are 0.03 T and 0.018 T.
Both of them are almost the same as those of 0.036 T and
0.024 T in [15].

The radial magnetic flux density distributed in the circum-
ferential direction is further analyzed in Fig. 10. As shown in
Fig. 10a, the nine circles with axial even distributions in the
upper coil region are used. The corresponding nine magnetic
flux density curves are plotted in Fig. 10b. The maximum
and minimum magnetic flux densities are in the 5th line and
the 9th line, respectively. When compared with the scheme
in [15], the maximum and minimum magnetic flux densi-
ties are increased from 0.564 T and 0.544 T to 0.611 T and
0.585 T. The magnetic flux density is smoothed by the aux-
iliary magnetic rings in the two LFMBs. For the LFMB with
the IDMC, the radial magnetic flux density fluctuation in the
circumferential direction is about 0.9% in the coil region,
which is about equivalent to that of 0.79% in [15].

For the two LEMB schemes, both the axial magnetic flux
density and radial magnetic flux density fluctuations in the
circumferential direction are similar. The radial magnetic
flux density of the LFMB with the IDMC is larger than that
of the LFMB with the conventional double magnetic cir-
cuit. Thus, the deflection torque stiffness is improved by the
LFMB with the IDMC presented in this paper. The demand
of a large deflection torque with high precision for MSGFWs
can be fulfilled very well.

5.2 Experiment

A magnetic flux density experimental system of an LFMB
is shown in Fig. 11. The PM rings in the LFMB are spliced
with 12 arc PM blocks. The LFMB rotor is fixed in the
sphere rotor edge groove. The sphere rotor is placed on the
rotary table driven by the step motor with 15 s pauses dur-
ing every 2° interval. The Hall sensor is used to detect the
magnetic flux density in the coil region when the step motor
is stopped. Radial magnetic flux density experiment results
are shown in Fig. 12.

The radial magnetic flux density in the radial section,
measured by the Hall senor, is shown in Fig. 12a. The
maximum and minimum radial magnetic flux densities are
0.608 T and 0.575 T. When compared with the simulation
values in Fig. 9a, the maximum and minimum values are
decreased by 1% and 1.2% due to the demagnetization of
the PMs. Curves of the radial magnetic flux density distrib-
uted in the circumferential direction are plotted in Fig. 12b.
Despite the good smoothing function of the magnetic rings
for the magnetic flux, there are still 12 fluctuations induced
by the splicing PM rings. The maximum and minimum mag-
netic flux densities of 0.603 T and 0.576 T are decreased by
1.3% and 1.5% when compared with those of the simulation
in Fig. 10a. Both the radial magnetic flux density fluctua-
tions in the radial section and in the circumferential direc-
tion are about 1.02%, which are approximately equal to the
simulation results. The error between the experiment and
the simulation is less than 5%. When compared with the
maximum magnetic flux density of 0.6466 T in the analytical
results, the error between the experimental and the analyti-
cal results is within 6%. Based on the above analysis, the
reasonability and feasibility of the LFMB with the improved
double magnetic circuits are verified, and the demand for a
large deflection torque with a high precision of the MSGFW
can be satisfied.

6 Conclusion

In this paper, an LFMB with improved double magnetic
circuits applied to a MSGFW is proposed. When com-
pared with a LFMB with the conventional double magnetic
circuits, inclined magnetization Halbach array PMs gen-
erating the main magnetic flux are adopted to effectively
increase the PMs magnetomotive force. In addition, trap-
ezoidal PMs producing auxiliary magnetic flux are utilized
to further improve the magnetic flux density. The magnetic
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flux density is calculated by the equivalent surface current
method, which is verified by the finite element method. An
optimal magnetization angle of 20° and optimal dimen-
sions are obtained. A magnetic flux density experiment of
the LFMB prototype is carried out. Experiment results show
that the radial maximum and minimum magnetic flux den-
sities of 0.608 T and 0.585 T are increased by 6.7% and
6.7% when compared with an LFMB with the conventional
double magnetic circuits. Both the fluctuation in the radial
section and the circumferential direction are about 1.02%,
which are approximately equal to those of the LFMB with
the conventional double magnetic circuits. This indicates
that the demand for high-precision agile maneuvers for the
MSGFW can be effectively fulfilled by a LFMB with the
improved double magnetic circuits.
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