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Abstract: Conventional ball bearing reaction wheel used to control the attitude of spacecraft can’t absorb the centrifugal force caused
by imbalance of the wheel rotor, and there will be a torque spike at zero speed, which seriously influences the accuracy and stability of
spacecraft attitude control. Compared with traditional ball-bearing wheel, noncontact and lubrication are the remarkable features of the
magnetic bearing reaction wheel, and which can solve the high precision problems of wheel. In general, two radial magnetic bearings
are needed in magnetic bearing wheel, and the design results in a relatively large axial dimension and higher momentum-to-mass ratios.
In this paper, a new type of magnetic bearing reaction wheel(MBRW) is introduced for satellite attitude control, and a novel integrated
radial hybrid magnetic bearing(RHMB) with permanent magnet bias is designed to reduce the mass and minimize the size of the MBRW,
etc. The equivalent magnetic circuit model for the RHMB is presented and a solution is found. The stiffness model is also presented,
including current stiffness, position negative stiffness, as well as tilting current stiffness, tilting angular position negative stiffness, force
and moment equilibrium equations. The design parameters of the RHMB are given according to the requirement of the MBRW with
angular momentum of 30 N « m * s when the rotation speed of rotor reaches to 5 kr/min. The nonlinearity of the RHMB is shown by
using the characteristic curves of force—control current—position, current stiffness, position stiffness, moment—control current—angular
displacement, tilting current stiffness and tilting angular position stiffness considering all the rotor position within the clearance space
and the control current. The proposed research ensures the performance of the radial magnetic bearing with permanent magnet bias, and
provides theory basis for design of the magnetic bearing wheel.

Key words: magnetic bearing reaction wheel, radial hybrid magnetic bearing, equivalent magnetic circuit, current stiffness,
position negative stiffness, tilting current stiffness, tilting angular position stiffness

microprocessors and feedback to control or restrain

1 Introduction

The current spacecraft attitude control systems or
spacecraft pointing systems rely almost exclusively upon
some type of mechanical rolling element bearings. Inherent
in these systems is the need for reliable and long-life
bearing and lubrication systems, and there will be a torque
spike at zero speed for ball-bearing wheel!' .
Requirements are calling for increasingly higher reliability
and longer lifetime while imposing higher performance
requirements. Compared with traditional ball-bearing wheel,
to support a wheel magnetically in five degrees of
freedom(DOF), no contact and lubrication are the
remarkable features of the magnetic bearings, which solve
the long-life and high precision problems of wheel” *.
Magnetic bearings have very low levels of parasitic drag
torque and force, especially at lower speeds, and can utilize
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vibration in a manner that is unique from all other types of
bearings. The advanced magnetic bearing wheel has been
flight-proven on the SPOT (Satellite Pour I'Observation de
la Terre) satellite™. The first to fly in Europe was a French
1-DOF wheel in SPOT 1, SPOT 2 and SPOT 3 and in ERS
1 and ERS 2. And then, the 2-DOF wheels were developed
for to suppress the axial dimension of the wheel'®..
Magnetic bearing wheel is supported by radial magnetic
bearing and axial magnetic bearing in five DOFs. The
radial magnetic bearing will affect the stability, control
precision and nonlinearity etc. of the MBRW. The radial
translation and tilt about two axes orthogonal to the spin
axis are controlled by radial magnetic bearing for lots of
magnetic bearing wheels'”. Two radial magnetic bearings
are needed in this type of magnetic bearing wheel® ¢,
The design results in a relatively large axial dimension and
higher momentum-to-mass ratios. The tilt about two axes
orthogonal to the spin axis is controlled by passive
means''* . Also, this configuration makes the passive
control of oscillations difficult and low control precision
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comparing to the active means. And most literatures
described the control method and the magnetic bearing
wheel system. But few literatures on the model and analysis
of the radial magnetic bearing with permanent magnetic
bias are published, especially on the analysis of the tilting
stiffness.

To avoid these problems, a compact magnetic bearing
reaction wheel(MBRW) (rating angular momentum is 30
N * m ¢ s when the rotation speed of rotor reaches to
5 kr/min) is described based on a novel integrated radial
hybrid magnetic bearing with permanent magnets providing
a steady-state bias flux for suspension and the
electromagnets providing the necessary stability and
control. This combination resulted in not only a lower
power consumption bearing, but also a lighter bearing
because less iron is needed in the magnetic circuit. The
structure of the radial hybrid magnetic bearing(RHMB) is
introduced, and its equivalent magnetic circuit model is
presented. And the stiffness model is also given through the
current stiffness, position negative stiffness, as well as
tilting current stiffness, tilting angular position negative
stiffness, and the force and moment equilibrium equation.
The design parameters of the RHMB are given according to
the requirement of a type of MBRW. The nonlinearity of
the RHMB is shown by using the characteristic curves of
force—current—position, current stiffness, position stiffness,
moment—current—angular  displacement, tilting current
stiffness and tilting angular position stiffness considering
all the rotor position within the clearance space and the
control current.

This paper includes the following three main levels: (1)
Physical descriptions of the MBRW and the RHMB; (2)
The magnetic circuit model of the RHMB; (3) The

parameters design and performance analysis for the RHMB.

In section 2, a novel MBRW with RHMB is described.
Consequently, the magnetic circuit model of the RHMB is
presented in section 3. The parameters design and
performance analysis for the RHMB are presented in
section 4, followed by discussions and conclusions.

2 Physical Descriptions of the MBRW
and the RHMB

Fig. 1 illustrates the configuration of the magnetically
suspended flywheel. The rotational speed of magnetically
suspended rotor is from —5 kr/min to 5 kr/min (rating
angular momentum is 30 N ¢ me s), the maximum rotational
speed can reach to 10 kr/min, and is supported by radial
hybrid magnetic bearing and thrust hybrid magnetic
bearing. The 2-DOF, radial translation along the two axes
orthogonal to the spin axis, and the 2-DOF, tilt about two
axes orthogonal, are controlled by the RHMB. The axial
translation is controlled by thrust hybrid magnetic bearing
with permanent magnet bias. The 5-DOF wheel can
embody all the capabilities of magnetic suspension. The
sixth DOF (i.e., spin) is controlled by active means, using a

brushless ironless DC motor.

Auxiliary bearing

Axial hybrid Radial hybrid ~ Radial/axial
. . . .. Rotor
bearing magnetic bearing position sensor
Fig. 1. Configuration of the magnetically

suspended flywheel

At wheel level, subassemblies of the MSRW are the
following.

(1) The RHMB stabilizes the rotor on the two axes
orthogonal to the spin axis and creates a tilting stiffness to
restrain the rotor when subjected to gyroscopic torque, with
permanent magnets providing a steady-state bias flux for
suspension and the electromagnets providing the necessary
stability and control, which resulted in not only a lower
power consumption bearing, but also a lighter bearing
because less iron is needed in the magnetic circuit. The
radial hybrid magnetic bearing is also developed to
suppress the axial dimension of the wheel.

(2) The thrust hybrid magnetic bearing exerts restoring
forces on the rotor at axial translation with permanent
magnets providing a steady-state bias flux for suspension
and the electromagnets providing the necessary stability
and control.

(3) The radial/axial position sensor, using eddy current
type position sensor, detects the radial position and axial
position of the suspended rotor and provides the necessary
error correction signals which are used for the stabilization
of the rotor.

(4) The drive motor, for maintenance of the wheel’s
rotor’s angular rate, is a brushless ironless DC multiple
type in which phase commutation relies on digital
Hall-effect sensors, integrated into the rotor rim. The
permanent magnets of the motor are attached to the rotor
rim and thus make a useful contribution to the rotating
mass.

(5) Auxiliary bearings, using ball bearing, provide a safe
landing of the rotor in the event of a failure occurring in the
suspension electronic, or loss of power supply while
rotating. They provide for radial support and axial support.

The construct of the RHMB, which consists of rotor and
stator, is shown in Fig. 2 and Fig. 3. The rotor consists of
three soft magnetic axisymmetric pieces and an
axisymmetric return ring (made of soft magnetic material).
The stator consists of three soft magnetic pieces (they each
have four equally spaced electromagnet poles and four coils
on upper and lower pieces, which are distributed at
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intervals of 90° around the stator iron), two axially
polarized permanent-magnet rings, and three axisymmetric
return rings (also made of soft magnetic material). The
feature leads to a very compact design to suppress the axial
dimension of the MBRW. The two opposing magnetic poles
allow control forces on the axes perpendicular to the spin
axis respectively taking accounting of linearization effect.
This is beneficial for the position control. The permanent
magnet(PM) sends radial directed “bias” flux across the

angular air gaps in opposite directions toward the rotor iron.

The control flux originates from the control coils. It allows
adding or subtracting flux into the air gaps according to the
sign of the current, and then the restoring force and/or
moment will be produced to stabilize the rotor on the two
axes orthogonal to the spin axis and/or creates a tilting
stiffness to restrain the rotor when it is subjected to
gyroscopic torque according to the rotor position. The
control flux and the bias flux pass through the different
magnetic circuit, which resulted in lower power
consumption and higher performance.

Rotor iron  Stator iron Return ring

Fig. 2. Configuration of the RHMB
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Fig. 3. Structure and magnetic circuit

of RHMB

3 Magnetic Circuit Model of the RHMB

3.1 Magnetic circuit model of the RHMB

According to the structure of the RHMB and its
magnetic circuit (Fig. 3), the magnetic resistance of the iron
path and flux leakage is neglected (the permeability of the
iron is assumed to be infinite), and the equivalent magnetic
circuit of the RHMB can be gained and is shown in Fig. 4.
The control flux and the bias flux pass through the different
magnetic circuit. Fig. 5 shows the equivalent permanent
bias circuit for two permanent-magnet rings. Fig. 6 shows
the equivalent control circuit for upper soft magnetic piece
and lower soft magnetic piece.

(b) For lower permanent-magnet ring
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Fig. 5. Equivalent permanent bias circuits
for upper and lower permanent-magnet rings

(b) For lower soft magnetic pieces

Fig. 6. Equivalent control circuits for upper
and lower soft magnetic pieces

3.2 Model of the RHMB for radial translation

The RHMB control the movement of the rotor along x
and y axes orthogonal to the spin axis. When the rotor
deviates radially from its “suspended” position at x axis
direction (the magnetomotive force at y-axis, Ni,=0), the
net force at the x-axis, F,, can be written as Eq. (1)
according to the structure of RHMB (Fig. 3) and its
equivalent magnetic circuits (Fig. 4-Fig. 6):

¢311 _ ¢312 + ¢321 _ ¢322 + ¢331 _ ¢332 (1)

A mA A A A g A

x

where the constant y, is the permeability of free space and
is equal to 0.4n uH/m; A4 is the area of the magnetic pole

face; i1, Bz, a1, Paa, a1 and @, are the flux passing
radial through the air gaps on x-axis, and they can be
written as follows:

bt = Pt + b
P> = Doz = Pucras
Py = ¢px21 +¢px23’
Py = ¢px22 + ¢px24’
Py = ¢px31 + @01
¢x32 = ¢px32 - ¢cx22 5

)

where ¢px11: ¢px12: ¢px21: ¢px22: ¢px23: ¢px24: ¢px31 and ¢px32 arc
the bias flux passing radially through the air gaps on x-axis,

which produced by two permanent-magnet rings. @1, @,

@21 and ¢p, are the control flux of magnetic circuits
passing radial through the air gaps on x-axis. The relation
of the bias flux is @ii=dws1, Griz=F32, Goi=dn03,
@oo=do4 When the rotor translates at x-axis. The
relationship of the control flux is @..;1=@.o1 and @.1=.20
when the rotor translates at x-axis. So Eq. (1) can be
simplified by

2 2
F =2 ﬁ_&+¢ple _¢px22 . 3)

’ A A A A

The bias flux in Fig. 5 can be calculated respectively by
Eq. (4):

b= (NI),, R
" R, +R+R R,
b= (NI),, R,
2 Rm +R1 +R2 Rle ' (4)
(ND),, R,
¢px21 = ’
R,+R +R, R,
(NI),, R,
¢px22 =2 4 5 5
Rm + Rl +R2 RxZZ
where permanent magnet is simply described as

magnetomotive force (NI),,, which depends on its thickness
and material properties as in Eq. (5):

(ND),, = F.h,,, ©)

where F is the coercive force of the permanent magnet; 4.,
is magnet thickness; R, in Eq. (4) is the magnetic resistance
of permanent-magnet ring, and it can be written as

h
R, =—"—, (6)
IuOIurAm

where the constant g is the relative permeability of
permanent magnet, 4., is the cross-section area of the ring
permanent magnet.

The R, and R, in Eq. (4) are given as follows:

1
R —
! 1 1 1 I
B e
Rxll Rx12 Ryll RylZ (7)
R — 1
z 1 1 1 1’
e
Rx21 Rx22 RyZl RyZZ

where Ryi1, Rz, Rty R, Ryll: RylZ: Ry21 and Ry22 are the
air gap resistance, and they can be written as follows:
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where the air gap sy is the length between the pole surface T Ox =0 s h, 4 S0 ’
of rotor and the pole surface of the stator when the rotor is “lua, 24

in the centre position; the displacement x is the distance of
rotor depart from its centre position on x-axis direction; and
the displacement y is the distance of rotor depart from its
centre position on y-axis direction.

The control flux of magnetic circuits, @..;, @2, @01 and
@ex22, can be written as follows:

Ni
¢(\’ll = ¢(\’21 = . 1 +
R+
x11 1 1 1
R\ll R\l?. R\’l"
Ni
111 ' ©)
RYHRYI" 7+7+7 +R\’ll
) R\ll R\l?. R\’ll
Ni
¢¢¥12 = ¢¢¥22 = . 1 +
R 4+—
L R T |
R\ll R\l?. R\’ll
Ni
111 '
RYH x12 7+7+7 +R\’l7
R\ll R\l?. R\’l"

where N is the number of winding turns, i, is the control
current of poles on x-axis.

Using the Taylor series expansion for small values of x
and i,, we can get the following attractive force with linear
terms on x-axis direction:

F(xi)2F,

+ ki, +k x. (10)

(Xg5 i)

Since the net force is zero at the centre, so Eq. (10) can
be rewritten as
F.‘r(‘x’ i,r):k[i.r+k.rx’ (11)
where k; is the current stiffness and k. is the negative
position stiffness caused by the increasing attractive force
as the air gap is reduced. This must be overcome for stable
suspension since the homogeneous solution to magnetic
bearing force is in the form of hyperbolic functions

indicating that x grows with time. k; and k., can be
calculated as follows:

3.3 Model of the RHMB for tilting

The RHMB also controls two DOFs, viz., tilt about two
axes orthogonal to the spin axis when the rotor tilts (besides
two DOFs, radial translation along the x and y axes
orthogonal to the spin axis). The RHMB creates a tilting
stiffness to restrain the rotor when subjected to gyroscopic
torque.

When the rotor tilts about an axis orthogonal to the spin
axis as shown in Fig. 7, the RHMB will generate required
moment to restore its original position. According to the
structure of the RHMB and its magnetic circuit (Fig. 4-Fig.
7), the moment produced by middle soft magnetic piece is
very small and can be neglected. The moment M acts on the
rotor and can be given by Eq. (13).

MZ%%_%@%LV;_@WZLVQ_%ﬂ
A A A A A 1A
(13)

where L is the distance from center of the upper or lower
magnetic pole to the center of rotor as shown in Fig. 7. The
change in air gap is Ltana =~ Lo for small value of the
tilting angle . The air gap resistance can be written as

s, +La s, —La S, S,
x11 — X2 21 s RxZZ = s
M4 My A M4 M4
s S s s
R, =—" R © R, =" R, ="
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Fig. 7. Tilting movement of the rotor

Using the Taylor series expansion for small values of
and i,, we can get the following attractive moment with
linear terms:

MG ,a)=k,i +k, a,

ai’x

(15)
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where k, is the tilting current stiffness and £, is the
negative tilting position stiffness. They can be calculated as

follows:
oM 4 Fh,N

‘0N, 125 sk, 1 s

A 2 u A

HoH Ay, Hy 2 (16)

L o_oM 2 (Fh,)
T da 15625 A o )

HSoAd| ———+

/uolurAm 2luOAm

4 Parameters Design and Performance

Analysis for the RHMB

4.1 Parameters design for the RHMB

The main parameters of the RHMB are the maximum
magnetic force, the current stiffness, and the position
stiffness, etc. The performance and application area are

decided by these parameters. The RHMB is designed
according to the assumed conditions and a 30 N e m * s
magnetic bearing wheel (the rotor mass is 6.2 kg) to control
the attitude of spacecraft. The main design parameters are

shown in Table 1.

Table 1. Design parameters of the RHMB

Parameter Value
Rotor mass m/kg 6.2
Speed range of wheel rotor 7/(r » min~") +5000
Angular momentum L/(N *m =« s) 30 (at 5 kr/min)
Air gap so/mm 0.4
Bias flux density in air gap  Bpias/ T 0.445
Number of winding N 200
Area of the magnetic pole face A4/mm’ 336
Magnet cross section area A/ mm? 424
Magnet thickness  An,/mm 4
Distance from center of the upper/lower magnetic 16

pole to the rotor center S/mm

The performance of the RHMB can be calculated

according to design parameters (Table 1) and its equivalent
magnetic circuits (Fig. 4-Fig. 6). The main performance is
shown in Table 2. The current stiffness &; and the position
stiffness k, are calculated by Eq. (12). The tilting current
stiffness k,; and the tilting position stiffness £k, are
calculated by Eq. (16).

4.2 Performance analysis for radial translation
of the RHMB

The performance shown in Table 2 is calculated for the
rotor center position. The real position of rotor will be
controlled within 10 um. The results are given when the
rotor departs —0.02 mm, 0 mm, and 0.02 mm from its
centre position, respectively. The relationship between
magnetic force and the control current is calculated
respectively and is shown in Fig. 8 according to Eq. (3).
The magnetic force is nonlinear in proportion to the control
current when the rotor departs from its centre position. The
magnitude and direction of the rotor departing from its
centre position both affect the magnetic force, and the
effect is different from the situation when the rotor is in the
centre position.

800

600
—&— x=-0.02mm) éfﬁ

400

200

0

Force F,/N

200

1.5 -1 -0.5 0 05 1 15
Control current i,/A

Fig. 8. Bearing force versus control current
when the rotor is in different position

The control current will not be 0 A for the real magnetic
bearing with disturbing force, and will change according to
the movement of the rotor. The results are given when the
control current is —0.3 A, 0 A, and 0.3 A, respectively for
the RHMB. The relationship between magnetic force and
the rotor position is shown in Fig. 9. It is obvious that the
magnetic force is nonlinear. The magnitude and direction of
the control current both affect its magnetic force. This is a
major drawback because much effort of the position
controller is necessary to overcome the negative stiffness,

limiting the achievable

control quality. The position

Table 2. Performance of RHMB

Performance Value
Current stiffness  &/(N » A™") 418
Position stiffness  k,/(N » um™") —1.032
The maximum force Fiax/N 206
Tilting current stiffness k,/(N*m<*A l) 6.682 7
Tilting position stiffness k,/(N * m »rad™") —132
The maximum moment M/(N ¢ m) 3.302

stiffness is —1.032 N/um.
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Fig. 9. Bearing force versus displacement
with and without control current

In the previous section, the calculated results are given
by some given values of control current and the position of
rotor. The results shown in Fig. 8 only considered the
position of rotor departed —0.02 mm, 0 mm, and 0.02 mm
from its centre position. And the results showed in Fig. 9
only considered the control current with —0.3 A, 0 A, and
0.3 A. But the force is affected by the control current and
the position of rotor simultaneously.

The following analysis considers all the position of rotor
within the clearance space and the control current. The air
gap will change from —0.4 mm to 0.4 mm, and the control
current will change from —1.5 A to 1.5 A. The curves of the
force—current—position characteristic are shown in Fig. 10.
It is obvious that the curves of force—current—position
characteristic are nonlinear, and the control current and
rotor position will affect the magnetic force, current
stiffness and position stiffness. But the curve is almost
linear for small displacement and control current.
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Fig. 10. Characteristic curves of force—current—position
for the RHMB

4.3 Performance analysis for tilting of the RHMB

The performance shown in Table 2 is calculated for the
rotor center position. The real angular position of rotor will
be controlled within 0.02 rad. The results are given when
the rotor tilts within —0.02-0.02 rad and —1.5-1.5A,
respectively. The relationship among moment, control

current, and angular position is calculated by Eq. (13) and
Eq. (16). The curves of the moment—current—angular
position characteristic are shown in Fig. 11. It is obvious
that the curves of moment—current—angular position
characteristic are nonlinear, and the control current and
rotor angular position will affect the magnetic moment. But
the curve is almost linear for small angle and control
current.

Torque M/Nem

Fig. 11.  Characteristic curves of moment—current-angular

position for the RHMB

5 Conclusions

(1) A new type of MSRW for high-precise stabilization
of spacecraft attitude is introduced and a novel integrated
RHMB is designed to reduce the power and minimize the
size etc.

(2) The equivalent magnetic circuit model for the RHMB
is presented and a solution is found. The stiffness model is
also presented, including current stiffness, position negative
stiffness, tilting current stiffness, tilting angular position
negative stiffness, and force and moment equilibrium
equations.

(3) The design parameters of the RHMB are given
according to the requirement of the MBRW with angular
momentum of 30 N »m « s at 5 kr/min. The nonlinearity of
the RHMB is shown by using the characteristic curves of
force-current-position, as well as moment-current-angular
displacement considering all the rotor position within the
clearance space and the control current.

The analysis and design method in this paper can predict
all the performance of the radial magnetic bearing with
permanent magnet bias, thus can be supplied for design and
analysis of magnetic bearings and magnetic bearing wheel
system.
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