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ABSTRACT Due to the capacity of outputting both the high precision torque and the instantaneous large
torque, the vernier-gimballing magnetically suspended flywheel (VGMSFW) is regarded as the key actuator
for spacecraft. In this paper, a 5-DOF active VGMSFW is presented. The 3-DOF translation and 2-DOF
deflection motions of the rotor are respectively realized by the spherical magnetic resistance magnetic
bearings and the Lorentz magnetic bearing. The mathematical model of the deflection torque is established,
and the decoupling between the 2-DOF deflections is demonstrated by the numerical analysis method.
Compared with the conventional cylindrical magnetic bearings-rotor system, the spherical system is proven
to eliminate the coupling between the rotor translation and deflection. In addition, a set of spherical magnetic
resistance magnetic bearings with six-channel decoupling magnetic circuit are adopted to achieve the 3-DOF
translation decoupling. The rotor dynamic model is derived, and the control system is established. The
decoupling experiments and the torque experiments of the prototype are carried out. The results show that
the decoupling among 5-DOF motions is realized and the instantaneous large torque can be obtained, which
indicates that the requirements of the spacecraft can be highly satisfied by the spherical VGMSFW.

INDEX TERMS VGMSFW, spherical magnetic resistance magnetic bearing, Lorentz magnetic bearing,
5-DOF decoupled.

I. INTRODUCTION

The ball bearing flywheels and the control moment gyro-
scopes are usually used for three-axis attitude stability
control of spacecraft [1]-[3]. Flywheels are suitable for
high-precision attitude pointing and high-stability attitude
control because of the high precision output torque [4], [5].
However, the rapid maneuvering requirement for the space-
craft is hard to meet. By means of control moment gyro-
scopes with the advantage of large output torque, it is easy
to achieve the fast attitude maneuver for the large-scale
spacecraft [6]-[8], but difficult to guarantee the control pre-
cision [9], [10]. The limitations above can be remedied when
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the gimballing flywheels integrating advantages of the fly-
wheels with high precision torque and the control moment
gyroscopes with large torque is used [11], [12]. The attitude
control precision of spacecraft with gimballing flywheel is
insufficient on account of the mechanical friction and vibra-
tion of the ball bearing [13], [14]. Owing to the advan-
tages of no stiction-friction effect, virtually zero wear, long
service life, high control precision, micro vibration and so
on [15], [16], the VGMSFWs [17]-[30] are the attractive
inertial actuator for the remote sensing satellites and the space
telescopes. Two working modes including high precision
and agile maneuver can be used for the VGMSFWs. In the
former mode, the high precision attitude control is realized
by controlling the rotor rotating speed. In the latter mode,
the instantaneous large control torque is generated by tilting
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the high-speed rotor. Simultaneously, the rapid stability of the
spacecraft attitude is realized when the rotor vibration is sup-
pressed with the help of the magnetic suspension technique.

The magnetic bearing (MB) can be categorized as the
magnetic resistance MB and the Lorentz MB. The for-
mer with the advantages of high rigidity and low power
consumption are widely adopted in the early VGMSFWs.
C. Murakami et al. [17] presented a 3-DOF VGMSFW
with an axial magnetic resistance MB for three-axis con-
trol. The axial translation and radial deflections of the rotor
are controlled by two pairs of independent coils, and the
radial translation stability are passively realized by permanent
magnets. Seddon and Pechev [18] proposed another axial
passive suspension scheme of VGMSFW for 4-DOF attitude
control. Its radial translations and deflections are realized
by a radial magnetic resistance MB. In order to remedy the
limitations of passive suspension schemes in [17], [18] with
the low precision torque, Horiuchi et al. [19] adopted the
electromagnetic magnetic resistance MBs to achieve 5-DOF
active suspension of the flywheel rotor. The suspension con-
sumption is high as the bias magnetic flux and the con-
trol magnetic flux are both generated by the coil currents.
Wen and Fang [20] and J. Tang et al. [21] respectively pro-
posed another VGMSFW with the permanent magnet biased
magnetic resistance MBs. The bias magnetic flux of the
electromagnetic magnetic resistance MBs in [19] is replaced
by that of the permanent magnet. Based on it, Peng et al. [22]
introduced a synchronous vibration control method with a
two-stage notch filter to suppress the vibration of the rotor.
To improve the inertia-mass ratio of the flywheel rotor,
Xie et al. [23] proposed an outer rotor VGMSFW with conical
configuration. The load-bearing MBs were used for simulat-
ing the space weightless environment during ground testing.
Saito et al. [24] developed another similar VGMSFW, which
was carried on the “SERVIS-2" satellite launched in 2010.
The control precision in [17]-[24] are relatively low due to
the poor linearity of the magnetic resistance MB, and the
complexity of the control systems is increased.

The Lorentz MBs with good linearity and no displace-
ment stiffness, are more suitable for the high-precision and
stable suspension of the flywheel rotor. Gerlach et al. [25]
introduced the scheme of the VGMSFW manufactured by
the Rockwell Collins Deutschland GmbH (formerly Teldix).
The radial/axial translations and deflections are all controlled
by Lorentz MBs. Liu et al. [26] put forward another similar
scheme, and the attitude control and the attitude sensitivity
of VGMSFW were analyzed systematically. When the coil
current is constant, the electromagnetic force generated by
the Lorentz MB is less than that produced by the magnetic
resistance MB.

Combining the magnetic resistance MBs with large bearing
capacity and the Lorentz MBs with high control precision,
Li et al. [27] presented a hybrid VGMSFW. Similar to the
schemes in [17], [18], the control precision is limited on
account of the passive axial suspension force. Xiang and
Tang et al. [28], Tang et al. [29] proposed a conical hybrid
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FIGURE 1. Schematic illustration of the spherical VGMSFW.

VGMSFW to achieve 5-DOF active control. The decoupling
between the deflection force and the translation force is real-
ized when the forces passes through the rotor centroid. Based
on it, Liu et al. [30] introduced another hybrid VGMSFW
with conical spherical hybrid magnetic resistance MBs.

In the schemes above, when the rotor is tilted, the inter-
ference torque is induced due to the change of the magnetic
air gap with cylindrical shell, thin-wall and conical shell.
To eliminate the coupling among 5-DOF motions, a novel
spherical VGMSFW developed to meet the ever-increasing
precision and maneuverability requirements of the space-
crafts is presented in this paper. The spherical magnetic resis-
tance MBs-rotor system is adopted for decoupling between
the rotor translation and deflection. The mathematical models
of the rotor deflection and translation are established. The
electromagnetic forces and the electromagnetic torques are
analyzed. The decoupling experiment and torque experiment
of the prototype are carried out.

Il. STRUCTURE AND PRINCIPLE OF THE SPHERICAL
VGMSFW

As shown in Figure 1, the VGMSFW is mainly composed
of a sphere rotor, three spherical magnetic resistance MBs,
a Lorentz MB, a motor and twelve eddy current displacement
sensors. The sphere rotor driven by the brushless DC motor
is utilized to output the gyroscopic moment by changing
the rotor speed and the rotating shaft of the rotor at high
speed. The stable suspension and the translational control
in radial and axial directions are respectively realized by a
radial spherical magnetic resistance MB and a pair of axial
spherical magnetic resistance MBs. The 2-DOF deflections
of the rotor are achieved by the Lorentz MB. To sense the
real-time position of the rotor, the four radial eddy current
displacement sensors are adopted for measuring the radial
displacements, and the eight axial eddy current displacement
sensors are used for detecting the axial displacements and the
deflection angles. The displacement signals measured by
the sensors are transported to the control system for adjusting
the rotor attitude. In addition, the vacuum environment is kept
by the three gyro houses. A pair of touchdown bearings is
utilized to protect the rotor when the MBs are off or invalid.
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FIGURE 2. Lorentz MB: (a) Schematic diagram of Lorentz MB. (b) Change
of ampere force direction when the rotor is tilted.

Ill. THEORETICAL ANALYSIS OF 5-DOF DECOUPLING

A. DECOUPLING BETWEEN 2-DOF DEFLECTIONS

In this VGMSFW, the structure of the Lorentz MB is shown
in Figure 2a. The permanent magnet rings and the magnetic
flux rings are fixed in the rotor edge slot. Four sets of
the coils wound around the stator frame are placed in the
air gap between the permanent magnet rings. The magnetic
flux flowing across the four evenly distributed coils through
two magnetic flux rings is produced by the four permanent
magnet rings. The closed magnetic circuits plotted in the
blue solid lines are got as the adjacent permanent magnet
rings with opposite magnetization directions. The ampere
forces for 2-DOF rotor deflection are generated by loading
the control currents in coils.

There are two working modes of Lorentz MBs including
the active vibration suppression and the torque output. In for-
mer mode, the high-frequency and small-amplitude torques
are got to compensate the interference torque acting on the
suspension rotor. In latter mode, the instantaneous large
torque can be generated by actively tilting the high-speed
rotor.

In Figure 2b, the ampere force generated by the coil current
will be changed with the angle 8’ when the rotor is tilted
around X axis with deflection angle 8. The angle 8’ can be
expressed as,

B’ = arcsin (sin A sin B) (1)

where X is the longitude angle of coils. The ampere force
microelements dfy, and dfgown respectively produced by the
upper and lower coils can be analytically got based on the
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Ampere’s rule, which can be written as,

—cos Asin B’

—sinAsin 8’ | dx 2)
cos B’

dfup = df gown = nBiir

where n is the number of the coil turns, B is the air gap mag-
netic flux density, i; is the control current in the Lorentz MB
coils, and r is the radius of the coils. Therefore, the deflection
torque microelement d 7Ty, and dTgepn can be obtained as,

dTyp = rup x dfup

[ rsinAcos B’ + asinAsin B’

—acos Asin B’ — rcosAcos B’
0

= nBijr dr (3)
dT gown = Tdown X df gown
[ rsinicos B/d) — asinAsin B'dA
acosisinB'dr —rcosicos Bdr | (4)
0

= nBijr

where, ryp and r 4oy, are the force arms of the upper and lower
coils, which can be given by,

{rup =rcosAXg+ rsinAY g+ aZy )

Tdown = 1 COsAXo + rsinAY o — aZ

where X, Yo and Zg are the unit vectors in the X, Y, Z direc-
tions, and a is half the axial height of the coils. According
to (3) and (4), the torque microelement d7 generated by a set
of coils can be integrated as,

sin A cos 8/
dT = dTyp + dT gown = 2nBi;r* | —cosicos B’ | dr (6)
0

When the two control currents with the same value i;, and the
opposite directions are loaded in the two sets of coils in the
Y direction, a pair of ampere forces with the same value and
opposite directions are generated to drive the rotor deflection
around X axis. The deflection torque T, around X axis is
written as,

% sin” B sin’ A9 + cos? Bsin Ag
T, = 811Bi1yr2 0 @)
0

where Ag is the half of the center angle of single coil. Sim-
ilarly, when the two control currents with the same value iy,
and opposite directions are applied to the two sets of coils
in the X direction, the deflection torque Ty around Y axis is
presented as,

0
% sin? B sin’ Ao + sin Ag 8)
0

Ty = 8nBijr?

According to (7) and (8), the control currents in £X direction
are only utilized for generating the deflection torques around
Y axis, and the control currents in £Y direction are only
used for producing the deflection torques around X axis.
It indicates that the 2-DOF deflections of the Lorentz
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TABLE 1. Design parameters of the LORENTZ MB.

Symbol Quantity Value
n Number of the coil turns 200
B Air gap magnetic flux density 04T
r Coils radius 58.85 mm
Ao Half of the center angle of single coil 42 degree
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FIGURE 3. Deflection torque versus deflection angle and control current:
(a) Deflection torque Ty versus deflection angle 8 and control current iy
(b) Deflection torque Ty versus deflection angle g and control current if,.

MB are decoupled whether the rotor is tilted. Based on the
design parameters listed in Table 1, the relationship of the
deflection torques versus the rotor deflection angle and
the control current is shown in Figure 3.

As shown in Figure 3a and 3b, when the rotor is tilted
around the X axis within £2°, the change of the deflec-
tion torque Ty is obviously less than that of the deflection
torque T under the same excitation current. Similarly, when
the rotor is tilted around the Y axis within +2°, the deflec-
tion torque T, will be obviously changed compared with
the deflection torque Ty with constant value. In Figure 3a,
the variation range of the deflection torque T, is less
than 2 mNm, which is far less than itself about 1.47 Nm. Thus,
the deflection torque is approximately linear with the control
current, and the current stiffness is about 1.5 Nm/A. Based on
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FIGURE 4. Air gap mathematical model of the cylinder magnetic
resistance MBs-rotor system.

the analysis above, the high-precision deflections of the rotor
are realized by precisely controlling the currents in the coils.

B. DECOUPLING BETWEEN TRANSLATION AND
DEFLECTION

According to the Maxwell electromagnetic suction equa-
tion [21], the electromagnetic force f generated by the mag-
netic resistance MB stator is given by,

_ 97 _ AN ©
C 2pmeA  2g2

where @ is the total magnetic flux generated by the magnetic
resistance MB, pois the vacuum permeability, A is the area
of magnetic pole, N is the number of the coil turns, i is the
control current in coils, and g is the air gap between the
magnetic pole and the rotor.

The mathematical models of air gap are established for
analyzing the effect of the rotor motions on electromagnetic
forces. The air gap model of the conventional cylindrical
magnetic resistance MBs-rotor system is shown in Figure 4.
O is the stator center of the magnetic resistance MBs and P is
the arbitrary point on the rotor rim. When the rotor is offset
from point O to point o, and tilted around the X axis with
deflection angle 8, OP can be expressed as,

f

1 0 0 ex + recos@
OP = | 0 cosfp —sinB ey + resinf
| 0 sinB cosB e, +z
B ey + recos@
= | (ey+rcsin®)cos B — (e;+2)sinf | (10)
L (ey + rc sin9) sin 8 + (e; +z)cos B

where ey, e, and e, are respectively the rotor offset compo-
nents along the X, Y, Z directions, 0 is the latitude angle of
the point P, r. is the radius of the cylindrical rotor and z is
the half of the rotor rim height. The radial air gap g, can be
calculated as, (11) shown at the bottom of next page, where R,
is the radius of the cylindrical magnetic resistance MB stator.
Similarly, the axial air gap g., is written as,

8ca = R, — |pr0jPlaneX0Z (OM)I

=R, —ey—e,—rsinfcosf —zosing  (12)
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where R, is the half the distance between the stator magnetic
poles of the two axial magnetic resistance MBs, M is the
arbitrary point on the end of the rotor shaft, r is the distance
in XOY between the point O and the point M on the end
of the rotor shaft, and z¢ is the half the axial height of
cylindrical rotor. When the rotor is tilted only around the
X axis, the deflection interference torques T, and T, gen-
erated by the radial and axial magnetic resistance MBs are
given by,

Ter = 2f ., X OP
1OAN, i3,
(Rcfx/(rc €08 0)2+(r sin 6 cos f—z sin ﬂ)2)2
sin 6 (r¢ sin O sin S+zcos B) ds

—cos 8 (resin 6 sin S+z cos B)

::21Z

cos O (r.sinf cos B — zsin B — r. sin6)
Teo =2f g x OM
10AN iz
(Ra—ey—e;—r sinf cos B—z sin ﬂ)z

=2 zo sin B — r sin6 cos B ds
K .

rcos6
0

(13)

where f,, and f,, are the electromagnetic forces generated
by the cylindrical radial and axial magnetic resistance MBs,
which can be expressed as,

AN2.i2 T
fer= /’Lo—zcrcr : [cos@ sin @ O]
8cr (14)
AN?Z 2 T
gca

where N, and N, are the number of the coil turns of the
cylindrical radial and axial MBs, and i., and i, are the coil
control currents in cylindrical radial and axial MBs.

The rotor is tilted around the X axis with angle 1.5°. The
design parameters of the VGMSFW are substituted into (13).
The interference torques T, and T, along +X direction are
about 0.06 Nm and 0.05 Nm, respectively. Both of them are
larger than 3% of the deflection torque Ty about 1.47 Nm.
Similarly, the rotor deflection interference torques around the
Y axis can be obtained. Based on the analysis above, the inter-
ference torques generated by the magnetic resistance MBs
are the main factor affecting the deflection control precision
under the rotor deflection.

To remedy the limitation of cylindrical magnetic resistance
MB with the large interference torque, the spherical magnetic
resistance MB is presented. The MBs-rotor system is built
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FIGURE 5. Air gap mathematical model of the spherical magnetic
resistance MBs-rotor system.

in Figure 5. Similar to the motions in Figure 4, the sphere
rotor is driven from the stator center O, and the vector OQ
between the stator center O and arbitrary point Q on the
sphere rotor rim is written as,

1 0 0 ex + rysinf cos g
00 =0 cosp —sinf ey + rgsinf sing
| 0 sin8 cospB e; + rycosf

ex + rysinf cos ¢

= (ey + rgsin 6 sin go) cos B — (e; + rgcos @) sin B

L (ey ~+ rgsin @ sin (p) sin 8 + (e; + rycos @) cos B
(15)

where r, is the radial radius of the sphere rotor, 6 and ¢ are
the latitude and longitude angle of the point Q. The radial
air gap gy, is obtained as, (16) shown at the bottom of next
page, where Ry, is the radius of the spherical radial magnetic
resistance MB stator. Similarly, the axial air gap g, can be
expressed as, (17) shown at the bottom of next page, where
Ry, is the radius of the spherical axial magnetic resistance MB
stator, and r, is the axial radius of the sphere rotor. It can be
seen in (16) and (17) that there is irrelevance between the air
gap and the deflection angle. So no interference torques occur
when the rotor is tilted, and the rotor decoupling between the
translation and the deflection is realized.

C. DECOUPLING AMONG 3-DOF TRANSLATIONS

The radial/axial spherical magnetic resistance MBs are uti-
lized to support the rotor, and the MBs-rotor system is
shown in Figure 6. Two axial spherical magnetic resistance
MBs are located at the upper and lower ends of the spher-
ical rotor. The four stator cores with two magnetic poles
are placed circumferentially in the +X and Y directions.
The eddy current loss in radial direction is far larger than that
in axial direction, as the obvious change of the radial air gap

8cr

. . . 2
= Rc — |projpianexoy (OP)| = R.— \/ @ex+7ccos )+ ((ey+rc sin ) cos f— (e;+2) sin B)
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FIGURE 6. Radial/axial spherical magnetic resistance MBs-rotor system.

magnetic flux density when the rotor rotates. To decrease the
radial eddy current loss, the homopolar radial MB is adopted.
As shown in Figure 6, the four upper magnetic poles with the
same polarities are opposite to the four lower magnetic poles.

The rotor is offset along 4+X direction with ex. According
to (16) and (17), the radial and axial air gaps g, and g5, are
given by,

(18)

gsr = Ry — /€2 +r2 + 2rge, sinf cos ¢
8sa = Req — /€2 + 12, + 2ryey sinf cos ¢

Based on (9) and (18), the resultant force f; in X direction
generated by radial magnetic resistance MB can be got as,

fx = fx+ +fx—
_ /9"0 /92 HONZRZ, (ip — irx)?
—po Y01 Urggr (e)ﬁ 01 (p)
 RONZRE, (i + in)?
Urg%r (_e)u 01 (p)

) sin” 0 cos pdopdb (19)

where ¢ is the half of the center angle of a single magnetic
pole in XOY, 6; and 6, are the latitude angles of the single
magnetic pole upper and lower edges, N, is the number of the
coil turns, i, is the bias current for keeping the rotor stably
suspending in radial direction, i, is the coil control current
in X direction, and o, is the electromagnetic flux leakage
coefficient of the radial MB. As shown in (19), the resul-
tant force f; is only related to the offset e, and the control
current i,,. Similarly, the resultant force f, in Y direction
only related to the offset e, and the coil control current in
Y direction iy, is obtained, when the rotor is offset along
+Y direction with ey. If the rotor is offset along +Z direction

with e, the radial and axial air gap are written as,

&sr = Ry — \/33 + l"szr + 2rsrez cos 6
8sa = Rya — \/63 + 12, + 2rge; cos 0

(20)

The resultant force f; in Z direction generated by two axial
magnetic resistance MBs can be given by,

fz =fz+ +fz,
B /2” /93 10N2 (iab — ia2)? R2,
o Jo 0482, (2,0, ¢)
_ :UvONa2 (ap + iaz)z R?a
Gdg%a (_827 95 (p)
/2” /"5 10N (iab — iar)* R,
+ 2
0 94 Gdglsa (eZ’ 9’ (p)
_ MONaz (ap + iaz)z R?a
Udg.%a (_827 95 (p)

) sin Odpd0

) sin® @dedo  (21)

where 63 is the half of the latitude angle of the inner magnetic
pole, 64 and 65 are the half of the latitude angles of the inner
and outer edge of the outer magnetic pole, N, is the number
of the axial MB coil turns, iy, is the bias current for keeping
the rotor stably suspending in axial direction, i,; is the coil
control current of the upper and lower axial MBs, and o, is
electromagnetic flux leakage coefficient of the axial MBs.
The resultant force f; is only determined by the offset e,
and the control current i,;. Based on the analysis above,
the decoupling among the 3-DOF translations is realized
whether the rotor is offset.

The design parameters are listed in Table 2. The force-
displacement and force-current characteristics of the mag-
netic resistance MBs are plotted in Figure 7. It can be
seen in Figure 7a that the force-current stiffness and force-
displacement stiffness of radial MB are 387.IN/A and
—553.IN/mm. As shown in Figure 7b, the force-current
stiffness and force-displacement stiffness of axial MBs are
580.5N/A and —829.3N/mm, respectively.

IV. EXPERIMENT AND ANALYSIS

A. SPHERE ROTOR DYNAMICS MODEL AND CONTROL
SYSTEM

When the rotor is suspended stably, the forces and torques
acting on the sphere rotor are shown in Figure 8. f,, f, and
[ are the translation electromagnetic forces generated by
the radial and axial magnetic resistance MBs. T, and T,
are the deflection torques around X and Y axes. According

gsr = Ry — 00| = Ry, — \/e)% + €2 + e +r2 4 2ry (exsind cos ¢ + ey sin6 sing + e; cos 0) (16)

8sa = Rya — 00| = Ryq — \/e)zc + e% +e2+rZ +2ry (ex sinf cos ¢ + ey sinf sing + ¢, cos 9) (17)
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TABLE 2. Design parameters of the radial/axial magnetic resistance MBs.

Symbol Value Symbol Value
Ry, 78.35 mm Ry, 41.7 mm
T 78 mm Fsa 41.35 mm
N, 200 N, 560
o, 1.04 Oa 1.05
0 26 deg % 89 deg
6, 101 deg 05 13 deg
O, 20 deg 0Os 25 deg

S
(=
(=]

N
(=4
(=]

\

Resultant force f. / f, (N)

(=)
(=3
=

Resultant force f; (N)
[3°]
[—J
=}

FIGURE 7. Force-displacement and force-current characteristics of the
radial and axial magnetic resistance MBs: (a) Resultant force fx/ fy in
X/Y directions versus offset ex/ey in X/Y directions and control current
irx/iry - (b) Resultant force f; in Z direction versus offset e; in Z axis
direction and control current ifz.

to the Newton’s second law and the gyro-kinetic equation,
the dynamic model of the rotor system can be integrated as,

mxX = Kiplpy + kerx

my = kiriry + kery

mZ = Kkigiaz + keaZ (22)
IB — Joy = kiiy

LP + J.of = kiiy

VOLUME 8, 2020
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FIGURE 9. VGMSFW control system.
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FIGURE 10. Development of prototype and establishment of
experimental platform.

where m is the rotor mass, Jy, J, and J; are the rotary inertial
momentum around X, Y and Z axes, x, y, z are the rotor
displacements along X, Y and Z directions, 8 and y are
the rotor deflection angles around X and Y axes, k;- and ki,
are the force-current stiffnesses of radial and axial magnetic
resistance MBs, k., and k., are the force-displacement stiff-
nesses of radial and axial magnetic resistance MBs, kj; is the
torque-current stiffness of the Lorentz MB, and w is the rotor
rotating speed. Equation (22) can be rewritten in the form
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FIGURE 11. Decoupling experiment of the spherical VGMSFW: (a) Step signal applied to axial translation channel. (b) Step signal applied to radial
X-axis translation channel. (c) Step signal applied to radial Y-axis translation channel. (d) Step signal applied to deflection channel around X axis.
(e) Sine signal applied to deflection channel around Y axis.

of matrix, 03x3 03x1 O3x1
K.=|0x3 0 —1 |J,w, the displacement stiffness
Mg+ K.g—Kaq=K;I (23) Oi1x3 1 0
matrix Ky = diag (ker, kers keq, 0, 0), the current stiff-
where, the mass matrix M= diag (m, m, m, Jy, Jy), the dis- ness matrix K; = [kir, kir, kig, ki, ky]¥, and the control

placement matrix g= [x, y, z, B, ¥17, the coupling matrix current matrix I= [y, iy, igz, ix, iy]T. Based on the dynamic
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TABLE 3. Control parameters of the VGMSFW.

Symbol Quantity Value
m Rotor mass 6 kg
Je Rotary inertial momentum around X axis 0.0097 kg'm?
Jy Rotary inertial momentum around Y axis 0.0097 kg'm?
J. Rotary inertial momentum around Z axis 0.0167 kg-m?
9] Rotor rotating speed 8000 r/min
ker Force-displacement stiffness of the radial MB  -553.1 N/mm
kea Force-displacement stiffness of the axial MBs -829.3 N/mm
ki, Force-current stiffness of the radial MB 387.1 N/A
Kia Force-current stiffness of the axial MBs 580.5 N/A
ki Torque-current stiffness of the Lorentz MB 1.5N/A
K Sensitivity of the sensor 10 V/mm
K, Amplification coefficient 0.22

model, the control system is designed, which is shown
in Figure 9. Where, F= diag (f%, fy, fz, Tx, Ty) is the force
matrix, ®(s)= (Ms>*+K,s)~! is transfer function of the con-
trol system, K,, and K are respectively the amplification
coefficient and the sensor sensitivity.

B. EXPERIMENTAL SETUP

The prototype of the VGMSFW is manufactured. The three
rotor spherical surfaces with the sphericity of 3 um and the
spherical surface roughness of 0.1 um are machined by the
mesh grinding method. The coincidence between the sphere
center and the rotor centroid is realized by adjusting the
thickness of the aligning ring. The on-line dynamic balance
test is carried out, and the unbalanced mass of the sphere rotor
is compensated by the counterweight screws in the upper and
lower counterweight surfaces. The experimental platform of
VGMSFW is shown in Figure 10, and the control parameters
are listed in Table 3. The control current is supplied to the
MBs through the power amplifier. Based on the CAN bus, the
real-time control and monitoring of the system are realized by
the telemetry computer.

C. DECOUPLING EXPERIMENT

To verify the performance of the spherical VGMSFW,
the decoupling experiments of the prototype are imple-
mented. When the rotor is stably suspended, the step or
sine current signal is applied to the arbitrary channel of the
VGMSFW system, and the displacement fluctuation curves
of the other channels are plotted in Figure 11.

As shown in Figure 11a, the sphere rotor is offset along
+Z direction with 50 um due to the step signal applied
to the axial channel. The radial displacement amplitude
is 20 um. The deflection displacement amplitude is 30 um,
and its corresponding deflection angle is 0.036°. Both the
radial and deflection displacements are almost unchanged.
It can be seen in Figure 11b and Figure 11c that, when the
step signals are respectively loaded into the X and Y trans-
lation channels, the sphere rotor is respectively offset along
+X and +Y direction with £50 um, the displacements in
the other channels are constant. The radial and axial rotor
amplitudes are respectively less than 20 um and 12 um, and
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FIGURE 12. Hall output waveform under rated speed.
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FIGURE 13. Displacements measured by the four axial sensors in Y
direction when the sphere rotor deflects around X axis.

the deflection displacement amplitudes are within 30 um
with corresponding deflection angle of 0.036°. It indicates
that there is no interference between the 3-DOF transla-
tions decoupled mutually and 2-DOF deflections. Similarly,
the step and sine signals are respectively applied to the deflec-
tion channels around X and Y axes. There is no obvious
displacement variation in other four channels, which can
be seen in Figure 11d and Figure 11le. The interference of
2-DOF deflections to 3-DOF translations can be ignored, and
the decoupling between the 2-DOF deflections is realized.
Therefore, the 5-DOF motions of the spherical VGMSFW
can be considered as decoupling mutually. That is accordance
with the theoretical analysis in part III, which provides the
basis for the high-precision and stable control of the rotor.

D. TORQUE EXPERIMENT

As the decoupling among the 5-DOF motions of the sphere
rotor, the high-precision gyroscopic moment Mgy, can be
obtained by tilting high speed sphere rotor, which can be
expressed as,

Mgy = —J.0 x @ (24)

where @ and 2 are the rated speed and the procession angular
velocity of the sphere rotor. The rotor rated speed is measured
by the Hall switch sensors in the motor stator. The speed
measurement waveform with the period of 1.25 ms is plot-
ted in Figure 12, and the measurement frequency f;, about
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801.9 Hz is got. Since the six pairs of the motor magnetic
poles, the rated speed is about 8019 r/min corresponding to
the speed accuracy of 2.4 r/min.

The sine signal with amplitude of 350 um and frequency
of 4 Hz is loaded into the Lorentz MB coils in Y direction.
The axial displacement responses measured by the four axial
sensors in =Y directions are shown in Figure 13. The dif-
ference method is used for calculating the axial displace-
ment. The procession angular velocity is got by taking the
derivate of the terminal displacement curve, which is shown
in Figure 14. The measurement and reference curves of
the procession angular velocity are plotted in the blue and
red solid line. The maximum measurement/reference angular
velocities are respectively about 6.28 °/s and 6 °/s. Thus,
the procession angular velocity accuracy of the sphere rotor
is about 0.047 °/s, which is better than that about 0.32 °/s of
the VGMSFW with conical MB in [28].

Based on (24), the curves of the gyroscopic moment gen-
erated by the sphere rotor are plotted in Figure 15. When
the procession angular velocity of the rated speed rotor is at
the maximum, the maximum actual and reference gyroscopic
moments are about respectively 1.54 Nm and 1.47 Nm, and

111716

its corresponding accuracy is about 0.048 Nm. Therefore,
the high-precision agile maneuver of the spacecraft can be
achieved by the spherical VGMSFW.

V. CONCLUSION

In this paper, a 5-DOF decoupled spherical VGMSFW is
developed for spacecrafts. Its structure and principle are intro-
duced. The electromagnetic force models of the Lorentz MB
and magnetic resistance MBs are built, and the decoupling
among 5-DOF motions is demonstrated by the numerical
analysis method. The spherical VGMSFW control system is
established, and the decoupling and torque experiments are
carried out based on the prototype. The decoupling among
the 5-DOF motions is verified by the decoupling experiment.
The torque experiment results show that the maximum gyro-
scopic moment about 1.54 Nm and its corresponding moment
accuracy about 0.048 Nm are obtained when the sphere rotor
is actively tilted. Both the two experiments indicate that the
high-precision control and agile maneuver requirements for
spacecraft can be effectively fulfilled by the novel spherical
VGMSFW.
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