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Abstract: In this paper, a dynamic simulation analysis model was established for CMGB (control
moment gyroscope bearing) under the conditions of time-varying moment. The influences of the
moment’s response time, axial preload, and working temperature on the dynamic characteristics
and friction torque of CMGB were analyzed, and the relevant verification tests were conducted.
The results show that the friction torque fluctuation of CMGB directly corresponds to the dynamic
characteristics. The faster the response time of the time-varying moment, the larger the friction torque
fluctuation of CMGB. The larger preload minimizes the difference in the ball’s loading state, which is
the actual reason for reducing the friction torque fluctuation. Moreover, as the working temperature
increases, the friction torque fluctuation of CMGB decreases.

Keywords: CMGB; time-varying moment; dynamic characteristics; friction torque; fluctuation

1. Introduction

The control moment gyroscope is widely used in satellites and other spacecraft due
to its high precision, high reliability, and long life [1-3]. A pair of angular contact ball
bearings are the key components supporting the two ends of the rotor in the control
moment gyroscope and affecting the output moment of the control moment gyroscope
under high-speed conditions and the time-varying moment [4].

Researchers have conducted many studies on friction or lubrication [5,6], the dy-
namic characteristics of cages [7-9], structure parameters [10], and friction torque [11]
for angular contact ball bearings. With the development of aerospace technology, many
scholars have targeted the space ball bearing and its assemblies. Hong Wang et al. [12,13]
established a nonlinear dynamic model of torque wheel bearing assembly considering the
influence of bearing preload conditions, surface waviness, Hertz contact, and elastohy-
drodynamic lubrication. They analyzed the influence of flywheel mass eccentricity and
inner/outer raceway waviness amplitude on bearing dynamic response. Wei et al. [14]
introduced the structure and technical indicators of the single-frame control moment gyro-
scope. Qinkai Han et al. [15] used the energy theorem to establish a nonlinear time-varying
dynamic model for a single-frame control torque gyro bearing assembly and analyzed
the nonlinear supporting force and friction torque of angular contact ball bearings on
high-speed rotors and low-speed frames. Duzhou et al. [16], aiming at the space fly-
wheel rotor system supported by angular contact ball bearings, the lateral vibration model
of established the flywheel rotor system considering the nonlinear support stiffness of
angular contact ball bearings, and the effects of rotor unbalance, bearing preload, and
rotor damping on the dynamic transmission of the flywheel rotor system were analyzed.
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Longato Mattia M et al. [17] established the finite element model of the bearing assembly
of the transient reaction flywheel. They analyzed the relationship between the surface
geometric defects of the bearing parts and the micro-vibration interference generated by the
reaction flywheel according to the frequency and amplitude of the bearing micro-vibration.
Shankar Narayan et al. [18] studied the dynamic coupling of a rotating momentum wheel
and its supporting frame to other spacecraft sub-systems. The results show that the gyro-
scopic moment generated by the rotating wheel body in the momentum wheel significantly
influences the supporting frame. To ensure that the service life of bearing assemblies meets
expectations under the steady state and variable speed conditions, Sathyan et al. [19] de-
signed a micro oil storage lubrication system for bearing assemblies of momentum//reaction
wheels. Sochting et al. [20] studied the effect of vibrations caused by responses to exter-
nal excitation on space ball bearings under solid and liquid lubrication conditions. They
derived the effect of vibrations at different acceleration levels on the friction torque of
bearings. Hu et al. [21] investigated the temperature distribution of the bearing assem-
bly for the control moment gyroscope under different ambient temperature conditions
through experiments. Taniwaki et al. [22] investigated the dynamic characteristics of the
bearing cage for the reaction wheel through experiments and numerical simulations and
analyzed the relationship between bearing perturbation and cage imbalance. Based on
the Newton—Euler method and momentum moment theorem, Wang et al. [23] established
a dynamic model to study the effects of the mounting error of the wheel body, external
micro-vibration, preload, and surface waviness on the output torque of a single-frame
control moment gyroscope. Based on the rolling bearing dynamics and finite element
thermal analysis, Wang et al. [24] studied the temperature distribution and its change rule
of bearing assembly under different working conditions. Liao et al. [25,26] conducted
experimental research on the dynamic characteristics of a space ball bearing cage and
analyzed the influence of the mass center trajectory of the cage on the dynamic friction
torque of the bearing. The results show that the sudden change of the friction torque is
caused by the fluctuation of the trajectory of the mass center, which is independent of the
shape of the trajectory. Chen et al. [27] used laser sensors to track the trajectory of the
cages of ball bearings. The results show a critical rotational speed for the bearings during
acceleration and deceleration, which makes the cages’ trajectory transition from oscillating
in a small range to circular vortexing. Zhou et al. [28] used the current of the drive motor
of the friction torque testing machine to reflect the magnitude of the friction torque of
the bearing assembly used for the flywheel. The results show that the bearing assembly’s
starting friction torque increases with the preload increase, and the assembly’s friction
torque during acceleration is greater than during deceleration. Xia et al. [29] established a
dynamic prediction model based on grey confidence level, self-service least square method,
and maximum entropy principle to dynamically predict the friction torque reliability of
satellite momentum wheel bearings. Zhang [30] proposed adding micro-texture to the
guide surface of the momentum wheel bearing to improve the lubrication effect between
the bearing cage and the guide ring and enhance the dynamic stability of the cage. Wu
et al. [31] put forward a theoretical calculation method for the optimal oil amount of fly-
wheel bearing lubricating oil based on the theory of elastohydrodynamic lubrication and
concluded that excessive and insufficient lubricating oil in flywheel bearing would lead to
an increase in friction torque and the reduction of life. Based on the tribology and dynamics
of rolling bearing, Cui et al. [32] investigated the effects of the preload and clearance of
the cage pocket on the frictional moment of CMGB (control moment gyroscope bearing).
The results show that appropriate preload and pocket clearance make the amplitude and
fluctuation of the friction torque small. Deng et al. [33] studied the abnormal fluctuation
mechanism of friction torque for a particular type of CMGB and found that the rub impact
between the steel ball and cage, and that between the cage and the guide rib of the ring,
were the main reasons for the abnormal fluctuation of the friction torque of the bearing.
In the early stage, many researchers studied the influence of rotational speed, dimen-
sional parameters, and preload on the dynamic characteristics and friction torque of the
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CMGB under steady-state conditions. However, there was little research on the response
between dynamic characteristics and friction torque of the CMGB under time-variable
moments, which is important for the CMGB application. This paper established a dynamic
model for CMGB based on the dynamics theory of rolling bearing [34]. Consideration was
given to the relative axial sliding and collision between the steel balls and the inner and
outer rings, as well as between the steel balls and the cage, caused by the variable torque
load in the CMGB. A comprehensive analysis of the relationship between the dynamic
characteristics of the bearing and the fluctuation of the friction torque under variable torque
load was conducted. And the relevant experiments for CMGB were conducted under the
condition of time-varying moments.

2. Dynamic Model of CMGB
2.1. Coordinate System of CMGB

The control moment gyroscope is supported by a set of back-to-back assembled
angular contact ball bearings, which support the rotation of the wheel body and use a
porous oil-containing polyamide cage. A coordinate system was established to build the
dynamic bearing model, as shown in Figure 1.

bearing seat
wheel body

left bearing inner bushing

outer bushing

Figure 1. Coordinate system of CMGB.

(1) The inertial coordinate system {O; Z, Y, Z} is fixed relative to space.

(2) The reference coordinate system {o’; x’, i/, 2’} is known as the frame coordinate
system. The axis x’ is along the axial direction of the shaft system. The coordinate system,
the outer rings of the bearings on both sides, and the body’s frame are fixed. They can
rotate with the frame. The bearing parts’ state of motion can be analyzed through the
reference coordinate system.

(3) The coordinate system of the inner ring is {0,; x,, Yo, Zo}. The origin coincides with the
center of the shaft system, and the axis x, coincides with the rotation axis of the inner ring.

(4) The coordinate system of the cage center of bearings is {0x.; Xkc, V¢ Zkc} (I represents
the left side, and r represents the right side for the subscript k). The origin coincides with
the mass center of the cage, and the axis xy,. coincides with the rotation axis of the cage.

(5) The coordinate system of the cage pocket center is {oxy;; Xkpj, Yipj, Zkpj}- The coor-
dinate origin coincides with the jth pocket center of the cage on the k side, yy,; along the
radial direction of the cage, zy,; along the circumferential direction of the cage, and xy;
along the axial direction of the bearing.

(6) The coordinate system of the steel ball center is {oy;; Xkpj, Ybj, Zkvj}- The coordinate
origin coincides with the jth steel ball center of the bearing on the k side, yy; along the
radial direction of the bearing, zy;; along the circumferential direction of the bearing, and
xipj along the axial direction of the bearing.
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2.2. Dynamic Differential Equations for CMGB

Firstly, the mathematical model of interaction forces and nonlinear dynamic differential
equations of bearing were established, and the friction contact state of bearing under
the micro-lubrication is considered. Then, the predictive-corrective GSTIFF (gear stiff)
variable-step integration algorithm (refer to reference [35]) is adopted to solve the dynamic
differential equations, and the dynamic characteristics and friction torque of the control
moment gyroscope bearings under variable torque load conditions were investigated.

2.2.1. Force Analysis of CMGB

During the operation of the control moment gyroscope, assuming that the angular
momentums of the spacecraft body and the high-speed rotor are Hs and Hp, a total angular
momentum Hy for the spacecraft can be written as

Hr = Hg + Hg (1)

The rotation of the control moment gyroscope frame causes changes in the direction of
the high-speed rotor spin axis and the angular momentum Hy, of the rotor, so the angular
momentum Hg of the body will change to keep the total angular momentum Hr of the
spacecraft unchanged.

As shown in Figure 2, by adjusting the length difference between the inner and outer
bushing, the axial force is applied to the inner ring to complete the constant pressure
preloading of the bearing. G; is the gravity of the inner ring; g; is the tilt angle of the inner
ring; and L is the distance between the two centers of bearings on both sides. Let the
rotational angular velocity of the control moment gyroscope frame relative to the inertial
coordinate system be w’ and the rotor’s angular velocity be w;, so the external moment Mg
acting on the body can be written as

dHs dHr dHg

Ms==3r = ~ & @)

When the spacecraft adjusts its attitude, the frame of the control moment gyroscope
rotates to change the direction of the rotation axis of the wheel body. Based on the conser-
vation of angular momentum, the control moment gyro outputs an effective moment. At
the same time, the inner ring of the bearing will bear the gyroscopic moment M, and M,
produced by the wheel body based on the relationship between the action and reaction,
which is equivalent to applying a moment to the axial plane of the bearing’s inner ring and
generating the centrifugal forces, Fr,» and Fey/, simultaneously.

bearing seat

Figure 2. Force analysis of CMGB.
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2.2.2. Dynamic Differential Equations of CMGB

Since the support bearings at both ends of the control moment gyroscope are working
in the same state, the left bearing is an example of this research. The forces loading on the
jth ball are shown in Figure 3.

the jth ball

Figure 3. Forces loading on the jth ball.

In Figure 3, Subscripts i and e indicate the inner and outer raceway. The subscript j
denotes the jth ball. # and x are the long and short axes of the contact ellipse between the
ball and the raceway. Qy; and Qy,; are the normal contact loads between the jth ball and
raceway. Tipej, Tipij, Tixej, and Tiy;; are the drag forces in the contact area for the jth ball and
the grooves. Qj.;j and Q. are the normal contact loads between the jth ball and cage in
the tangential and axial directions. Fj;; and F;; are the components of the inertial force
acting on the jth ball. Pg;; and Pjg,; are the rolling frictional drag acting on the jth ball. Pjg;
and Pjs,; are the sliding frictional drag acting on the jth ball. Fcjy/, Fcjy, and Fcj,r are the
convected inertial forces acting on the jth ball. Fy;,/, F,jyr, and Fj,r are the Coriolis inertia
forces acting on the jth ball.

The dynamic differential equations of the jth ball in the inertial coordinate system
{O; X, Y, Z} are shown as

mypXpp; = Quij sinayjj — Qpej Sin agej + Tpyij cos agjj — Tiyej cos agej + Prszj + Pirgj — Qiexj — Fejur — Fejr
mpYp; = le‘j Cos ayjj — Qlej COS &jpj — Tlvij smay;j + Tlnej s &g, + quj - PlS17j — PlR;;j — Fij’ — Fg]-y/
mpzipj = Tigej — Tigij + Qiczj — Firj — Fojzr — Fejr
D D D /
= Tlgej% COS Ajpj + Tlgiij COs A — (PISWj + Pquj) =5 = ng 3)

Dy Dy D,
= —Tigej 2" sinae; — Tigij " sinayi; — Gryj —  Prsgj + Pch:j) 2 Mg,

The dynamic differential equations of the inner ring in the inertial coordinate system
{O; X, Y, Z} are shown as
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In the above equations, ], Ji;, and ], are the inertia moments of the ball along three
coordinate axes in the coordinate system {oy;; Xipj, Yiwj, zwj}; Giyj and Gy;; are the inertia
moments of the ball in the Yinj and Zlpj directions; Fyr, Feyr, and Feyr are the centrifugal force
caused by the torque applied to the inner ring; wy,;, wy,;, and wy,; are the components of
the angular velocity of the ball in the xy;, yi;, and zj; directions; wyyj, wyj, and wy; is the
angular acceleration components of the ball in the xy;, yij, and zj; directions; x;, yy, and z;
are the accelerations of the inner ring mass center; Iy, I;;, and I, are the inertia moments of
the inner ring; w;,, w;,, and w;, are the angular velocities of the inner ring; w;, and w;, are
the angular accelerations of the inner ring; and f; is the groove curvature radius coefficient
of the inner ring.

Figure 4 shows the force analysis for the cage. d, and d, are the tangential and axial
movements of the ball relative to the pocket center; b, is the width of the cage pocket; R
is the ball radius. e is the cage eccentricity; Dy and DZ/. are the two components of the
eccentricity; jc is the azimuth angle of the cage; ji; is the azimuth angle of the jth ball; &, is
the minimum oil film thickness between the cage and the outer ring guide surface; F/j.o,
F'i, and My, are the normal and tangential forces and moments acting on the cage by the
guide rib; F,; is the axial friction force of the guide ring on the cage when they contact;
Qo Iczj 18 the normal force between the ball and the cage pocket in the direction of motion;
Q lexj 18 the axial force between the ball and the cage pocket; Fi.j and Fy,; are the axial
and radial components of the friction force between the ball and the cage pocket; Gy is
the cage gravity; wy. is the angular velocity of the cage in the reference coordinate system
{o;x',y,2'}.
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Figure 4. Forces loading on the cage.

The dynamic differential equations for the cage in the inertial system {O; X, Y, Z} are
shown as

. Z

MyeXjex = Foex' + Foexr + '21 (Qllcxj + Flcxj)
]:

. . Z .

mlcylcy = FIICT sin @ + FIICQ Cos ¢¢ + 'Zl [Flcgj Cos @1 — Qlczj s (Plj} - FCcy’ ecy —Gye
]=

.. . Z .
MycZle, = Fl/CT COS ¢¢ — Fl,cQ sin ¢ + E [Flcéj sin ¢y + Qlczj cos (Pl]:| + Feeyt + Focyr

‘ ©)
Ilcxwlcx - (Ilcy - Ilcz)wlcywlcz = Zl |:Q1CZ] 2 ] + Mlcx

Ilcywlcy = (liez = liex ) Wiz wWiex = |:(Q lexj + Flcx]) - sin QDJ} + lcx_ZL sin ¢ + Mgcy
j=

N —

ez Wiz — (Ilcx - Ilcy)wlcxwlcy = ‘Zl [(Qlcx] + Flcx]) - COs (P]:| +F lcx 2E2 COS ¢c + Mgcz
]:

where m. is the quality of the cage; Xq, y,cy, and zj., are the accelerations of the cage
center-of-mass; ljcy, iy, and I, are the moment of inertia of the cage; Myc, and M., are
the components of the gyroscopic moments acting on the cage in the y and z directions;
Fcezt, Feeyrs Feex's Feczry Fecyr, and Feeyr are the components of the Coriolis inertia forces
and the convected inertial forces acting on the cage in the non-inertial coordinate system,
respectively; wjy, (i)lcy, and wy,, is the angular acceleration of the cage; Z is the number of
balls; dmj is the pitch diameter of the ball.

3. Results and Discussion

A control moment gyroscope is supported by a pair of B7005 angular contact ball
bearings. The main parameters of bearing are shown in Table 1.
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Table 1. The main structural parameters of B7005 bearing.

Item Value
Bearing inner diameter (mm) 25
Bearing outer diameter (mm) 47
Bearing width (mm) 12
Ball diameter (mm) 6.35
Cage outer diameter (mm) 39.26
Material of inner ring, outer ring, ball 9Cr18Mo
Material of cage Porous polyimide
Lubricating oil 4129 aviation lubricating oil

3.1. Dynamic Characteristics and Friction Torque of Bearing under the Steady-State Condition

When the control moment gyroscope works in the steady state, it does not output the
moment, the speed of the inner ring is 9500 r/min, the axial preload is 110 N, the working
temperature is 30 °C, and the moment is 0 N-m. The results are as follows.

In Figures 5-9, it can be seen that when the bearing is working under the steady-state
condition, the collision forces between the balls and cage are small, and the maximum
collision force is 0.98 N. The speed of the cage remains at around 3942.9 r/min with a
fluctuation amplitude of +-21.1 r/min. The friction torque of the bearing remains at around
3.6 N-mm with a maximum fluctuation amplitude of 0.07 N-mm, and it was noted that
the friction torque fluctuation between balls and cage is the primary cause for the friction
torque fluctuation of bearing, this has been proven in refs. [25,33]. As the cage is affected
by gravity, its mass center shifts 0.1 mm downwards and then moves irregularly within

a small range. The ball moves around 6.398 mm in the x-axis direction with a range of
0.64 pm.

Collision forces between balls and cage(N)
=1
oo

06 A
0.4 if o ‘\‘ ‘l' [l
0.2
0.0
0.0 0.2 0.4 0.6 0.8 1.0
Time(s)

Figure 5. Collision forces between balls and cage.

4000

3975

3950

3925

Cage speed(r/min)

3900

3875 : L : : : : : L
0.0 0.2 0.4 0.6 0.8 1.0
Time(s)

Figure 6. Cage speed.
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| Total friction torque
- Friction torque between balls and cage

Friction torque(N-mm)
) w ~

—_

0.0 0.2 0.4 0.6 0.8 1.0
Time(s)

Figure 7. Friction torque of bearing.

Trajectory of cage’s mass center

7710 -0.8-0.6-04-02 0.0 02 04 0.6 0.8 1.0
Z—axis displacement(mm)

Figure 8. Trajectory of cage’s mass center.

=

N —axis dis) acement(mm)
o=

7
(RN

[)

Figure 9. Ball’s trajectory.

When the control moment gyroscope does not output the moment, the bearings at
both sides do not bear the corresponding moment. At this time, it can be seen from

Figures 5 and 7 that the friction torque fluctuation of the bearing is related to the collision
and friction between balls and cage.

3.2. Dynamic Characteristics and Friction Torque of Bearing under the Condition of the
Time-Varying Moment

The control moment gyroscope outputs the moment through the rotating frame. The
bearing bears the corresponding gyroscopic moment, which has different response times
under the other working conditions, such as the inner ring of the bearing being subjected

to a variable moment of 125 N-m with response times of 0.2 s, 0.5 s, and 1.0 s, respectively,
as shown in Figure 10.
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Response time 0.2s
[— Response time 0.5s|
Response time 1.0s

Iy
3
T

)
G

Moment load(N-m)
g 3 8
T T T

[ )
G
T

0.2 0.5
Time(s)

Figure 10. Time-varying moment of bearing.

The speed of the inner ring is 9500 r/min, the axial preload is 110 N, and the working
temperature is 30 °C. The dynamic characteristics and friction torque of bearing under the
time-varying moment are as follows.

It can be seen that the friction torque fluctuation of the bearing increases with the in-
crease in the moment, and the growth rate increases first and then decreases. In Figures 11-13,
when the moment rises to a critical value (around 62.5 N-m), the collision forces between
the balls and cage increase, and the fluctuation amplitude of cage speed and the friction
torque of the bearing also increase. Compared with the dynamic characteristics of bearings
under the different response times, the shorter the response time, the greater the collision
force between the balls and cage, and the greater the fluctuation amplitude of cage speed
and friction torque. In Figures 14 and 15, referring to the trajectory of the cage’s mass center
and the ball’s mass center, when the moment increases to a critical value (around 62.5 N-m),
the trajectory of the cage’s mass center changes from a small range of irregular movement
into the divergent circular vortex, and the axial displacement of the balls increases.
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Figure 11. Collision force between balls and cage under the different response times.
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Figure 12. Cage speed under the different response times.
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Figure 13. Friction torque fluctuation of bearing under the different response times.
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Figure 15. Ball’s trajectories under the different response times.

To reveal the relationship between the friction torque fluctuation of the bearing and the
motions of the cage and ball under the time-varying moment loading, the trajectories of the
cage’s mass center are extracted in the Y and Z direction, as shown in the following figures.

In Figure 16, when the moment reaches 62.5 N-m approximately, the motion amplitude
of the cage’s mass center in the Y and Z directions increases significantly, and the trajectory
of the cage’s mass center changes from a small range of irregular movement into the
divergent circular vortex. Referring to Figure 13, the fluctuation amplitude of friction
torque increases when the trajectory of the cage’s mass center changes abruptly at 0.1 s.

When the trajectory of the cage’s mass center changes suddenly in the Y and Z directions,
the axial displacement of the ball increases, which is related to the loading state of the ball.
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Figure 16. Trajectory of cage’s mass center with different response times.

To further explore the reasons for the sudden change of bearing dynamic characteristics
under time-varying moment loading, the forces between the ball and the inner raceway
with a response time of 1.0s are extracted at different times of 0s,0.2s,0.45,0.55,0.6s,0.8
s, and 1.0 s, as shown in Figure 17.

180°

== 0s

= 10.2s
== 0.4s
== 0.5s
= 0.6s
== 0. 8s| 240°

[=—1.0s

270°

300°

Figure 17. Loading conditions of the balls at different times.Loading conditions of the balls at different
times are shown in Table 2.

Table 2. Loading forces of balls.

Time 0s 0.2s 04s 0.5s 0.6s 0.8s 1.0s
Moment (N-mm) 0 25 50 62.5 75 100 125

Maximum force between balls and inner raceway (N)  27.79 36.92 68.49 95.99 135.22 204.85 235.92
Minimum force between balls and inner raceway (N)  27.63 19.17 6.19 2.63 1.60 1.24 0.92

Figure 17 and Table 2 show that the maximum force between the ball and the inner
raceway increases from 27.79 N to 95.99 N in 0 s~0.5 s and from 95.99 N to 235.92 N
in 0.5 s~1 s as the moment increases and the minimum force between balls and inner
raceway decreases from 27.63 N to 0.92 N, which is less than 3 N after 0.5 s. By comparing
the trajectory of the ball with a response time of 1.0 s in Figure 15, it can be seen that
when the bearing is running, the maximum axial offset of the ball in the area with a large
force between the ball and the inner raceway is 23 (£0.5) mm, and the maximum axial
offset of the ball in the area with a small force between the ball and the inner raceway is
78 (£0.5) mm.

The main reason for the above phenomenon is that with the increase in the moment
during bearing operation, the inner ring and outer ring produce a relative tilt, the non-
uniformity of the force between the ball and the raceway increases, and the minimum force
between the ball and the raceway decreases. When the minimum force between the ball
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and the raceway decreases to a certain value (the moment reaches the critical value), the
constraining force of the raceway on the ball is insufficient, and the gap between the ball and
the raceway increases due to the inclination between the bearing inner ring and outer ring,
resulting in a large axial offset of the ball and the collision force between balls and the cage
is increased. The increase in the collision force between balls and the cage changes the state
of force on the cage, resulting in increasing the cage speed fluctuations, and the trajectory
of the cage’s mass center changes from a small range of irregular movement to a divergent
ring vortex, thus increasing the fluctuation amplitude of the bearing friction torque.

3.3. Effect of Preload on Dynamic Characteristics and Friction Torque of Bearing under the
Condition of Time-Varying Moment

The speed of the inner ring is 9500 r/min, and the working temperature is 30 °C. The
moment rises from 0 N-m to 125 N-m in 1.0 s. The bearing’s dynamic characteristics and
friction torque are analyzed when the axial preload is 60 N, 110 N, and 160 N, respectively.
The results are as follows.

In Figures 18-20, it can be seen that under the time-varying moment, the preload
force is 60 N, 110 N, and 160 N, and the bearing dynamic characteristics change when
the simulation time is near 0.4 s, 0.5 s, and 0.55 s, respectively; that is, the collision forces
between the balls and cage increases, the cage speed fluctuation amplitude increases, and
the fluctuation amplitude of bearing friction torque increases. In Figures 21 and 22, the
trajectory of the cage’s mass center changes from a small range of irregular movement to
a circular vortex, and the axial displacement of balls increases, at which time the critical
torque load (50 N'm,62.5 N-m, and 68.75 N-m) is reached. In the process of torque increase,
the increase in preload leads to the bearing friction torque increase, but the fluctuation
amplitude of the friction torque is decreased, and the axial offset of the ball is decreased.
To further analyze the influence of preload on bearing dynamic characteristics under the
time-varying moments, the maximum and minimum axial displacements of balls under
the different preloads were extracted, as shown in Table 3.
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Figure 19. Cage speed under the different preloads.
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Table 3. Axial displacement of the ball.

-1.0
-1.0 -08 -06 -04 -02 00 02 04 06 08 10
Z—axis displacement(mm)

(c) 160 N

©) 160N

Axial Preload (N)

60 110 160
Maximum axial displacement (pm) 90.3 78.2 50.9
Minimum axial displacement (um) 25.1 23.5 9.1

As shown in Table 3, with the increase in preload under the condition of time-varying
moment, the ball’s maximum axial displacement and minimum axial displacement are reduced.
The contact forces between the balls and the inner raceway are analyzed under the
different preloads when the bearing is activated by the time-varying moment, as shown in

Figures 23-25.
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Figure 25. Ball’s loading at 160 N preload.Therefore, under the time-varying moment, increasing the

bearing preload can improve the bearing capacity to resist the time-varying moment and reduce the
fluctuation amplitude of bearing friction torque.

The contact forces between the balls and the inner raceway under the critical moment
are shown in Table 4.
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Table 4. The ball’s loading under the critical moment.
Axial Preload (N) 60 110 160
Time (s) 0.4 0.5 0.55
Critical moment (N-m) 50 62.5 68.75
Maximum force between the ball and inner raceway (N) 96.23 94.99 93.50
Minimum force between the ball and inner raceway (N) 0.35 2.63 5.28

It can be seen in Figures 23-25 and Table 4 that the increase in preload increases the
critical moment of bearing with a sudden change in dynamic characteristics, increases
the maximum contact force between the ball and the inner ring, decreases the minimum
contact forces, and improves the bearing’s ability to bear variable moment. Under the
critical moment, with the increase in bearing preload, the minimum contact force between
the ball and the inner ring increases, and the constraining force of the inner ring on the ball
during bearing operation also increases, which reduces the axial displacement of the ball
during operation, reduces the collision forces between the balls and cage, and increases the
moment that the cage speed and the cage centroid trajectory can bear when the sudden
change occurs. The increase in preload increases the friction between the ball and the
raceway. Therefore, the bearing friction torque with a larger preload is also larger under the
same conditions. The fluctuation amplitude of bearing friction torque decreases because
the increase in preload reduces the axial displacement of the ball and then reduces the
collision forces between the balls and cage, and the collision between the ball and cage is
the main reason for the fluctuation of bearing friction torque.

3.4. Effect of Working Temperature on Dynamic Characteristics and Friction Torque of Bearings
under the Time-Varying Moment

The speed of the inner ring is 9500 r/min, and the axial preload is 110 N. The moment
rises from 0 N-m to 125 N-m in 1.0 s. When the working temperature is 0 °C, 30 °C, and
60 °C, the results are shown as follows.

In Figures 26-30, it can be seen that no matter whether the temperature is 0 °C, 30 °C,
or 60 °C, the motion states of the cage and balls change suddenly when the moment reaches
62.5 N-m near 0.5 s, named the critical moment. After the moment exceeds the critical
moment of 62.5 N-m, the collision forces between the balls and cage decrease with the
temperature increase. The cage speed fluctuation amplitude decreases, and the bearing
friction torque’s fluctuation amplitude decreases. The dispersion of the cage circular vortex
reduces. The main reason is that with the increase in temperature, the lubricant viscosity
decreases, and then the oil sling rate of the porous oil-containing cage increases, which
leads to a larger amount of oil in the contact surfaces of the bearing. The decrease in
friction coefficient between contact surfaces will reduce cage speed and bearing friction
torque fluctuation.
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Figure 26. Collision force between balls and cage under the different working temperatures.
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3.5. Experimental Verification

Experiments were performed on a rotary table test for the control moment gyroscope
assembly under the time-varying moment, as shown in Figure 31. This experiment simu-
lated the rotation of the frame in the control moment gyroscope by adjusting the rotation of
the rotary table. When the gyroscope is running, the wheel body rotates at a high speed,
and the rotation axis of the wheel body changes when the rotating table rotates. The wheel
will output the corresponding gyroscopic moment, which is related to the moment of
inertia of the wheel body, the rotation speed of the wheel body, and the rotation speed of
the rotating table. The faster the rotation speed of the rotating table, the faster the rotation
axis of the wheel body will change, and the greater the external output gyroscopic moment.
Right now, the angular contact ball bearing supporting the rotation of the wheel body will
bear the response torque load.

S

computer system

. control moment
gyro assembly

Figure 31. Table test of control moment gyroscope.

The support bearings at both ends of the control moment gyro rotor are B7005 angular
contact ball bearings with an axial preload of 110 N. The experimental environment temper-
ature is 25 °C, and the drive system is used to control the rotation speed of the wheel body
at 8000 r/min. The computer system adjusts the turntable to uniformly accelerate from 0°/s
to a fixed rotation speed at different angular accelerations. The angular acceleration of the
turntable rotation is different, and the time it takes to reach the fixed rotation speed is also
different, which means the response time of the gyroscopic torque output to the outside
is different. The computer system controls the turntable speed to uniformly accelerate
from 0°/s to 60° /s at acceleration levels of 0.01°/s2, 0.05°/s2, and 0.1°/s2, as shown in
Figure 32. At this time, the response times of the bearings at both ends are 100 min, 20 min,
and 10 min, respectively, bearing the varying torque load from 0 N-m to 125 N-m. During
this process, the drive system that rotates the wheel body keeps the voltage at both ends of
the drive motor constant, collects the current change signal, and determines the change in
friction torque of the CMGB based on the linear proportional relationship between friction
torque and current size.

In the process of accelerating the rotation of the turntable, the direction of the rotation
axis of the wheel body changes rapidly, and the moment load borne by the supporting
bearings at both ends increases continuously due to the conservation of angular momentum.
The greater the angular acceleration, the faster the moment increases and the shorter the
moment response time. According to the actual moment of inertia of the wheel body in
the control moment gyroscope, when the speed increases from 0°/s to 60° /s during the
acceleration of the turntable, the moment borne by the bearings at both ends of the wheel
body increases from 0 N-m to 125 N-m. The friction torque of the bearing under different
angular acceleration is measured respectively, and the results are as follows:
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Figure 33 shows that the friction torque of the bearing increases with the increase
in the moment when the CMGB withstands a variable moment during the test. At the
same time, when the torque load rises to a certain value (63 £ 5 N-m), the friction torque’s
fluctuation amplitude increases, similar to the simulation results. Moreover, the maximum
error of friction torque between the test and the simulation result is 16.5%.

_|—— Tested bearing

=]

(=]

Tested bearing |—— Tested bearing

— Simulated beari

o
o

0
=]

Frictional tourque of bearings(N-mm)

Frictional tourque of bearings(N-mm)

2 1 1 1

25 50 75
Moment load(N-m)

() 0.01°/s2

100 125 0 25 50 75 100 125 0 25 50 75 100 125
Moment load(N-m) Moment load(N-m)
(b) 0.05°/s2 (c) 0.1°/s2

Figure 33. Friction torque fluctuation of bearing under the different angular accelerations.

4. Conclusions

(1) The friction torque fluctuation of CMGB is directly connected to the dynamic
characteristics. When CMGB withstands a time-varying moment, the friction torque of the
bearing increases with the increase in the moment, and the fluctuation of friction torque is
related to the collision between the ball and the cage. For the different working conditions,
there is a critical moment. If the moment is greater than the corresponding critical moment,
the collision forces between the balls and cage increase; the axial displacement of the ball
increases; the trajectory of the cage’s mass center changes from irregular movement in a
small range to the circular eddy motion; and the fluctuation of cage speed and friction
torque will increase.

(2) When CMGB runs within the same moment range, the faster the time-varying
moment response, the larger the collision forces between the balls and cage, the more
irregular the trajectory of the cage’s mass center, and the larger the fluctuation amplitude
of the cage speed and friction torque.

(3) Under the condition of time-varying moment, the non-uniformity of the CMGB
ball under load increases with the increase in torque load, and the raceway’s binding force
on the ball is insufficient after reaching the critical moment load, which increases the axial
offset of the ball during the operation, and the amplitude of friction torque fluctuation
increases. However, increasing the bearing preload can reduce the axial displacement of
the ball and the fluctuation amplitude of the bearing friction torque within a certain range.

(4) Under the time-varying moments, with the increase in CMGB working temperature,
the lubricant viscosity decreases, which increases the oil dumping rate of the porous oil
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cage, reduces the friction coefficient between the contact surfaces of each part in the bearing,
and reduces the fluctuation amplitude of the cage speed and friction torque.
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