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A clear understanding of both vibrations and the impact forces of planetary transmission systems is very helpful
for decreasing impact failures of their friction discs and preventing serious accidents of the system. This study
presents a multibody dynamic (MBD) investigation based on a commercial MBD software to predict the vibrations
and impact forces of the friction disc in a planetary transmission system. In the MBD model, the radial clearance
of the planet bearing is formulated, as well as the backlash between the outer gear teeth of the ring and friction
disc teeth. However, the previous works in the literature only considered single radial clearance or backlash. The
influences of the radial clearance of the planet bearing and backlash between the outer gear teeth of the ring and
friction disc teeth on the vibrations and impact forces of the friction disc in the planetary transmission system
are studied. The results give that a smaller radial clearance and backlash can be useful for decreasing both the
vibrations and impact forces of the friction disc in the planetary transmission system. The MBD method can be

applied to predict the vibrations and impact forces in the planetary transmission system as well.

1. INTRODUCTION

Planetary transmission systems are one of the key com-
ponents in many industry applications such as heavy trucks,
ships, high-speed trains etc.! As the main braking compo-
nents of the planetary transmission systems, friction discs are
their most key components. Due to their complicated working
conditions, impact failures, such as plastic deformations and
cracks, are usually generated in the friction discs. A sample of
the crack failure of a frictional plate is shown by Wang.? Thus,
a clear understanding of the impact failures of the friction discs
is very helpful for preventing serious accidents of the planetary
transmission systems.

Many studies have reported to analyze the impact failures of
different friction discs. Some works were focused on analyzing
fracture failures of the friction discs by using chemical analy-
sis methods.>® Moreover, dynamic analysis methods are one
of the most useful methods for the impact failures of the fric-
tion discs in the planetary transmission systems. Majcherczak
and Dufrénoy’ presented a multibody dynamic (MBD) model
and a finite element (FE) model for a braking system to discuss
the dynamics of the system with external and internal loadings.
Kang et al.® used a FE model and an analytical model to pre-
dict the vibration instability caused by the transverse doublet
modes of a thin annular plate. Zeng and Luo’ developed an
analytical model of a disc brake in a railway vehicle system
to analyze nonlinear friction vibrations between the disc and
brake lining. Olshevskiy et al.'® established a FE model to dis-
cuss the effects of the thermomechanical factors on the contact
pressure distribution, temperature, and wear patterns of a brake
system. Sfarni et al.!! established a FE model for a clutch disc
to analyze the cushion curve. Li et al.'>!* developed a MBD
model to predict the vibrations and impact forces of a friction
disc system. Olshevskiy et al.'"* proposed a MBD model and a
FE model to study the tribological characteristics of a friction

pair with a centre bowl and a centre plate. Wei et al.!> intro-
duced a dynamic model for a brake system combined with the
tangential motion of the pad and torsional motion of the disk
to discuss the noise and vibration of the brake system.

The above studies show that the failures of the friction discs
have been studied by using chemical analysis methods, the FE
method, the MBD method, and the analytical method. How-
ever, the effects of the excitations of the supported plane-
tary gear system were ignored in most works. Although the
supported planetary gear system was considered in Refs.,'>!3
the planetary gear system and inner hub of the friction disc
were fixed as one rigid bodies, and the gears and bearings in
the planetary gear system were ignored in their MBD model.
Therefore, the above models cannot accurately consider the
effects of the clearances of the planet bearings and interac-
tions between the mating components in the supported plan-
etary gear system on the vibrations and impact forces of their
friction discs. This study is conducted to overcome this gap.

On the other hand, numerous works have been reported to
study the vibrations of planetary gear systems. Kahraman et
al.'® developed a dynamic FE model for a planetary gear
system to analyze the effect of the gear flexibility on the dy-
namic system behaviors. Ambarisha and Parker'” proposed a
lumped-parameter model and a FE model for a planetary gear
system to describe the nonlinear system vibrations. Lethé et
al.'® established a MBD model to predict the vibrations, dura-
bility characteristics and noise emissions of a planetary gear-
box. Halsen et al.'" developed a torsional MBD model for
a wind turbine planetary gearbox to discuss its modal behav-
ior. Xing and Moan?® presented a MBD simulation method
that combined the FE and MBD models to predict the vibra-
tions of a planetary gearbox used in a wind turbine. Helsen et
al.?! developed a flexible MBD model of a planetary gearbox
in a wind turbine to analyze the mode shapes of the system.
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Jin et al.?? established a flexible MBD model for a planetary
transmission system in a wind turbine to predict the vibrations
of the system. Li et al.”?®> proposed an aero-servo-elastic sim-
ulation method combined with the MBD and computational
fluid dynamic methods for a planetary transmission system in
a wind turbine to analyze the interactions between the elastic
blades, turbulent wind, drivetrain dynamics, and rotor aerody-
namics. Ma et al.,>*2% presented the MBD and FE models to
study the vibrations of the cracked gear systems. Although
the above works introduced various MBD, FE, and analytical
methods to study the vibrations of the planetary transmission
system, the effects of the excitations in the planetary gear sys-
tem on the friction disc were not discussed in their works. Yu
et al.?”28 introduced an analytical dynamic model to formu-
late the effects of the spatial cracks on the vibrations of gear
systems. Liang et al.,”® Xin,*® and Liang et al.>! studied the
dynamic vibrations of the planetary gear system with backlash
and the cracks. Xue et al.’?> studied the angular amplitude
modulation caused by the planet bearings. However, in prac-
tice, the clearance and manufacturing errors in the bearings
have a significant effect on the system vibrations.*=¢ Thus,
the clearance of the planet bearing should be considered in the
vibration analysis of the planetary transmission systems. Guo
and Parker?”-3® proposed a series of works to study the influ-
ences of the bearing clearance and the internal backlash on the
vibrations of the planetary gear systems. Raghuwanshi and
Parey>® used the FE method to study the influence of backlash
on the mesh stiffness of a spur gear system. Moshrefzadeh
and Fasana*’ presented a MBD model considering the bearing
clearance and internal backlash of a planetary gear system. Liu
et al.*! studied the bearing clearance and backlash on the vi-
brations of a spur gear system. Zhang et al.*’> studied the gear
backlash on the transmission error and load distribution of a
hoist two-stage planetary gear system.

Moreover, Chaari et al.! proposed a dynamic model of a
planetary gear with tooth pitting and cracking. The support
bearings in the planetary gear were not considered in their
model. Wang? only studied the impact forces between the ring
gear and friction disc, which used a rigid fixed ring gear in
this model. However, for a planetary gear system, the bearing
clearance, bearing deformation, and floated ring will greatly
affect the impact forces between the ring gear and friction disc.
The above parameters will be completely considered in this
work. Thus, this work is not a simple combination of those in
Refs. -2

To overcome the above problems, this study presents a MBD
investigation based on a commercial MBD software to predict
the vibrations and impact forces of the friction disc in a plan-
etary transmission system. Both the radial clearance of the
planet bearing and backlash between the outer gear teeth of the
ring and friction disc teeth are formulated in the MBD model,
which were not considered by the previous works in the liter-
ature. According the practical working conditions, since the
main reason for failure with the crack type of friction disc in
this work is caused by the unexpected impact forces between
the ring gear and friction disc, which is very different from
those given by Mackin et al.> Thus, this work is focused on
the vibrations and impact forces. Here, the influences of the
radial clearance of the planet bearing and backlash between
the outer gear teeth of the ring and friction disc teeth on the vi-
brations and impact forces of the friction disc in the planetary
transmission system are studied. The results give that a smaller
radial clearance and backlash can be useful for decreasing the
vibrations and impact forces of the friction disc in the plane-

tary transmission system. It also seems the MBD method can
be applied to predict the vibrations and impact forces in the
planetary transmission system.

2. A BRIEF FORMULATION FOR THE MBD
METHOD

2.1. Contact Force Calculation Algorithm

An impact function method based on Hertzian contact the-
ory was used to formulate the contact forces between the mat-
ing bodies in the planetary gear system. In this method, the
contact force was given by:*3

F:

. ds
K(so—s)*—C <dt> STEP(s, so — d, 1,50,0)s > so
0 s < 8o

ey

where K was the contact stiffness between the mating bodies,
so was the reference distance between the mating bodies, s
was the real distance between the mating bodies, e was the
force exponent, C' was the damping coefficient, ¢ was the time,
STEP was a step function, and d was the penetration depth. K
was calculated by:

4 05 /192 102\ '
K== ﬂ Y1 + U2 : )
3\ R+ Ry By E,
where R; and R, were the radii of the mating bodies, F; and

E, were the elastic modulus of the mating bodies, and v, and
vo were the Poisson ratios of the mating bodies. Moreover, C'

was defined by:
C =26V Km*; 3)

where ¢ was the damping ratio, and m*is the equivalent mass.
The contact stiffness of the planet bearing was calculated by:

0.9
5%; @)

0=3.84x10"
where () was the contact force and [ was the contact length.

2.2. Dynamic Simulation Method

The equations of the motion for the planetary transmission
system used in the simulation software was written as:*3

d (0T OT —, 0%
dt<8s'j>_8$j_Qj+ZZ_:)\i83j’ &)

where 7" was the kinetic energy of the components of the plane-
tary transmission system, s; was the generalized coordinates of
the components of the planetary transmission system, (); was
the generalized force at s;, n was the number of the constraint,
A was Lagrange multiplier, and ® was the constraint function.
In Eq. (4), the last term describes the constraint forces of the
components of the planetary transmission system. s is given
by:

s = [z,y,2,9,0,9]"; (6)
where z, y, and z were the Cartesian coordinates of the rigid

bodies of the planetary transmission system, and ¢, 6, and ¢
were the Eulerian angles of the rigid bodies of the planetary
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Table 1. Geometrics for the studied planetary transmission system.

Parameters Planet | Sun | Ring | Friction
gear gear | gear disc

Normal module (mm) 4

Number of teeth 15 30 ] 60 [ 75

Number 3 1

Normal pressure angle (°) 20

Face width (mm) 25 i 4

transmission system. The Cartesian coordinates are marked in
Fig. 1. In this work, according to the practical working con-
ditions, the vibrations in the z direction can be ignored due to
the mounting conditions. Thus, this model only considered the
vibrations in the x and y directions.

In the MBD model, the Eq. (1) was used to calculate the con-
tact forces between the contacting bodies; the Eq. (2) was used
to calculate the contact stiffness between the meshing gears;
the Eq. (3) was used to calculate the damping value between
the meshing gears; the Eq. (4) was used to calculate the contact
stiffness between the roller and raceway of the planet bearing;
moreover, the Eq. (5) was the calculation algorithm used in the
software for calculating the kinetic energy and dynamic behav-
iors of the rigid bodies in the MBD model.

3. RESULTS AND DISCUSSIONS

In this study, the vibrations and impact forces of a plane-
tary transmission system with one friction disc is analyzed by
using a MBD method. The dynamic model is established in
a commercial ADAMS software. As plotted in Fig. 1, the
studied planetary transmission system includes one sun gear,
three planet gear, three planet bearings, one carrier, one ring
gear, and one friction disc. In the MBD model, the sun gear
is fixed on the ground according the practical mounting con-
ditions. Geometrics of the planetary transmission system are
given in Tables 1 and 2. The backlash between the outer gear
teeth of the ring and friction disc teeth is formulated as shown
in Fig. 1, as well as the radial clearance of the planet bear-
ing. A grease lubrication condition is considered in the planet
bearing, whose calculation algorithm is listed in MSC Adams
manual.** A clockwise rotational speed of the carrier (n.) is
assumed to be 300 r/min, 600 r/min, and 1200 r/min, respec-
tively. The normal backlash between the outer gear teeth of
the ring and friction disc teeth (d;) is assumed to be 0.01 mm,
0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.6 mm, 0.8 mm, and
1.0 mm, respectively. The normal backlash between the outer
gear teeth of the ring gear and friction disc teeth is obtained by
the measurement results in the practical conditions. The radial
clearance of the planet bearing is assumed to be 0.0125 mm,
0.0225 mm, 0.0325 mm, 0.0400 mm, and 0.0475 mm, respec-
tively. In this work, the vibration of the friction disc and the
impact forces between the ring gear and friction disc will be
studied in the next sections.

Figure 1(b) shows the proposed MBD model in the software.
In this model, the sun gear is fixed with the ground; a revolu-
tion joint is used to fix the carrier and support shaft. The input
speed is applied on the carrier; the roller bearing model from
the ADAMS software used for model the roller bearings; the
contact model is used to formulate the meshing relationship
between the gears; the moment is applied on the friction disc.
Based the suggested value in the software, the damping value
used for the bodies is 10 N/(m/s). In this model, the axial vi-
bration of the friction disc is not considered according to the
practical working conditions.

(a)

Friction disc

Ring gear
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1

) i
/’ N
Ring gear // !
— |

1

\ 7Fric7tion disc |

A Sungear ¢ § / L _____Xriction disc,
Y Z
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Planet gear Planet bearing
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(b)

Figure 1. (a) Schematic of a planetary transmission system and (b) MBD
model.

Table 2. Geometrics for the studied planet bearing NA4902.

Parameters Value
Bore diameter (mm) 21.5
Roller diameter (mm) | 2.07
Roller length (mm) 19.10
Number of rollers 8
Number of rows 1

3.1. Influence of the Radial Clearance of the
Planet Bearing on the Vibrations of the
Friction Disc

Figures 2 to 4 plot the influence of the radial clearance of the
planet bearing on the displacements of the friction disc under
different carrier speeds. Since the statistics of the time-domain
vibrations can be useful for analyzing the dynamic characteris-
tics of rotating system,*** this following section will discuss
the statistics. In Fig. 3, the normal backlash (d;) is assumed
to be 0.01 mm. In Fig. 4, the carrier speed (n.) is assumed
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Figure 2. Influence of the radial clearance of the planet bearing on the time-domain displacements of the friction disc.

to be 1200 r/min and the normal backlash (d;) is assumed
to be 0.1 mm, 0.2 mm, and 0.3 mm, respectively. The root
mean square (RMS) value, peak value (PV), and peak to peak
(PTP) value of the displacement of the friction disc are used to
demonstrate the influence of the radial clearance of the planet
bearing on the vibrations of the friction disc. The details of
the calculation methods for the above statistics were listed in
Refs.*® As plotted in Fig. 3, for the system with a small normal
backlash (d; = 0.01 mm), the vibration level of the friction
disc almost increases with the radial clearance of the planet
bearing and the carrier speed. It seems that the friction disc
has a smaller vibration level when the radial clearance of the
planet bearing is chosen to be from 0.0125 mm to 0.0225 mm.
As depicted in Fig. 4, for the system with a large normal back-
lash under a higher carrier speed, the vibration level of the fric-
tion disc also almost increases with the radial clearance of the
planet bearing and the carrier speed too; when d; is 0.2 mm and
0.3 mm, a smaller vibration level is observed when the radial
clearance of the planet bearing is chosen to be from 0.0225 mm
to 0.0325 mm; when d; is 0.4 mm, a smaller vibration level
is observed when the radial clearance of the planet bearing is
chosen to be from 0.0125 mm to 0.0225 mm.

Figure 5 gives the influence of the radial clearance of the
planet bearing on the angular speed of the friction disc under
different carrier speeds. Here, only PV and PTP values of the
angular speed of the friction disc are compared since the RMS
value has a slight difference between the studies cases. As
given in Fig. 5, the angular speed fluctuation of the friction disc
almost increases with the radial clearance of the planet bearing
and carrier speed. When n, =300 r/min and 1200 r/min, the
minimum PV and PTP values can be observed for the case
with a radial clearance of 0.0125 mm. When n,. = 600 r/min,
the minimum PV and PTP values can be observed for the case
with a radial clearance of 0.0225 mm. Moreover, the angular
speed fluctuation of the friction disc for the case with the nor-
mal backlash of 0.2 mm is smaller than those for the other two
studied backlash cases. The above results give that the radial

clearance of the planet bearing has a great influence on the vi-
brations of the friction disc. The results from Figs. 2 to 4 show
that the vibration level of the friction disc can be reduced by
changing the radial clearance of the planet bearing and back-
lash the outer gear teeth of the ring and friction disc teeth. Fur-
thermore, a smaller radial clearance of the planet bearing can
be useful for reducing the vibration level of the friction disc.

3.2. Influence of the Backlash on the
Vibrations of the Friction Disc

Figure 6 depicts the influence of the backlash between the
outer gear teeth of the ring and friction disc teeth (d;) on
the displacements of the friction disc under different carrier
speeds. Here, the radial clearance of the planet bearing is as-
sumed to be 0.0125 mm. As depicted in Fig. 6, the vibration
level of the friction disc almost increase with the backlash and
carrier speed. The case with a normal backlash of 0.2mm pro-
duces a smaller vibration level in the studied backlash cases.

Figure 7 illustrates the influence of the backlash on the an-
gular speed fluctuation of the friction disc under different car-
rier speeds. Here, the radial clearance of the planet bearing is
also assumed to be 0.0125 mm. As given in Fig. 7, the angular
speed fluctuation of the friction disc also almost increases with
the backlash and carrier speed. Furthermore, the case with a
normal backlash of 0.2 mm produces a smaller angular speed
fluctuation in the studied backlash cases. Figure 8 shows the
influence of the radial clearance of the planet bearing on the
angular speed fluctuation of the friction disc under different
backlash cases. In Fig. 8, the carrier speed (n.) is assumed to
be 1200 r/min. As shown in Fig. 8, the angular speed fluctua-
tion of the friction disc also almost increases with the backlash
and radial clearance of the planet bearing. The above results
show that the radial clearance of the planet bearing has a great
influence on the angular vibrations of the friction disc. The re-
sults from Figs. 7 to 8 show that the angular vibration level of
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Figure 3. Influence of the radial clearance of the planet bearing on the dis- 0.0125 0.0225 0.0325 0.04 0.0475

placements of the friction disc with d¢ = 0.01 mm. (a) n, = 300 r/min, (b)
ne = 600 r/min, and (c) n. = 1200 r/min.

the friction disc can be reduced by changing the radial clear-
ance of the planet bearing and backlash the outer gear teeth of
the ring and friction disc teeth. In addition, a smaller radial
clearance can be useful to reduce the angular vibration level of
the friction disc.

3.3. Influence of the Radial Clearance of the
Planet Bearing on the Impact Force of
the Friction Disc

Figure 9 illustrates the influence of the radial clearance of
the planet bearing on the impact force of the friction disc un-
der different carrier speed. Here, the normal backlash is as-
sumed to be 0.01 mm. As shown in Fig. 9, the impact forces
of the friction disc almost increase with the radial clearance of
the planet bearing and carrier speed. It seems that the friction
disc has a smaller impact force when the radial clearance of the
planet bearing is chosen to be from 0.0125 mm to 0.0225 mm.

Radial clearance (mm)

Figure 4. Influence of the radial clearance of the planet bearing on the dis-
placements of the friction disc with n. = 1200 r/min. (a) d¢ = 0.2 mm, (b)
dy = 0.3 mm, and (¢) d¢ = 0.4 mm.

This results are similar as those in Section 3.1. The above re-
sults show that the radial clearance of the planet bearing and
carrier speed have a great influence on the impact force of the
friction disc. The results from Fig. 9 show that the impact force
of the friction disc can be reduced by changing the radial clear-
ance of the planet bearing and backlash the outer gear teeth
of the ring and friction disc teeth. Moreover, a smaller radial
clearance can be useful to reduce the impact force of the fric-
tion disc.

3.4. Influence of the Backlash on the Impact
Force of the Friction Disc

Figure 10 plots the influence of the backlash on the impact
force of the friction disc under different carrier speed. Here,
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Figure 5. Influence of the radial clearance of the planet bearing on the angular
speed of the friction disc with d; = 0.01 mm. (a) n. = 300 r/min, (b)
ne = 600 r/min, and (c) n. = 1200 r/min.

the radial clearance of the planet bearing is assumed to be
0.0125 mm. As given in Fig. 10, the impact forces of the fric-
tion disc almost increase with the backlash and carrier speed.
It seems that the friction disc has a smaller impact force when
the radial clearance of the planet bearing is chosen to be from
0.0125 mm to 0.0225 mm. This results are similar as those
in Section 3.2. Figure 11 shows the influence of the radial
clearance of the planet bearing on the impact force of the fric-
tion disc under different backlash cases. In Fig. 11, the carrier
speed (n.) is assumed to be 1200 r/min. As shown in Fig. 11,
the impact forces of the friction disc almost increase with the
backlash; for d; = 0.2 mm, the friction disc has smaller impact
force when the radial clearance of the planet bearing is chosen
to be from 0.0125 mm to 0.0225 mm; for d; = 0.3 mm and
0.4 mm, the friction disc has smaller impact force when the ra-
dial clearance of the planet bearing is chosen to be 0.0125 mm.
The above results show that the normal backlash have a great
influence on the impact force of the friction disc. The results
from Figs. 10 and 11 show that the impact force of the fric-

(a)

Displacement (mm)

~
=3
~

Displacement (mm)

0.2 0.4 0.6 0.8 1
Normal backlash (mm)

—~
(e}
~

Displacement (mm)

0.2 0.4 0.6 0.8 1
Normal backlash (mm)

Figure 6. Influence of the backlash on the displacements of the friction disc
with 7, = 0.0125 mm. (a) n, = 300 r/min, (b) n. = 600 r/min, and (c)
ne = 1200 r/min.

tion disc can be reduced by changing the radial clearance of
the planet bearing and backlash the outer gear teeth of the ring
and friction disc teeth. Furthermore, a smaller radial clearance
can be useful to reduce the impact force of the friction disc.

4. CONCLUSIONS

This study presents a MBD investigation based on a com-
mercial MBD software to predict the vibrations and impact
forces of the friction disc in a planetary transmission system.
Both the radial clearance of the planet bearing and backlash be-
tween the outer gear teeth of the ring and friction disc teeth are
formulated in the MBD model, which were not considered by
the previous works in the literature. The influences of the radial
clearance of the planet bearing and backlash between the outer
gear teeth of the ring and friction disc teeth on the vibrations
and impact forces of the friction disc in the planetary trans-
mission system are studied. The results show that a smaller
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Figure 7. Influence of the backlash on the angular speed of the friction disc
with 7, = 0.0125 mm. (a) n, = 300 r/min, (b) n. = 600 r/min, and (c)
ne = 1200 r/min.

radial clearance and backlash can be useful for decreasing the
vibrations and impact forces of the friction disc in the plane-
tary transmission system. It also seems the MBD method can
be applied to predict the vibrations and impact forces of the
planetary transmission system. Some specific conclusions are
listed as follows:

(1) When the bearing clearance is from 0.0125 mm to
0.0225 mm, the minimum vibration displacement, angular
speed, and impact force located at the friction disc teeth are
observed.

(2) When the backlash between the friction disc and ring
gear is 0.2 mm, the minimum vibration displacement and an-
gular speed are observed.

(3) When the backlash between the friction disc and ring
gear is larger than 0.2 mm, a smaller bearing clearance can
obtain a smaller vibration displacement.

(4) For a low input speed, a larger backlash between the fric-
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Figure 8. Influence of the backlash on the angular speeds of the friction disc
with n. = 1200 r/min. (a) d¢ = 0.2 mm, (b) d; = 0.3 mm, and (¢) d¢ =
0.4 mm.

tion disc and ring gear can obtain a smaller impact force be-
tween the friction disc and ring gear. When the input speed is
larger than 1200 r/min, a larger backlash between the friction
disc and ring gear will produce a larger impact force.
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