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Abstract: Bearings and other revolute pairs in gear drives will form clearances due to wear after
working for a long time, which will aggravate the vibration and noise of the gear. Therefore, taking
the gear drives with revolute pair clearance as the research object, the calculation formulas of the
backlash and contact ratio is derived, and the time-varying mesh stiffness model considering the
clearance is presented in this work. Then, a nonlinear dynamic model for the gear drives with
revolute pair clearance is proposed by combining the backlash, contact ratio and the time-varying
mesh stiffness. The effects of the clearance on the meshing stiffness, load sharing factor and nonlinear
behavior are investigated. Results indicate that the revolute pair clearance weakens the meshing
stiffness and increases working hours in single teeth contact area, thereby increasing the risk of
premature failure of the gear drive. In addition, the revolute pair clearance has negligible effect on
the nonlinear behavior of gear pair in low-speed running, but it can obviously change the bifurcation
behavior and aggravate the vibration of the gear drive.
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1. Introduction

Gears are one of the most important power transmission elements in the aerospace,
automotive, robotic, agricultural machinery and other fields. Gear drives are mainly used
to transfer torque and speed. As a result, they become the main source of vibration and
noise for a lot of equipment. After working for a long time, the bearing in the gear drive
will form clearance due to wear, which causes the increase in gear vibration and noise.
With the rapid development of new energy vehicles and electric agricultural machinery, the
working speed of gear transmission has risen significantly, and the effect of the revolute
pair clearance on gear vibration and noise will be more significant. Therefore, it is necessary
to investigate the effect of the clearance in rotating pairs on the nonlinear dynamics of
gear drives.

Gear dynamics has been studied for about 100 years. In the early stage, the research
focused on gear strength and dynamic load. In 1950, Tuplin [1] proposed the mass-spring model
for gear meshing. Since then, the research of gear dynamics has changed from impact analysis
to vibration analysis. Through the efforts of scholars for more than 30 years, the gear dynamic
model has undergone the transformation from linear time-invariant and linear time-varying to
nonlinear time-varying dynamic model. As early as in 1985, Mitchell and David [2] discovered
that gear transmission is a nonlinear system. However, it was not until the nonlinear dynamics
model established by Ozguven et al. [3] and Kahraman et al. [4] based on tooth side clearance
was compared and consistent with the experimental results tested by Munro [5] that the gear
nonlinear dynamics research entered the stage of rapid development.
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Many efforts have been made to study the nonlinear dynamics of gear drives, and
the research results were reviewed by Wang et al. [6]. In the early stage, the gear dynamic
response is mainly predicted by the single degree of freedom (DOF) dynamics model.
Based on the single-DOF gear dynamics model, Vaishya and Singh studied the nonlinear
behavior of the gear system by introducing nonlinear friction [7] and periodically varying
gear mesh parameters [8]. Tamminana et al. [9] studied the correlation between dynamic
load coefficient and dynamic transmission error (DTE) based on the single-DOF dynamic
model. Xiao et al. [10] investigated the effects of oil film stiffness and damping on spur gear
dynamics based on the single-DOF gear dynamics model. In 1975, Mitchell and Mellen [11]
discovered the bending-torsional coupling vibration in high-speed gear transmission, and
the demand of multi-directional vibration analysis is becoming more and more obvious.
Therefore, the study of gear dynamics is transitioned from single-DOF dynamic model to
multi-DOF dynamic model. Walha et al. [12] applied the multi-DOF dynamic model to
analyze the dynamic response of a two-stage gear transmission. Gou et al. [13] deduced
the expression of meshing stiffness as a function of tooth surface flash temperature based
on Hertz contact theory, and studied the influence of tooth surface temperature on gear
dynamic behavior. Liu et al. [14] studied the effect of bearing thermal deformation on
nonlinear dynamic characteristics of an electric drive helical gear system. Fu et al. [15]
established a multi-DOF dynamic model for a two-stage gear transmission and studied the
dynamic response in the normal and fault states.

With the higher precision requirement of mechanical equipment, the influence of various
errors on the dynamic response of gear has been considered gradually in gear dynamic models.
Cao et al. [16] investigated the influence of gear eccentricity caused by manufacturing errors
on dynamic performance of a planetary gear train. Then, Wang et al. [17] studied the effect
of gear eccentricity and varying load on gear time-varying backlash, and predicted the gear
DTE without backlash and with constant backlash and time-varying backlash. Chen et al. [18]
acquired the static transmission error of the gear drives by an experiment and analyzed its
effect on a crowned gear pair. Pan et al. [19] analyzed the effect of random excitations on
gear dynamic response based on a 10-DOF dynamic model. Oguz and Fatih [20] established
a four-DOF dynamic model of gear drives with symmetric and asymmetric tooth profiles,
and predicted the DTE of the gear pair. Li and Peng [21] employed the fractal theory to
reliably estimate the gear backlash and bearing clearance, and studied the effect of these
factors on gear dynamic characteristics. Chao et al. [22] investigated the effect of random
tooth profile errors on the dynamic behaviors of gear drives. Zhang et al. [23] investigated
the dynamic similarity of gear drives by considering the machining error distortion in theory
and experiment. Chen and Tang [24] established the dynamic model of a double-helical gear
set with staggering and pitch errors, and studied the effect of these errors on the dynamic
response. Tian et al. [25] presented a nonlinear collision model with time-varying contact
stiffness/damping for analyzing the effect of bearing collision behaviors.

The above literatures mainly focus on the influence of initial errors such as gear eccen-
tricity, tooth shape error and pitch error on the dynamic performance of gear transmission
system. The accumulated errors formed during gear operation will gradually increase
the gear vibration and accelerate the failure of the gear transmission system. In view of
this topic, researchers paid more attention to the influence of cracks in the early stage,
and focused on the mesh stiffness reduction due to tooth root crack [26—29]. Shao and
Chen [30] discovered that the tooth root crack also caused tooth plastic inclination and
studied its effect on the displacement excitation, mesh stiffness and load sharing factor
in mesh. Jiang et al. [31] established a multi-DOF gear dynamic model and analyzed the
effect of tooth profile error caused by spalling defect on the dynamic characteristics of
helical gear with friction excitation. Liu et al. [32] studied the interaction between toot
surface wear accumulation and gear dynamic performance. Li and Anisetti [33] analyzed
the relationship between gear tribo-dynamic response and pitting crack nucleation.

The above literatures mainly focus on the influence of cumulative amounts such as
tooth surface wear, pitting erosion and root crack on the dynamic performance of gear
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pairs. However, bearings and other rotating pairs will form a clearance due to wear after
working for a long time, thereby increasing the center distance and backlash and reducing
the contact ratio of the gear pair. Few literatures comprehensively analyze the influence of
these parameters on gear meshing characteristics and dynamic performance. Therefore,
this work aims to establish a dynamic model for the gear drive with revolute pair clearance
and reveal the mechanism of the influence of clearance on gear nonlinear dynamics.

The difference from the published papers is that our work considers the following
specific interactions: (1) the effect of revolute pair clearance on gear TVMS and load sharing
factor; (2) the effect of revolute pair clearance on meshing angle, backlash and contact ratio
of the gear pair.

2. Model

The center distance of gear pairs will be changed with the increase in the wear of
bearings, which affects the gear meshing stiffness, load sharing factor, meshing angle
and backlash. The change of these parameters will lead to different nonlinear dynamic
behaviors of gear drives.

2.1. Mesh Stiffness Model

The center distance will increase in the gear pairs with revolute pair clearance. To
investigate the effect of the wear clearance of revolute pair on gear dynamics, the error of
center distance caused by the manufacturing and assembly is not included, and that caused
by the revolute pair clearance is only considered in this work. Thus, the error of center
distance is numerically equivalent to the revolute pair clearance, as shown in Figure 1. The
meshing angle will be changed, and it can be expressed as:

b1+ T2 o1+ Th2 (1)

r_ Tor 7oz _
o = arccos—— arccos 0.5m(z1 + z2) + Ay

where, 1,1 and 1y, refer to the base radius of the pinion and gear, respectively. m represents
the modules of gear; A; is the revolute pair clearance; z; and z; are the number of teeth of
the pinion and gear, respectively. In Figure 1, O; and w; represent the rotational center and
the angular speed; r; refers to the radius of the reference circle; P refers to the pitch point; N;
represents the intersection of the base circle and LOA; B; represents the intersection of the
addendum circle and LOA; Subscript 1 and 2 represent the pinion and the gear, respectively.

With the increase of the meshing angle, the length of line-of-action also changes, and
it can be written as:

B1By = 1y (tanag — tana’) + rpp (tana,, — tana’) )

where, a;1 and «, are the pressure angle at addendum circle of the pinion and gear,
respectively. When the center distance of the gear pair increases, the contact ratio can be

obtained by
€= _BiB 3)

7tm cos(a)

In addjition, backlash will become large with the increase in the center distance of the
gear pair. The half of backlash can be written as

b = by +d (inva’ — inva) cosa’ 4)

where, by is the initial half of backlash of the gear pair.
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Figure 1. Schematic diagram of the mesh theory of involute gear pair.

Figure 2 shows the geometrical profile and force diagram of the involute spur gear.
AB is the addendum circle. Curve BC is the involute, and Curve CD is the transition curve
at tooth root. r¢ represents the radius of the dedendum circle, and point i refers to the
point at which the load is applied; F is the applied load; x and y represent the x-value
and y-value of the point of tooth profile, respectively. T is the angle between x-axis and
the line between the rotational center and the tangent point in base circle. @ is the angle
between x-axis and the line between the rotational center and point C. We can use the
potential energy method to calculate the time-varying meshing stiffness (TVMS). The tooth
can be equivalent to the cantilever beam consolidated in the tooth root circle [34]. When the
teeth loaded a force of F, it will produce contact deformation, bending deformation, shear

deformation and compression deformation. In addition, the gear body will also contribute
to the tooth deflections [35].

A
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» x(T \\\ »
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Figure 2. Geometrical profile and force diagram of the involute spur gear.
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The total potential energy of a meshing tooth pair consists of the potential energy
caused by contact deformation, bending deformation, shear deformation and compression
deformation of tooth and the deformation of fillet-foundation, and it can be written as

F2 u
U= 2k_uh+Z<um+ub1+uﬂ+Af) )
i=1

where, subscript i = 1,2 represents the pinion and the gear, respectively. Uy, U,, Uy, Us and
Uy are the potential energy caused by contact deformation, compression deformation, bend-
ing deformation and shear deformation of tooth and the deformation of fillet-foundation,
respectively. A; is a correction coefficient of the fillet-foundation stiffness, and it can be
determined by the finite element method [36]. These potential energy can be presented as

2 F2 2 F2 2

Uh:mlua:EIUb: rusziruf:@/ (6)

2k, 2k,

In Equation (6), the contact stiffness k, and the fillet-foundation stiffness k¢ can be
written as

mTEB
kh_ 4(1_02) (7)
1 cos? T u 2 u
g i o x4 * * 2,
& B L <sf> +M <5f> 4P (1+Q tan Tl) ®)

where, E and v are the elastic modulus and Poisson’s ratio of gear material. B refers to the
tooth width. 7; is defined as the angle between the force and the y-axis. The parameters u, S,
L',M,P",Q is applied to calculate the fillet-foundation stiffness, and they can be referred
to Ref. [35]. In Equation (5), the potential energy yields by compression deformation,
bending deformation and shear deformation can be expressed as

_ P2 _ F2
Us = o, = fxD ZEAYl dxp + f sEa, dx2

o 1:2 _ 2
U, = 2%, = fxD 2E1x1 dxy + f 215122dx2 )

_ FZ _rxc 121:
us—sz—fxD 2GA1dx1+f chdeZ

In Equation (9), My = F,(x; — x1) — Fxy;, M2 = F,(x; — x2) — Fxyi, Ax1 = 2y1B, Axo =
2y,Band I = %y‘;’B, Ly = %y%B. Fy and Fy represent the component of the force F along

the x and y directions, respectively. G is the shear modulus of the gear material. Thus,
Equation (9) can be rewritten as

1 Xc sin” T, x; sin? T,
&=l EAlldx1+f )

L2
1 xc [cosT;(x;—x1)—x; sin ;]2 x; [cos T;(x;—xp)—x; sin 1] 10
ky = Jxp ¥1 dxy +f El dx (10)
1 _ prxc 1.2cos?T; x; 1.2cos? T
E - XD T GA,4 x1 d 1 + f GA X2 d

where, kg, k;, and ks represent the compression stiffness, bending stiffness and shear stiffness
of the toot pair, respectively.

11 and y in the formulas of the area Ay and cross sectional moment of inertia I, can be
seen in Ref. [37]. Combining the Equations (4) and (5), the mesh stiffness of a single tooth
pair can be written as

1 1 &1 1 1 1
- =+ — =+ — 11
k ky ;(kai kpi ks )\ikfi> ah



Processes 2023, 11, 230

6 of 14

There are single tooth and double teeth mesh areas in the spur gear pair with the
contact ratio between one and two. Thus, the time-varying mesh stiffness and load sharing
factor of the gear pair can be written as

n
km=Y ki, (n=1,2) (12)
i=1
k:
K; = ﬁ (13)

2.2. Nonlinear Dynamic Model

The gear contact model can be equivalent to the contact between two base cylinders
connected by a spring-damping system. The nonlinear dynamic model with six DOF
is illustrated in Figure 3. Therefore, the generalized coordinate vector of this system
isq=1[x yp 0 x¢ yg b }T. Where, x;, y; and 9; are the displacement in the
direction x, y and rotation; k,; and ky; are the bearing stiffness along the direction x and y,
respectively; c,; and ¢,; are the bearing damping along the direction x and y, respectively;
Ji is the moment of inertia, and T; is the torque. r; is the radius of the base circle, and
b represents the half of the backlash. k; and ¢y, are the TVMS and the mesh damping,
respectively. d is the center distance of the gear pair, and e is the transmission error,
respectively. DTE of gear drives reflects the ability of gear to resist deformation along LOA
direction. DTE is an important parameters to evaluate the vibration performance of gear
drives, and it can be defined as:

cosa’ 1y —sina’ —cosa’ 1y | (15)
Gear

Ay,

——
CyZ l i

7 /7

Figure 3. The nonlinear dynamic model of the gear pair with the center distance error.

The static transmission error is often introduced into gear dynamic models to assess
the effect of manufacturing and installation errors [38,39], and it can be defined as:

es = e1Sin(27tfiut + @1) + ex sin(27 fst + ¢3) (16)

where, f,;, represents mesh frequency, and f; is the rotation frequency of the axis. e; and e,
refer to the amplitudes of the error with the mesh frequency and the error with the rotation
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frequency of the axis, respectively. ¢; and ¢, represent the corresponding phase angle.
Thus, the deformation of the gear pair can be expressed as

Taking the backlash and static transmission error into account, the contact force
between the meshing tooth can be written ass

Fn = km(')’mofsm + ’leb) + Cm'Ym05m (18)

where, ¢, is the mesh damping between the meshing tooth. The sign functions ;¢ and
Ym1 can be expressed as

{0 |om| <D
-1 6,>0
Ym1 =14 0 else (20)
1 o< —b

Including the gear backlash and center error, the nonlinear dynamic model of the spur
gear can be written as the following matrices.

Mq+Cq+Kq=F (21)

where,
M =diag| my my 1 my my Jo |
C=—vmocu VIV
K= — ok, VIV (22)
F=-VI (km')’mlb — kmymoes — Cm'YmOés) + Fo
Fo=[0 0T 00 Tn]

3. Results and Discussion

The basic parameters of the spur gear pair are provided in Table 1. According to the
proposed model, the time-varying mesh stiffness, load sharing coefficient and nonlinear
behaviors of this gear pair are obtained. To analyze the effect of the clearance in revolute
pair on the dynamic characteristics of gear pair, the predicted results with the clearances of
0.3 mm and 0.6 mm are compared with that without clearance.

Table 1. Basic parameters of the gear pair.

Parameters Values Parameters Values

Modulus m=2mm Pressure angle o =20°

Pinion teeth number Z1=20 Gear teeth number Z> =60

Initial gear half-backlash bo =20 pm Face width of the tooth B =27 mm

Young’s modulus E =209 GPa Poisson’s ratio of the gear material 0.3

Mass of the pinion my =0.25kg Mass of the gear my =2.33 kg

Polar mass moments of inertia of the pinion ~ J; = 5.3 x 1073 kg-m? Polar mass moments of inertia of the gear Jo =43 x 107 kg'm?

3.1. Mesh Stiffness and Load Sharing Factor

Due to the existence of the clearance in the revolute pair, there are various changes
in the meshing angle and the contact ration of the gear pair, which has a considerable
effect on the TVMS of the gear pair, as shown in Figure 4a. The length of the LOA of the
gear pair decreases with the increase of the clearance in the revolute pair, thereby greatly
reducing the contact ratio of the gear pair. When the clearance in the revolute pair becomes
large, the TVMS of the gear pair decreases in the single teeth contact area and double tooth
contact area. The RMS value of the TVMS in a mesh cycle decreased from 399.4 N/um to
384.5 N/um.
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Figure 4. TVMS and Load sharing factor: (a) TVMS and (b) Load sharing coefficient.

In addition, with the increase of the clearance in the revolute pair, the position of the
lowest point of the single teeth contact area moves down obviously, and the single teeth
contact area increases. The contact stress and root bending stress of spur gear pairs are
large in the single teeth contact area. When the clearance in the revolute pair increases to
0.6 mm, the proportion of time loading high stress (i.e., in the single teeth contact area)
increased from 32.9% to 61.8%. This phenomenon will reduce the service life of the gear
drive. With the increase in the clearance to 0.6 mm, the load sharing factor close to the root
of the pinion increases slightly, as shown in Figure 4b. The comparison results illustrate
that the clearance in the revolute pair reduces the contact ratio and weakens the TVMS of
the spur gear pair.

3.2. Nonlinear Behaviors

To study the influence of different clearances in the revolute pair on the gear nonlinear
behaviors, the bifurcation behavior of a gear transmission system has been investigated
in the acceleration process. The bifurcation behavior versus the rotation speed of the gear
transmission system without the clearance and with the clearance of 0.3 mm and 0.6 mm
are illustrated in the following Figures. The gear transmission system without the clearance
remains a T-periodic motion until the pinion speed reaches from 300 rpm to 17,040 rpm, as
shown in Figure 5.

6 O T T T T T T

o (pum)
O
T

¥.

_30 1 1 1 1 1 1
0 9 10 15 20 25 30 35

Rotation speed (krpm)

Figure 5. The bifurcation behavior of the gear transmission without clearance.

Figure 6a illustrates the orbit, Poincaré and FFT plots at 17,040 rpm. A single closed
curve in the orbit plot and a single point in Poincaré plot are observed, and the FFT
plot shows a single synchronous frequency. These results indicate the gear system is a
T-periodic motion at 17,040 rpm. However, a jump phenomenon appear in the gear system
at 13,900 rpm. Then, the T-periodic motion transfers the chaotic motion, when the pinion
speed increases to 17,214 rpm. Figure 6b illustrates the orbit, Poincaré and FFT plots at
17,214 rpm. Many curves and tangled points are observed in the orbit and Poincaré plots
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in Figure 6b, respectively. In addition, a continuous frequency spectrum appears in the
FFT plot at 17,214 rpm. This result indicates that the gear system entered a chaotic motion.
The chaotic motion continues until 18,435 rpm, then the chaos transforms to a T-periodic
motion again.
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— [§°]
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ok 1 8 17214 rpm
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16 25235rpm
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Figure 6. The orbit, Poincaré and FFT plots at different speeds (a—e).

When the pinion speed increases to 22,445 rpm, the gear transmission system bifurcates
to 4 T-periodic motion across a quasi-periodic motion in a short time. Four points are
observed in the Poincaré plot at 25,235 rpm, and a quarter mesh frequency appears in the
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FFT plot, which indicates a 4 T-periodic motion, as shown in Figure 6¢. The 4 T-periodic
motion keeps up to 25,933 rpm, then transforms to a 2 T-periodic motion at 26,107 rpm.
As shown in Figure 6d, two points are observed in the Poincaré plot at 26,107 rpm, and a
half mesh frequency appears in the FFT plot, which indicates a 2 T-periodic motion. The
gear system moves at 2 T-periodic motion until 32,210 rpm, and then transforms a chaotic
motion again at 32,384 rpm, as shown in Figure Ge.

In the acceleration process, the bifurcation behavior of a gear transmission system
with the clearance of 0.3 mm is illustrated in Figure 7. Comparing the bifurcation behavior
of a gear transmission system without the clearance, the chaotic motion within the speed of
17,214-18,435 rpm disappears in the gear transmission system with the clearance of 0.3 mm.
In gear drives, nonlinear dynamic behaviors are caused by the backlash and nonlinear
mesh stiffness. When there is a clearance of 0.3 mm in the gear system, the change of
backlash and mesh stiffness caused by revolute pair clearance induces the chaotic motion
to disappear. As a result, the system with the clearance of 0.3 mm remains the T-period
motion from 300 rpm to 23,849 rpm. Due to the existence of the clearance, the pinion
speed at which the T-period motion transforms to the quasi-period motion is delayed from
22,445 rpm to 24,015 rpm. Then, the quasi-period motion directly transforms to a 2 T-period
motion instead of the 4 T-period motion. However, the chaotic motion at the high-speed
of the gear transmission system with a clearance of 0.3 mm is advanced to 29,594 rpm,
and then bifurcates again into a 2 T-period motion at 32,384 rpm. The system remains the
2 T-period motion until it transforms to a T-period motion at 34,477 rpm.

6 0 T T T T T T

0 5 10 15 20 29 30 35
Rotation speed (krpm)

Figure 7. The bifurcation behavior of the gear transmission with a clearance of 0.3 mm.

With the increase of the clearance from 0.3 mm to 0.6 mm, a chaotic motion is observed
again in the medium-speed zone, but the corresponding speed range of the chaotic motion
changed to 15,296-17,214 rpm, as shown in Figure 8. Compared with the case without
clearance, the speed corresponding to quasi-periodic motion is still delayed, but it is
advanced compared with the case with clearance of 0.3 mm. Compared with the case with
0.3 mm clearance, the speed corresponding to chaotic, 2 T-period and T-period in the high
speed are advanced by a certain amount. These comparison results show the nonlinear
behavior in the low speed of the gear system is insensitive to the clearance in revolute pair.
But it will cause the appearance and disappearance of some nonlinear behaviors in the
middle-speed and high-speed area, or change the speed corresponding to the nonlinear
behavior of the gear transmission system.
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Figure 8. The bifurcation behavior of the gear transmission with a clearance of 0.6 mm.

3.3. Vibration Response

RMS of the DTE of the gear pair with different clearances is predicted in acceleration
process, as shown in Figure 9. With the increase in the clearance of the revolute pair, the
RMS of the DTE becomes large, especially in the middle and high speed area. The RMS of
the DTE drops suddenly in regions I and I, and the clearance in the revolute pair causes
the sudden drop phenomenon in advance. This is because the clearance in revolute pair
causes the speed corresponding to the nonlinear behavior to change.

40

W
(e}

[\
S

RMS of DTE (pum)

10 1 1 1 1 1 1
0 5 10 15 20 25 30 35

Rotation speed (krpm)

Figure 9. RMS of the DTE of the gear pair in acceleration process.

To quantitatively study the influence of the clearance in revolute pairs on gear dy-
namics at different speeds, the DTE in time domain of the gear system with a clearance
of 0.3 mm and 0.6 mm at low speed, medium speed and high speed are compared with
the case without clearance, as shown in Figure 10. Where, the data of two mesh cycles
are captured. With the increase of the clearance in the revolute pair, the amplitude of the
DTE of the gear pair becomes large. The clearance has a slight effect on the DTE in the
low-speed area (Figure 10a), but a considerable effect on the DTE in the medium-speed and
high-speed area, as shown in Figure 10b,c.

When the speed rises to 27,851 rpm, the DTE curve in Figure 10c illustrated one cycle.
This result indicates that the clearance changes the nonlinear behavior and causes a 2 T-
period motion for the gear system at the speed of 27,851 rpm. The gear system without
clearance is in the chaotic motion at 34,651 rpm, while the system with clearance is in the
T-period motion. If the clearance in the revolute pair causes the change of gear nonlinear
behaviors, the amplitude of the DTE will not be positively correlated with the increase of
the clearance, as shown in Figure 10d.
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Figure 10. The DTE of the gear pair at different speeds in time domain (a-d).

4. Conclusions

In this work, we presented a TVMS model of the gear drives with different clearances in
the revolute pair. Then, a nonlinear dynamic model including the comprehensive influence
of the contact ration, TVMS and backlash was proposed. According to the proposed
dynamic model, the influence of the clearance in the revolute on TVMS, nonlinear behavior
and vibration response were investigated, and the following conclusions are drawn.

(1) The clearance in the revolute pair will reduce the contact ration and weaken the
TVMS of the spur gear pair. In further, the clearance will increase the working hours in
single teeth contact area, thereby increasing the risk of premature failure of the gear drive.

(2) The gear nonlinear behavior in the low-speed area is insensitive to the clearance in
revolute pair. However, it will cause the appearance and disappearance of some nonlinear
behaviors in the middle-speed and high-speed area. The clearance can change the rotation
speed corresponding to the nonlinear behavior, but the changed amplitude is not positively
correlated with the clearance.

(3) The clearance in the revolute pair will aggravate the vibration the spur gear drive,
especially in the medium-speed and high-speed area. In addition, the clearance will change
the phase of gear vibration in the high-speed area. The change of backlash and mesh
stiffness caused by the revolute pair clearance is the major reason enhanced gear vibration
and sound.

The proposed model can be used to predict the dynamic behaviors of the gear drives
with revolute pair clearance. Although it’s very difficult to test nonlinear behavior of gear
drives at such high speeds, we hope that scholars with good experimental conditions can
participate in the validation of the proposed dynamic model.
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