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Abstract. Based on the vibration dynamics modeling for the single stage gear of transmission system,
this paper is to understand the mechanism of transmission rattle. The dynamic model response using
MATLAB and Runge-Kutta algorithm is analyzed, and the ways for reducing the rattle noise of the
automotive transmission is summarized.

Introduction

As the increasing of requirement for automobile quality [1], the transmission rattle noise becomes
more and more important for NVH performance. Generally, two factors is significant to the
transmission rattle [2]: the external excitation caused by the input speed and torque from the engine,
and the internal incentive factors caused by the time-varying stiffness, damping, gear side clearance
and mesh error. This paper is trying to analyze the influencing factors for automotive transmission,
and summarize the ways for rattle reduction.

Dynamics Modeling of Stage Gear
Modeling of Single Stage Gear

Based on the equivalent principle of inertia [3], rattle behavior of the gear system can be equivalent
to the superposition of single gear pairs’ vibration effect. For convenience, a single straight gear pair
is used for the numerical modeling [4]. Dynamic model of single gear pair is shown in Fig. 1.
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Fig.1. Dynamic model of single gear pair

The corresponding mathematical model is built under the second Newton's law. Considering the
meshing error, the force analysis on the driving and driven gear is carried out. The equations are as

followings:
1,6, +R C(R 6, —R 6, —6(t))+ o
RK®R G, —R 6, —e®) =T, +T,(t)
1,6, -R,C(R,6, —R,6, —&(t)) - o
RK(M(R,0, R0, —e(t) =T, (t)
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Where p and g are the subscripts which demonstrating driving and driven gears. Ip, g are the
rotational inertia; p and Oy are the torsional vibration angular displacements; Rp and Rg is the base
radius; Tpand Tgis the torque; K, C is the torsional stiffness and damping coefficient respectively.
e(t) is the gear dynamic meshing error; Ts, Tv (t) is the stable component and variation component of
driving torque.

For the convenience, the relative vibration displacement between the two meshing teeth is [5]:

X= Rp@p - Rgeg (3)

Considering the clearance, actual deformation and tooth surface vibration displacement are no
longer equal [6]. Deformation happens only when the relative displacement is greater than the
clearance. Set b as teeth clearance on both sides, the actual deformation can be expressed by function

fr(t):
X—b, x>b

f(t)=40 ,-b<x<b 4)
X+b, x<-b

Combining the Egs (1-3) and dynamics equation is as Eq. 5:

m %(t) + C[x—&(t)] + K(t) f. (x—e(1)) = F. —mé&(t) (5)
Where me is the equivalent mass of gear pair, Fr is the total load of transferring between teeth.
Rattle Criterion of Gear Pair

According to the theory of gear rattle threshold [7], whether rattle happens depends on the drive
torque of the driven gear. When the driving torque is positive, meshing between the driving and driven
gear is normal, rattle won’t occur. When the driving torque is negative, the normal gearing is
destroyed and then rattle occurs [8]. The relationship of driving torque, trailing torque, inertia torque
is:

T =T

-

drive

vae = L sersia
ag | mertia (6)

Where Tarive IS the driving torque of driven gear, Tarag iS the trailing torque, Tinertia IS inertia torque.

Contact force, vibration angular velocity and vibration angular acceleration can act as the criterion
for rattle occurrence, but for intuitive results this paper takes the actual deformation as the criterion.

In normal gearing condition, the relative displacement between the driving and driven gear is
greater than the clearance and deformation exists [9]. Otherwise, the driven gear may work between
tooth clearance and knock the driving gear back and forth. The axial relative displacement between
two teeth can be described as:

Ax=R 6, —R 6, —e(t) = x(t) —e(t) (7)

Taking the deformation as rattle criterion:

{ A% = |Ax| — b = 0, no rattle
Ax = |Ax| — b < 0, rattle occurs (8)

The Numerical Analysis for Rattle Occurrence
The Model Pre-processing

In order to get more accurate result, the mesh stiffness data and error data in this paper are both given
in the form of harmonic synthesis with 6" order. The equations are as follows:

K() =k, + ZB: k; cos(iot +¢)
(©)
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e(t)=e, + > e cos(jot+4,)
j=1

variation component, the mathematical equation is described as follows:

y(t)+2&y(t) +[1- ZR cos(iat +¢)]f[y(t)] =

6 -
F'+F, cos(iot)+ Y m e cos(jat+g,)
j=1
I 1 C 2zz.n_ |m , F — k- e
Where m =—=22 ——  ¢é=——_  p=—t" |+ F'=—T— k=—\, g=-—+
LR+ 1R, 2,Jk m, 60 K, b, \/k,,m K, b

b, =10°, fy(®)]=F. (x—e(t))xb,

Analysis of the Result

Using the parameters of a certain type transmission gear, we can carry out the example analysis of

the model by Runge-Kutta algorithm. The gear parameters are shown in Table 1.

Gear Clearance

Ignoring the influence of the clearance change under the time-varying stiffness, and keeping other
parameters unchanged, set clearance 2b as 4, 20, 40um respectively, We can get the dynamic system

response respectively as shown in Fig. 2.

Table 1. The gear pair parameters

Number | Rotary inertia Contact | Tooth width | Clearance
Modulus -
of teeth (kg mm2) ratio (mm) 2b (um)
Driving gear 39 1206
ng gear(p) 25 | 1.7564 85 5
Driven gear(g) 20 681
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Fig. 2 (a). Meshing force amplitude changes as clearance increasing
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Fig. 2 (b). System phase diagram changes as clearance increasing

864

(10)

As the different magnitude of gear parameters such as stiffness and damping in the mode, using
the dimensionless processing model is important for comparison. Considering the input torque
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As shown in the figures, with the increasing of clearance, rattle of gear pair varies from bilateral
rap to unilateral tap within a certain range. System phase diagram shows that the original periodic
response becoming chaos gradually as the increasing of clearance.

Time-varying Stiffness Fluctuation

Using the first harmonic component amplitude of time-varying stiffness as the research object, the
influence on rattle response is analyzed under stiffness fluctuation. Setting k1 / km as 0.1, 0.3, 0.7
respectively, and the dynamic response is shown in Fig. 3.
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Fig.3 (a). Meshing force amplitude changes as stiffness fluctuation increasing
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Fig. 3 (b). Meshing force frequency changes as stiffness fluctuation increasing
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Fig. 3 (c). System phase diagram changes as stiffness fluctuation increasing

As shown in the figures, meshing force amplitude increases as the time-varying stiffness
fluctuation component increasing. Rattle of gear pair varies from unilateral to bilateral within a certain
range, the amplitude of frequency spectrum increases, and the main frequency gradually stands out.

Meshing Damping

The damping coefficient represents the combination of integration effects on the system. Set £ as
0.02, 0.05, 0.08 respectively, and the phase diagrams are shown in Fig. 4.

As shown in the figures, with the increasing of damping coefficient, the original chaotic response
system is gradually becoming harmonic and periodic. It also proves that the appropriately increased
damping effect can effectively improve the system stability and reduce the possibility of vibration
rattle.
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Fig. 4. System phase diagram changes as damping coefficient increasing

Meshing Error Fluctuation

In order to explore the incentive effect of the time-varying meshing error, we use the amplitude of
the first harmonic component as the research object. Setting el/em as 0.15. 0.3. 0.45 respectively,
the dynamic response is shown in Fig. 5.

As shown in the figures, the meshing force amplitude increases with the meshing error fluctuation
somewhat. Unilateral rattle of gear pair varies to bilateral. The amplitude of frequency spectrum
increases, and the main frequency gradually stands out.
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Fig. 5 (a). Meshing force amplitude changes as meshing error fluctuation increasing
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Input Speed

Input speed determines the meshing frequency of the system. To explore the relationship between
the rattle and input speed, we set the wheel input speed np as 2000, 3000, 4000 r/min, the response
is shown in Fig. 6.

The meshing frequency comes close to natural frequency firstly, and then get far away again with
the increasing input speed, and the system response is also changed from periodic to chaotic finally.
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Fig. 6. System phase diagram changes as input speed increasing
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Input Torque Fluctuation

To explore the effect of torque fluctuation on the gear rattle, keeping other parameters unchanged,
set FV/FT as 0.05, 0.2, 0.4 respectively, and the response is shown in Fig. 7.

Meshing force and frequency amplitude gradually increase with the increment of the torque
fluctuation and the rattle of gear pair varies from unilateral to bilateral.
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Fig. 7 (a). Meshing force amplitude changes as torque fluctuation increasing

o

©
-
]

o
[

o
o
o
o

i

o

[
o
o

o
)

Mesh Force-Dimension
N

Mesh Force-Dimension
2

Mesh Force-Dimension

H,‘[,L,‘ ”ml.l. }‘A
1 2 3 1 2 3 2 3
Frequency Ratio Frequency Ratio Frequency Ratio

OO

OO

[
1

o

o
—

Fig. 7 (b). Meshing force frequency changes as torque fluctuation increasing

Conclusions

Based on the mechanism of transmission rattle and its influencing factors, a rattle dynamics mode
of single gear pair is established and solution is implemented by Runge-Kutta algorithm. It shows
that increased amplitude of gear clearance, time-varying stiffness fluctuation, meshing error
fluctuation, input torque fluctuation will increase the gear rattle force, make the rattle varies
between unilateral and bilateral, and affect the system periodicity. The increased gearing damping
will make the dynamic response smooth, and reduce the rattle to some extent. Input speed
determines the system meshing frequency and which influences the periodicity of the system
obviously.
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