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Abstract: In order to accurately explore the transmission rattling phenomenon and the influence of
different factors on the dynamic characteristics of the gear rattling of the dual-clutch transmission
under the condition of preselected gears, this paper establishes the gear rattling dynamics model of
the transmission with the 1st gear without preselection and the preselected 4th gear, respectively; The
model takes into account factors such as time-varying mesh stiffness, mesh damping, nonlinear oil
film force, nonlinear backlash, and the drag torque generated by the clutch in the unengaged state. In
addition, the feasibility of the dynamic model was verified by the bench test. On this basis, we took
the gear meshing power and system power loss as quantitative indexes to analyze the influence of the
preselected gear state and different parameters on the rattle vibration of the transmission. The results
show that the pre-selected gear will not have a significant effect on the gears that have been rattled in
the non-pre-selected state, and the torque fluctuation of the non-power flow shaft is aggravated by
the influence of the transmission power flow branch and transmission ratio at different levels, which
makes the overall rattling strength increase. In order to improve the transmission efficiency of the
gear, the torque fluctuation of the input end of the system should be reduced as much as possible,
and a larger lubricant viscosity can be appropriately selected, the inertia of the empty gear can be
properly reduced, and the tooth clearance can be relaxed for selection.

Keywords: gear rattle; pre-selection; power loss; lubrication effect; drag torque; experiment

1. Introduction

Transmission rattling noise originates from the fact that the transmission often meshes
with unloaded gear pairs. Since the idle gears under non-power flow are less loaded,
their freedom of circumferential motion is strong, which are susceptible to factors such
as engine output fluctuations, gears parameters, drag torque, oil temperature and other
factors, resulting in rattling noise, causing the driver and passengers to feel uncomfortable.
In recent years, the transmission gear rattle has drawn increasing attention from many
researchers, and much research has been carried out. For example, Yoon [1] studied the
influence of clutch hysteresis on gear rattling by establishing a nonlinear model of multi-
stage clutch damper. The research results show that adjusting the clutch hysteresis to the
optimal range can effectively reduce the speed fluctuation of the transmission input shaft,
thereby reducing the rattling noise. Wang et al. [2] studied and predicted the transmission
gear rattle phenomenon by establishing a multi-degree of freedom torsional vibration
model of the transmission system including flywheel, clutch, shaft and gear, etc., and
developed a set of transmission rattling analysis software based on the model. Bozca [3]
established a dynamic model of a transmission, using the theoretically calculated rattling
noise as an index, and under the constraints of gear bending stress and contact stress, the
optimization of the rattling noise of the transmission gear was realized. Chen et al. [4]
studied the NVH problem of the power transmission system, and compared the effects
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of clutch torsional stiffness, backlash, and other parameters on the gear percussive force
and average impact power. Ling et al. [5] developed a six-degree-of-freedom nonlinear
dynamic model using the periodic expansion method to obtain the periodic and chaotic
response of the system by observing its dynamic trajectory.

Some scholars also considered the effect of gear lubricant oil and established the
corresponding gear dynamics model. Theodossiades et al. [6] considered the gear impact
surface as a lubricated connection and studied the dynamic response of the transmission
gear under light load conditions. The results show that the appropriate lubricant viscosity
can make the power transmission more stable. Brancati [7,8] established an elastic contact
force model including the tooth surface contact and a nonlinear oil film force model when
the tooth surface was not in contact, and analyzed the influence of oil film extrusion on
gear rattling. Rahnejat et al. [9] considered the coiling and extrusion effects of intertooth
lubricating oil, and pointed out that the oil film force was related to the viscosity of
lubricating oil, coiling and suction speed, and the extrusion oil film speed between teeth.
Cruz et al. [10] considering the thermal contact state of the gear, studied the effect of oil
temperature on the gear impact ratio, and proposed that the impact ratio can distinguish the
gear rattle state. Wei et al. [11] established a 6-DOF model of the transmission system and
studied the influence rules of the clutch stiffness and the moment of inertia of master-slave
moving disks on gear rattling. Changenet [12] used a single pair of spur gears as the test
object and carried out extensive tests considering gear parameters, lubricant oil parameters
and operating parameters to fit a new formula for calculating the churning torque.

Based on the summary of the above references, although some scholars have done
more research on the problem of gear rattling, most of them focus on establishing the
dynamic model of a single or two pairs of gear pairs, and most of the models are established
under the premise of dry friction, which is difficult to reflect the rattling situation of each
gear inside the transmission under lubrication. In addition, few scholars have carried out
research on the gear rattling phenomenon of the dual-clutch transmission, and there are not
many studies on the influence of the preselected gear state on the rattling of the dual-clutch
transmission. This paper studies the possible rattling phenomenon of a certain type of wet
dual-clutch transmission in the 1st gear and the 1st gear preselected 4th gear; a multi-speed
gear rattling dynamic model was established to study the influence law of pre-selected
gear state on the overall rattling vibration of the transmission, which comprehensively
considered drag torque, nonlinear oil film force, lubricating oil quality, mesh stiffness, and
backlash. Furthermore, the gear rattle index and transmission power loss index were used
to explore the influence of different parameters on the gear rattle strength.

2. Dynamic Model of Transmission Gear Rattling
2.1. Dynamic Model

The dual clutch transmission is equivalent to the combination of two manual trans-
missions in a mechanical structure. Under the control of TCU, it can realize alternate shift
through two pairs of clutches and a shift device.Its structure is shown in Figure 1.

The internal and external clutches of the transmission correspond to the input inner
shaft and outer shaft respectively. Gears 1, 3, 5, and 7 are driven by the input inner
shaft, and gears 2, 4, 6 and R are driven by the input outer shaft. Under the dual clutch
automatic transmission in the primary block strategy, by controlling the two-clutch combine
alternately, which can realize power without interruption shift, with 1 in the primary 4
block as an example, the clutch under the impetus of the piston within the transmission
torque, and the power passes through the inner clutch. The input shaft 1 is transmitted
to the driving gear and driven gear of the 1st gear, and finally through the main reducer,
differential, and half shaft which is connected and passed around. At this time, the external
clutch, external input shaft 2 and the output shaft 2 do not transmit power, but due to the
meshing of the main reduction gear end of the output shaft and the 4th gear pre-selection
at this time, the driven end of the external clutch, the external input shaft 2, and the output
Shaft 2 also rotates with it.
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Figure 1. Structure diagram of dual clutch transmission.

On the power transmission route, because the synchronizer is not engaged, when
the transmission torque fluctuates, the driving gear combined with the gears 3, 5, and 7
will have speed fluctuation, so there will be the risk of gear rattling. On the non-power
transmission route, due to the pre- selection of the 4th gear, it is equivalent to inputting
torque fluctuations to the external input shaft 2. At the same time, the input shaft 2 has the
drag torque of the external clutch to cause it to rotate. and the empty sleeve gears in the
gears 2, 4 and R will also rotate accordingly due to the friction of the needle roller bearings
and synchronizer. Thus, the idler gear of the 1st, 3rd, and 5th gears may also be at risk
of rattling on the non-power transmission route.Therefore, the gears that may produce
rattling are shown in Table 1.

u ”

Table 1. Possible rattling gears under two working conditions. (Note: means rattling is possible;

“x” means rattling is impossible).

Condition 1st 2nd 3rd 4th 5th 6th 7th Reverse
Gear Gear Gear Gear Gear Gear Gear Gear
Ist X X o X [ X o X
1st pre-selection 4th X o o o o o o o

Therefore, in order to explore the influence of the preselected gear strategy on the
rattling characteristics of the dual-clutch transmission, this paper established the gear
rattling dynamics model of the 1st gear without preselection, the 1st gear preselected and
the 4th gear for related research, as shown in Figure 2. The mathematical model is shown
in Equations (1) and (2):

Figure 2. Schematic diagram of dynamic model of multi-gear rattling: (a) 1st gear; (b) 1st gear
pre-selection 4th.
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Without pre-selection
L 91 + Tpmr = Te
I - 02+ Fy - cosPyy - tpp1 + F3 - c0SPy3 - Ty + F5 - c0SPys - Tops + F7 - €07 - op7 = Tpmr
I3 03— F5 - cosPys - tpg3 + Ta3 =0
Iy 64 — Fs - cosPys - Thgs + Tas = 0
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87+ Ko+ (6~ 0s) + Co- (67— 05 ) — Ku - (66 — 67) — C1 - (86 — 67) =0
Iy 03— Ky (87 — 05) — Co - (07 — 6g) + Ty =0

With pre-selection

Liy-011+ Tpmre = T
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Iis 015 — Fr - cosPyy - rogy + Tar = 0

Iig 016+ Ky - (616 — 017) + C1 - (91,6 - 91,7) — Fi - cosPpy - 1he1 =0

Ly- é1,7 + Fy - cosPpy - tpga + Ta =0 )
Lg-018— Ko~ (817 —018) —Ca- (91,7 - 91,8) +Tr=0

Lig- él_g + F2 - cosPpp - tppa + Fo - €OSPpe - Tope — Fa - cOSPpa - Tppa + Teryten = 0

J1,10 - 01,10 — Fo - cosPpe - Thge + Tas = 0

Iig1 - 01,11 + Fr - cospyr - TopR — F2 - c0sPyp - Tper + Tip = 0

Ii 1o - 01,12 — Fr - cospyr - hgr + Tar =0

T, = K,

(01,7 —018) +C2 (91,7 - 91,8) — Ky (016 —017) —C1 - (91,6 - 91,7)

where I} = Iy ; is the moment of inertia of the engine and the primary flywheel, I, = I; 5 is
the sum of the moment of inertia of the inner input shaft + secondary flywheel + clutch,
I = 1; (i = 3,4,5) is the i gear idler gear moment of inertia, Iy = I ¢ is the moment of
inertia of the 1st gear, I; = I; y is the moment of inertia of the main reducer and differential,
Is = I3 is the moment of inertia of the half shaft and loading motor, I; g is the outer
moment of inertia The moment of inertia of the input shaft and the outer clutch driven
plate, I 19 is the moment of inertia of the 6th gear, I; 1; is the moment of inertia of the
2nd gear, I 1, is the moment of inertia of the reverse gear, K; and C; are the torsional
stiffness and torsional damping of the output shaft, K, and C, are the torsional stiffness and
torsional damping of the half shaft, respectively; Ty (i=2, 3,5, 6,7, R) and T, are the
drag torque generated by the idler gear and clutch in each gear, By;(i = 1,2,3,4,5,6,7,R)
is the base circle helix angle of each gear, Topis rbgi(i =1,2,3,4,5,6,7,R) is the base circle
radius of the main and driven gears of each gear, and Tpr is the transmission torque of
the dual-mass flywheel torsion damper:

Topmr = KppO0+ (KDZ — KDl)/z . [(19 — 9D1)ta7’lh((7(l9 — 0D1)) — (19 + GDl)'
tanh(o (9 + 0p1))]+Kp1/2-[(9 — Opo)tanh(o(d —6po)) — (9 + 6po)-
tanh(c(8 + 0p0))] + Motanh (ga)

where Kp1 and Kp; are the primary and secondary damping stiffnesses of the dual-mass
flywheel torsional damper, respectively, 6pg and 6p; are the idle travel angle of the torsional
damper and the working angle of the primary damping stiffness, and Mj is the torsion of
the dual-mass flywheel. The dry friction resistance torque of the shock absorber, M4y is
the maximum torque of the engine, My = (0.05 ~ 0.1) Mepmax-
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2.2. Gear Contact Model

The model established in this paper is a dynamic model with the lubrication effect
considered. Therefore, the gear meshing force F; in the lubrication state includes two
aspects: the dynamic meshing force F, generated by direct contact of gear teeth and the
fluid lubrication force F;, generated by extrusion and suction of lubricating oil when the
tooth surfaces do not contact. The two contact forms are shown in Figure 3.

Lubricant between
gear teeth surfaces

without direct contact Direct contact

Figure 3. Schematic diagram of gear contact form.

However, in the process of gear processing, in order to avoid thermal expansion jam,
and to produce ideal lubrication, it is necessary to maintain adequate clearance. According
to reference [13] backlash 2c¢;, is symmetrically distributed and lubricants exist between the
two tooth surfaces and change the relative displacement of gears. Therefore, the backlash
is expressed by the nonlinear deformation function o (t), as shown in Equation (3):

Xp—Cp  Xp > Cp— Mmax
o(t) = 0 |xn| < cp — Pimax 3)
Xn+cep Xp < —Cp+ Nmax

where hy,4y is the upper limit of the central oil film thickness at which the meshing force
begins, c;, — Ny is the nonlinear backlash affected by /4. The direct contact condition is
regarded as a special case of lubrication condition, where there is no oil between the two
tooth surfaces, i.e, h;;,, = 0 mm.

Therefore, the meshing force F; of gears in the lubrication state can be expressed by
piecewise function as shown in Equation (4)

Fo1=Kpn-0(t)+Cpn-xn Xy > cp— Miax
Fn = F, |xn|§ cp — Mmax 4)
Pez == Km . O-(t) + Cm . xn Xn < *Cb +hmux

where x;, is the normal relative displacement of helical gear, c; is half of the backlash, r;,
and ry, represent the base circle radius of the main and driven gears respectively, K, is the
time-varying meshing stiffness of the gear, and C,, is the gear meshing damping [14,15]
which can be expressed as:

Cpy = 25\/ Kintp2rpg?Ip1e/ (erZIP + rngIg) ®)

where ¢ represents the damping ratio coefficient, which usually ranges from 0.03 to 0.17,
and the value in this paper is 0.1.

In this paper, the potential energy method [16-18] is used to calculate the time-varying
mesh stiffness of the helical gear pair. The potential energy method divides the gear mesh
stiffness into hertzian contact stiffness k; and bending stiffness k;, shear stiffness k;, axial



Machines 2022, 10, 805

6 of 18

compression stiffness k,, matrix stiffness k fr and the stiffness of each part is connected in
parallel to obtain the time-varying mesh stiffness of the helical gear pair, which is:

1 1.1 1 1 1 1 1 1
k=1/(—+—+—F+—+—+—+—+—+—) (6)

The time-varying meshing stiffness of partial gears of transmission calculated based on
the potential energy method is shown in Figure 4. The dotted line represents the time-varying
meshing stiffness of a single gear tooth, and the solid line represents the comprehensive
meshing stiffness considering the simultaneous meshing of multiple teeth.

x10* w10
— =——Total mesh stiffness - - -Single mesh stiffness - 3 —Total mesh stiffness - - ~Single mesh stiffness
£ £
g W E25
Z 15} ] 4
2! €
R R — E ST i i
2 2
L= ot < g
2 = 0
Z0s 7
=t Py =05 2 > X
N Ss 54 > - S I S o SR —lity
0 0.1 0.2 0.3 04 0.5 0 0.1 0.2 0.3 0.4
Angular displacement of the driving gear/(rad) Angular displacement of the driving gear/(rad)
(a) (b)

Figure 4. Mesh stiffness of helical gear: (a) 1st gear; (b) 4th gear.

When the tooth surfaces do not contact, the lubricating oil between the two meshing
teeth can be regarded as a nonlinear elastic-damping element with time variation. Under
the action of tooth surface extrusion and coiling, the fluid lubrication force is produced,
which will affect the dynamic response of the gear meshing. The mathematical model of
the oil film force is summarized as Equations (7)—(9):

3
R L T TR e
h; VRN dt at hin > 6; > 0 hi = Min (7)
2ioreg Ay 5 f Mmax > 05 > B 1 = 0
: dt = Hyin > 6; >0 hi = hypin
u = (vp + vg)cosp/cospy ®)
1p0p—1¢0¢
b~ osapcosp  TpOp > 750
hi =< ¢ rpbp = rebg )
cp + TpOp—1g0e 7,0, < 1.0
b T “cosaycosp P¥p 878

where the C* and C® are equivalent damping coefficients of coiling and extrusion, respec-
tively; L represents the meshing curve of the helical gear, r.; represents the equivalent
radius of the curvature of the gear, h; represents oil film thickness, dh;/dt is the oil film
extrusion speed, #g represents the dynamic viscosity of the lubricating oil, J; represents the
distance between tooth profiles, the v, and v, represent the rolling speed of the tooth sur-
face of the main and driven gears. h,,;, is to avoid that the calculated value of Equation (7)
tends to be infinite when h; becomes null, so a saturation value was adopted, let /1; = 10R,,
where R, represents the mean roughness [19] the u is the suction speed of lubricating oil.

2.3. Drag Torque

The drag torque Tp in the dual clutch transmission mainly includes two forms: gear
drag torque and wet clutch drag torque, Since the torque of the gear power transmission is
much larger than the drag torque, the bearing gear in this paper ignores the influence of
the drag torque, while ignoring the main wind resistance.
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The drag torque T, [20,21] of the idle gear mainly includes three aspects: the gear oil
stirring resistance torque T, the roller bearing torque T, and the oil film shear resistance
torque Ts. Fuether, the gear oil churning resistance torque T, can be passed through the
Formulas (10)—(12) and calculated as follows:

T. = 0.50w? ¢Syt C (10)
Fr = wgzrp/g (11)
0.45 0.1
h |4 —0.6 —0.21
1.366(2) (W) Fr06Re Re < 6000
Re= wgrpZ/UC - 0.1 0.35 0.85 (12)
B\ v\ —088( b\
3.644(2) <W) Fr (E) Re > 9000

where p is the lubricating oil density, wy is the angular velocity of the idle gear, Sy, is the
oil immersion area, r is the gear pitch circle radius, & is the oil immersion depth, V is the
lubricating oil volume, Fr is the Froude number, Re is the Reynolds number, b is the tooth
width, and v is the kinematic viscosity of the lubricating oil.

In the method of reference [22] the bearing resistive torque is shown in Equation (13)

103fo(v- AN)3dy3 0 AN > 0.002
T, = (13)
16 duw>fo v+ AN < 0.002

where fj is the lubrication factor, which is related to the type of lubricant and lubrication
method, and its value can be referred to the standard ISO TR 14179-2-2001, AN is the speed
difference between the driven gear and the shaft; d, is the average diameter of the bearing.
The oil film shear torque is mainly the resistance torque caused by the relative mo-
tion between the inner cone surface of the synchronizer lock ring and the outer cone
surface of the gear friction when the synchronizer is not combined, and the mathematical
expression is:
Ts = 4> uLR3AN /305, (14)

where p is the lubricant dynamic viscosity, L is the length of the tapered surface, R is the
average radius of the tapered surface, and j. represents the clearance between the tapered
surfaces of the synchronizer ring and the synchronizer gearing.

In summary, the total no-load gear dragging torque T; can be expressed as:

The clutch drag torque is related to the state of the lubricating oil between the friction
disc gaps [23]. Under the influence of the relative rotational speed of the friction disc, the
flow rate and the viscosity of the lubricating oil, there are three states of the lubricating oil
between the friction disc gaps: the oil film state, the mixed state of the oil film and the oil
mist state, and the pure oil mist state, as shown in Figure 5. In the figure, r;, 7, and r* are
the inner diameter of the friction disc, the outer diameter of the friction disc and the critical
radius, respectively, and the calculation expression is as in Equation (16).

T r* <r

x 6Qq 1 ) "

r= \/prchﬁ(wz-i-wAw-&-O.Bsz) rSTT ST (16)
Yo >,

where Q, lubricating oil flow, &, clutch disc clearance, w and Aw are the speed difference
between driven disc and clutch disc, respectively; r; and 7, are the inner diameter and outer
diameter of clutch disc, respectively.
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Figure 5. Schematic diagram of the lubrication state between clutch discs.

According to the oil film state of lubricating oil, the mixed state of oil film and oil mist
and the pure oil mist state in the friction disc gap, the towed torque T,tch—oi1 » Telutch—mix
and Tyt —mist can be calculated by Equations (17)—(20) respectively, where N is the number

of friction pairs.

Tetutch—oit = THoAWN /20, <7*4 - ri4>

0

Tclutch—mix = ZHﬂOAWN/hC/ ¢(r>r3dr

¥

¢(r) = 61Qa/ (P?Trzhc3 (w2 + whw + 0.3Aw2))

RD
Tclutchfmist = 27-“70sz\]/}1€ /R* (1 - (])(1’))1’3(17’

Therefore, the total clutch drag torque is summed in three ways:

TC = Tclutchfoil + Tclutchfmix + Tclutchfmist

(17)
(18)
(19)

(20)

(21)

As shown in Figure 6, when the lubricating oil between the clutch discs is in the state
of oil film, with the increase of in the relative speed, the drag torque gradually increases;
when the lubricating oil is in a mixed state or an oil mist state, the drag torque gradually
decreases with the increase in the relative rotational speed.
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Figure 6. Clutch disc drag torque: (a) Internal clutch; (b) External clutch.

2.4. Model Validation

In order to verify the accuracy of the proposed model, the dual-clutch transmission
was tested on the three-motor test stand (Figure 7) to obtain the test data. Considering that
the coupling between the power flow gear and the no-load or light-load gear is not strong,
the whole dual-clutch transmission is selected for the test. The main motor of the stand is
directly connected to the transmission using a rigid shaft, so that the 2 second order engine
excitation simulated by the N/T control mode controls the motor to be transferred directly
to the transmission input shaft, outputting a continuously fluctuating speed, and the two
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secondary motors are connected to the two half shafts of the transmission to simulate the
load torque. Most transmission bench tests collect vibration and noise signals, which makes
it difficult to compare with the simulation results. In this study, a magnetoelectric speed
sensor is used to measure the gear speed and the angular acceleration can be obtained. The
motor parameters and test conditions are shown in Table 2.

Transmission
Unit under test =g

Blower
Temperature control

rotational
speed
control

(4 .

Figure 7. Transmission test bench and speed sensor installation position.

Table 2. Motor parameters and test conditions.

Motor Max/Rated speed Max Torque Power
Motor Main motor 10,000/5435 rpm 650 Nm 370 kw
parameters
Secondary motor  3000/650 rpm 3200 Nm 220 kw
Gear position 1st gear 1st gear pre-selection 4th
Input speed 1500 rpm
Test conditi
est conditions Angular . Increase from 0 to 1500 rad /s? in 0-90 s
acceleration
Input torque 80 Nm

The results of the transmission rattle bench test are shown in Figure 8, the analysis
found that with the increase of the input angular acceleration excitation, the vibration signal
of transmission shell takes a step phenomenon, and there was a broadband component,
that is, a rattling phenomenon occurred. Comparing with the vibration acceleration of
the transmission case under no pre-selection and pre-selection gears, after 50 s, the casing
vibration acceleration under the pre-selection gear is significantly higher than that without
pre-selection gear, and the vibration acceleration signal fluctuation under the pre-selection
gear is more obvious. The test results show that the dual clutch transmission is more
prone to rattle in the pre-selected gear state. At the same time, under the condition that
the simulation conditions and the test are consistent, the dynamic response of the torque
fluctuation to the gear rattle is numerically calculated, and the angular acceleration value
under the second-order excitation frequency (50 Hz) of some idle gears is compared with
the test results, as shown in Figure 9.

From the Figure 9, it can be found that the trend of the simulation results and the test
results are in good agreement, but there is a certain error in the amplitude. There are two
possible reasons for the error: (1) it is related to the vibration of the table and the installation
of the gearbox, and as the fluctuation amplitude increases, it causes the vibration of the
test bench and the transmission input shaft to increase, resulting in large test results;
(2) the dynamics model established is somewhat simplified compared with the actual
one. However, the errors on the results are within the acceptable range. Therefore, the
simulation model can be used for further parametric analysis.
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3. Numerical Simulations and Analysis

The main factors affecting gear rattling include torque fluctuation, drag torque and
lubricating oil viscosity, etc. It is very important to find out the influence law of each parameter
on the dynamic response of gear rattling. Therefore, we will use the proven rattle dynamics
model to solve the equation with the 4/5 order Runge Kutta method, analyze the influence
of the preselected gear on the dynamic response of each idler gear, and use the rattling
evaluation index and power loss as a reference , compare the contribution of each idle
gear to the rattle, and explore the influence of different parameters on the rattle of the
transmission gear.

3.1. Rattling Evaluation Index and Power Loss

Due to the existence of backlash, the speed fluctuation of the input end of the trans-
mission may cause the gear teeth to mesh and disengage during the movement process,
resulting in irregular tooth surface rattling phenomenon, which is transmitted to the vehicle
as a transmission rattle noise. For the evaluation method of the gear rattle, the rattling
intensity can be described by using the rattling objective evaluation index. In this paper,
the gear meshing power is used as the rattling evaluation index to explore the influence of
different parameters on the gear rattle intensity, as shown in Equations (22) and (23):

AP =F x, (22)

RI = RMS(AP) (23)

where AP is the meshing power and x;, is the gear relative speed.
The above gear rattling indicators are for a single pair of gear pairs, and the overall
transmission rattling indicators Rlyyeran are shown in Equation (24), where RI; is the rattling

index of the i-th gear.
Rloveratt = \/ Y RI; (24)
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The power loss calculation in this paper mainly considers the power loss caused by
lubrication [24], and analyzes the influence of different factors on the system efficiency.
The total power loss P; is composed of the dissipation power P, generated by the oil
film squeeze damping effect, the dissipation power P, generated by the viscous moment,
and the dissipation power P, generated by the churning resistance torque, which can be
calculated by the following formula:

Py = Py + Py + P, = |F; - 0h; /0t| + T,0 + T.0 (25)
The viscous torque T, can be obtained by Petrov's friction law [24]:
T, = wﬂoﬂllrsh3/cs (26)

where [; is the contact length between the gear shaft and the gear shaft, ry, is the radius of
the gear shaft, and c; is the clearance between the gear shaft and the gear shaft.

3.2. Dynamic Response
3.2.1. 1st Gear without Preselection

In the state of 1st gear without preselection, the gear pairs that may be rattled include
gears 3, 5, and 7, and other idle gears are less likely to be rattled when low-viscosity
lubricating oil is used without preselection. Therefore, this section will focus on analyzing
the dynamic response of the 3rd, 5th, and 7th gear pairs of DCT under the condition of
input torque fluctuation, and will calculate the rattling intensity of each idler gear and the
DCT as a whole based on the rattling evaluation index.

Figure 10a,b, Figure 10c,d and Figure 11 are the dynamic responses of the idler gears
of the 3rd, 5th and 7th gears in the 1st gear without pre-selection state, respectively. As can
be seen from the relative displacement x, curve of gear 3rd in Figure 10a, with the increase
in angular acceleration fluctuation, the form of the gear rattling changes. Within 0-10
s, the relative displacement x, curve contacts with the red dashed line representing the
half-backlash, indicating that the gear drive side is in direct contact at this stage, and a
single-sided rattle occurs. The meshing force F; of gear 3rd shown in Figure 10b can also
be seen that the gear is stressed on one side within 0-10 s; however, a sudden change occurs
around 10.9 s, whereby the relative displacement x, begins to oscillate back and forth
between the gaps on both sides. In addition the meshing force of the 3rd gear increases
instantaneously, and there are positive and negative meshing forces at the same time,
indicating that the gear pair begins to have double-sided rattling at this time. The relative
displacement x;, of the gear pair fluctuates within 10.9-45 s and the meshing force increases
with the torque fluctuation, which are both a double-sided rattle, and the rattle intensity
gradually increases.

As shown in Figure 10c, within 0-2.83 s, the relative displacement x,, curve of the 5th
gear did not contact the red dotted line representing the half-backlash, and the meshing
between the teeth at this stage was very small, close to 0, indicating that the gears at this
stage of the tooth surfaces are not in direct contact; however the power is transmitted by
squeezing or coiling the oil film between the clearance, without rattling. As the torque
fluctuation continued to increase, the sudden change in unilateral rattling occurred within
2.83-9.2 s, at which time the meshing force began to surge. Then at 9.2 s, the dynamic
response of the gear undergoes a further sudden change, in which the 5th gear begins to
oscillate back and forth between the two sides of the gap, and the meshing force increases
instantaneously, and there are positive and negative meshing forces, indicating that the
gear began to have double-sided rattling at this time. The dynamic response of the 7th gear
pair shown in Figure 11a,b reflects a phenomenon similar to that of the 3rd gear pair.
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Figure 11. Dynamic response: (a) 7th gear relative displacement; (b) 7th gear meshing force;.

3.2.2. 1st Gear Pre-Selection 4th

In order to further explore the influence of pre-selected gears on the overall rattling
strength of DCT and the rattling strength of each idle gear, this paper builds a dynamic
model of 1st gear pre-selection 4th gear. Under this working condition, gear pairs in 3rd,
5th and 7th gear will not be affected by the preselected gear strategy; therefore, gear rattling
will always occur under certain excitation, and by comparing the relative displacements
and meshing force Fy; of the 3rd, 5th, and 7th gear pairs before and after the preselected
gear, it can be found that the preselected gear strategy has little effect on the dynamics of
the 3rd, 5th, and 7th gear pairs. Except for the 7th gear from 0 to 9.6s, the gear pair is tightly
fitted on the non-drive side, and the gear does not rattle at this time.

Figures 12-15 are the dynamic responses of the idler gears of the 2nd, 4th, 6th and
reversr gears in the 1st gear with pre-selection state, respectively. Gears 2, 4, 6, and R
are driven by the DCT outer input shaft to generate the gear rattle. Taking the dynamic
response of the 2nd gear pair shown in Figure 12a,b as an example, in the range of 0-13 s,
the relative displacement x, contact on the positive backlash, the phenomenon of “impact-
separation-impact” occurs on the gear drive surface at this stage, and the gear meshing
force is all positive, indicating that the gear pair has a single-sided rattle at this stage; in
the range of 13-45 s, the gear pair begins to oscillate between the backlash gradually, and
there is an alternating positive and negative meshing force, and the gears are struck on
both sides. However, the 4th and 6th gears both behave as double-sided rattling during the
overall torque fluctuation change, which may be caused by the further increase in torque
fluctuation when the torque transmitted by the internal input shaft is transmitted to the
external input shaft 2 through the gears 1 and 4 and the reduction gears 1 and 2. At the
same time, compared with the 3rd, 5th, and 7th gears, the gear meshing force F;, of the
2nd, 4th, 6th, and R gear pairs is larger. The reason is that after the amplification of the
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gear ratios of the 1st and 4th gears, the torque fluctuation excitation transmitted to the
external input shaft 2 is larger, thus causing the 2nd, 4th, 6th and R gear pairs to rattle

more seriously.
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Based on this, the rattling evaluation index was used to compare the rattling intensity
of each idle gear and the overall DCT of the two dynamic models with or without the
pre-hanging strategy, as shown in Figure 16. The analysis found that the time point of
the sudden change in the rattling index basically corresponds to the time point of the
sudden change in the rattling situation of each gear in each working condition, and the
gear corresponding to the sudden change point began to produce double-sided rattling.
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Figure 16. Gear rattling strength: (a) 1st gear; (b) 1st gear pre-selection 4th.

At the same time, as shown in Figure 17, comparing the gears and the overall rattling
intensity in the two cases, it can be found that the gears in the power flow gear are not
affected by the pre-selected gear strategy, and the selection of the pre-gear aggravates the
rattle of DCT. Considering that the rattling change in the 5th gear is more obvious, this
paper will carry out a parameter analysis of the 5th gear pair, and obtain the influence law
of each parameter on rattling.
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3.3. Parameter Ananlysis

According to the conclusion in Section 3.2, the 5th gear pair is selected for parameter
analysis, and the impact law of the input torque fluctuation, backlash, drag torque, moment
of inertia and other factors on the gear rattle are explored by using the rattling evaluation
index and power loss as a reference. Thus providing some theoretical basis for solving the
problem of the transmission rattle.

The gear rattling vibration is affected by the lubricant viscosity #y, as shown in
Figure 18a, with the increase in 79, the influence of the backlash on the gear rattling
vibration becomes smaller and smaller, but lubricant viscosity has a great influence on the
gear rattle. Furthermore appropriately increasing the dynamic viscosity can effectively
reduce or restrain the gear rattle strength and improve the stability and NVH performance
of the system. However, when the backlash is small, although the rattling vibration
phenomenon of the gear is improved, the cost of improving the manufacturing precision
will inevitably increase, so a larger backlash can be appropriately selected. As shown in
Figure 18b, the coupling effect of viscosity and backlash has a great influence on the power
loss of the system. Under different backlashes, the power loss changes roughly linearly
with the change in lubricant viscosity. In order to improve the transmission efficiency of
the gear, an appropriate large lubricant viscosity can be selected, and the backlash can
be relaxed.

0.1 70 0.1 70
= 60 =
-]
= 0.08 E 0.08 60
= 50 =
h 3o 50
= 0.06 40 = 0.06
] E 40
= 30 =
g P
2 0.04 s £ 004 30
P =
= =
= om B = om 2

0.01 0.02 0.03 0.04 0.05 0.01 0.02 0.03 0.04 0.05
Dynamic visosity N /(pa.s) Dynamic visosity 7, /(pa.s)
(a) Gear rattle index (b) Power loss

Figure 18. Contour plots of gear rattling index and power loss as a function of lubricant viscosity
and backlash: (a) Gear rattle index; (b) Power loss.

Since the viscosity of the lubricant is one of the important factors affecting the drag
torque, as shown in Figure 19a, by analyzing the influence of the drag torque on the rattling
characteristics of the gear, it can be found that the effect of the viscosity of the lubricant on
the rattling characteristics is basically the same, that is, a larger drag torque can effectively
suppress the rattling, but an excessive drag torque will increase the power dissipation of
the system.
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backlash: (a) Gear rattle index; (b) Power loss.

In the same way, when we analyze the influence of the input torque fluctuation and
idle gear rotational inertia on gear rattle, as shown in Figures 20 and 21, it can be found
that the torque wave has a great influence on the system rattling, with the change in torque
fluctuation showing the trend of linear increase, and is greatly affected by the backlash
coupling effect, when the torque fluctuation and backlash are both large, the gear rattling
will become very serious. However, the coupling effect of the two has a limited impact
on the power loss of the system. With the increase in the moment of inertia, the rattling
strength of the gear and the power loss of the system show an increasing trend, but the
influence on the power loss is limited. Therefore, in order to reduce or suppress the gear
rattle strength and improve the system efficiency, it is necessary to reduce the torque
fluctuation at the input of the system as much as possible, and appropriately reduce the
moment of inertia of the idler gear.
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Figure 20. Contour plots of gear rattling index and power loss as a function of torque fluctuation and
backlash: (a) Gear rattle index; (b) Power loss.
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Figure 21. Contour plots of gear rattling index and power loss as a function of moment of inertia and
backlash: (a) Gear rattle index; (b) Power loss.
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4. Summary

(1) Aiming at the rattling problem of a certain type of wet dual-clutch transmission,
a multi-speed rattling dynamic model of the transmission is established, and the model
considers the influence of the preselected gears on the transmission rattling. The validity of
the dynamic model is verified by the transmission rattle bench test.

(2) Observing the gear angular acceleration curve of each gear in the 1st gear and
the preselected 4th gear, it can be found that the preselected gear does not have a great
impact on the gears that have been rattled in the non-preselected state; after the preselected
gear, the reason why the DCT rattling phenomenon is more obvious is that due to the
influence of the transmission power flow branch and the gear ratios at all levels, the torque
fluctuation of the non-power flow shaft is intensified, and the number of idle gears that
may cause rattling risk increases, thus increasing the overall rattling strength.

(3) With the increase in 7, the influence of the backlash on the vibration of gear rattling
becomes smaller and smaller, and the viscosity of the lubricant increases, which can reduce
the rattling intensity; a larger drag torque can effectively suppress rattling, but excessive
drag torque will increase system power dissipation. With the increase in torque fluctuation,
the rattling strength increases linearly, and is greatly affected by the coupling effect of the
side gap, but the effect of the coupling effect on the system power loss is limited. Therefore,
in order to improve the transmission efficiency of the gears, a larger lubricant viscosity
can be appropriately selected, the backlash can be relaxed, the moment of inertia of the
idle gear can be appropriately reduced, and a dual-mass flywheel or centrifugal pendulum
clutch can be used as much as possible. This is done to attenuate the torsional vibration of
the system, in order to achieve the effect of reducing the torque fluctuation at the input end
of the system.

In this paper, a variety of factors are combined to model, and explore the influence
of the pre-selection strategy on the transmission rattle characteristics, and to analyze the
influence of different factors on the gear rattling intensity, which provides a theoretical
research basis for solving the rattling problem of dual-clutch transmissions.
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