friried applied
e sciences

Article

Analysis of the Influence of a Powertrain Mounting System on a
Dual-Clutch Transmission Vehicle under Typical Working Conditions

Zheng Guo, Datong Qin *, Antai Li, Jihao Feng and Yonggang Liu

check for
updates

Citation: Guo, Z.; Qin, D.; Li, A.;
Feng, J.; Liu, Y. Analysis of the
Influence of a Powertrain Mounting
System on a Dual-Clutch
Transmission Vehicle under Typical
Working Conditions. Appl. Sci. 2022,
12,7439. https://doi.org/10.3390/
app12157439

Academic Editors: José A. Tenreiro
Machado, Jan Awrejcewicz,

Hamed Farokhi, Roman Starosta, José
M. Vega, Hari Mohan Srivastava and
Ying-Cheng Lai

Received: 16 June 2022
Accepted: 17 July 2022
Published: 25 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory of Mechanical Transmissions, Chongqing University, Chongqing 400044, China;
zhengguo@cqu.edu.cn (Z.G.); 20160702004@cqu.edu.cn (A.L.); ifengjh@cqu.edu.cn (J.E);
andylyg@umich.edu (Y.L.)

* Correspondence: dtqin@cqu.edu.com

Abstract: The unsuitably designed powertrain mount may cause jittering and shrugging during the
starting and shifting processes of the vehicle, which seriously affects the comfort of using the vehicle.
However, the influence of mounts on vehicles has been neglected in previous studies. In view of
the above problems, this study establishes a DCT vehicle coupling dynamic model, considering six
degrees of freedom of the powertrain mount and the engine dynamic torque, nonlinear characteristics
of a dual-mass flywheel, time-varying stiffness of gear systems, and other factors. Furthermore, the
effect of mounts on the longitudinal dynamic characteristics of the vehicle is studied during the
starting, shifting, and tip-in/tip-out process. The results show that under typical working conditions,
the mount and its stiffness and damping affect the fluctuation frequency and amplitude of the jerk.
When the torque of the vehicle transmission system changes greatly, such as under starting and
tip-in/tip-out conditions, the mount has a great impact on the dynamic performance of the vehicle.
Simultaneously, the engine torque fluctuation can act on the vehicle through the mount, which has
an impact on the jerk of the vehicle. A comparison with vehicle test results reveals that the DCT
coupling dynamic model can reflect the law of the effect of the mount on the vehicle performance
and verify the rationality of the model. Under typical working conditions, when the influence of the
mount is not considered in the vehicle dynamic’s modeling, there is a large error of the jerk between
the simulation results and the actual situation. The results provide a reference for optimizing the
parameters of the mount and improving the dynamic characteristics of DCT vehicles.

Keywords: powertrain mount; dual-clutch transmission; jerk; starting; shifting; tip-in/tip-out

1. Introduction

A powertrain mount is a part that connects the chassis and powertrain (such as
engine and transmission). It is used to reduce and control the transmission of engine
vibrations and support the powertrain. Additionally, it plays a significant role in a vehicle’s
noise, vibration, and harshness performance [1]. Under starting, shifting, and other classic
working conditions, the large change in the transmission torque of a vehicle causes torsional
and deformation motion of the mount, severely affecting the comfort of passengers. Vehicle
manufacturers have found that the effect of the mount characteristics on the jitter and
shrugging of the vehicle cannot be ignored in actual research and development. However,
the effect of the mount on the vehicle characteristics has not been investigated in previous
studies. Therefore, this influence on vehicle performance under starting and shifting
conditions needs to be analyzed.

In previous studies on the analysis of vehicle system dynamics, the main focus was
on the influence of the vehicle’s engine and power transmission system on its dynamic
characteristics. Walker et al. [2,3] studied the effects of the torque pulses from the engine,
transmission-gear backlash, and dual-mass flywheel hysteresis on a dual-clutch transmis-
sion (DCT) vehicle powertrain. Chen et al. [4] established a vehicle-dynamics model with
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the engine, transmission gear pair, dual-mass flywheel, and clutch friction. They also
studied the influence of a dual-mass flywheel on vehicle-vibration reduction performance
under starting, idling, and constant speeds. Bai et al. [5] studied the influence of three
key factors, namely, the system vibration characteristics and harmonic torque and average
torque of an engine on the dynamic characteristics of powertrain loading. Galvagno et al. [6]
investigated the effect of different models of a synchronizer on the longitudinal acceleration
of a vehicle. Pisaturo et al. [7] studied the influence of thermal effects on the response of dry
clutch system through the friction coefficient diagram and lumped thermal model obtained
from the clutch facings testing. Wang et al. [8] improved the shift performance of the
transmission by using an off-line model predictive controller on the clutch to make the shift
process more stable. Hao et al. [9] established a nonlinear clutch-friction torque model and
analyzed the influence of clutch jitter on the vehicle’s riding comfort. Li et al. [10] studied
the influence of the self-excited vibration of a clutch-driven plate on vehicle jitter during
the starting process. Shangguan et al. [11] studied the effect of the torsional stiffness of a
clutch-driven plate and axial stiffness of a waveform plate on the jitter of a vehicle during
starting. Ding et al. [12] investigated the effects of the clutch-friction state and contact
pressure on the noise, vibration, and smoothness of the vehicle powertrain. Hu et al. [13,14]
studied the influence of the time-varying meshing stiffness of the DCT gear system and
the damping and stiffness of the transmission shaft on the vibration of the DCT system
during the starting process. Kim et al. [15] controlled the transmission torque of both the
clutch and engine to reduce their influence on the vibration of the vehicle driveline. In
these studies, the effect of the mount on the dynamic performance of the transmission
system of a vehicle was ignored. Hong et al. [16] controlled the dynamic characteristics of
the mount by using the intelligent active-engine mount system to improve the smoothness
performance under different working conditions. Enrico et al. [17] developed a vehicle
dynamic model considering the mount and showed that the vehicle’s longitudinal acceler-
ation was underestimated when the mount was ignored in a tip-in condition. However,
they considered the powertrain mount as only a simple three degrees of freedom (DOF)
model, rather than the combined effects of the engine dynamic torque, dual-mass flywheel
torsional characteristics, and gear-system time-varying stiffness. In addition, the customer
information obtained by vehicle enterprises shows that the mount significantly impacts the
dynamic characteristics of the vehicle and cannot be ignored, particularly under starting,
shifting, and tip-in/tip-out conditions. The mount also impacts the dynamic characteristics
of the vehicle, leading to shaking, shuffling, and other phenomena [18].

Thus, in this study, the effect of a mount on the longitudinal dynamic performance
of vehicles during starting, shifting, and tip-in/tip-out processes is investigated. The
vehicle-coupling dynamic model is established considering the engine’s dynamic torque,
nonlinear characteristics of a dual-mass flywheel, time-varying stiffness of a gear system,
and a 6-DOF powertrain mount. The effect of the mount parameters on the longitudinal
dynamic characteristics of vehicle is analyzed. At last, the correctness of the dynamic model
is certificated by comparing the simulation and test results of the vehicle’s starting process,
thereby providing a reference for the optimization of the mount system and the vehicle’s
starting and shifting performances.

2. Dynamic Model of DCT Vehicle with Mount
2.1. Engine Torque Model

In the existing vehicle powertrain transmission system models, the engine mainly
adopts a simplistic (average) model. The engine output torque is determined by throttle
opening and speed of the engine from the table (ignoring the influence of the dynamic
torque in the working process of the engine). According to references [19], this study
establishes the engine dynamic torque model, which can more accurately reflect the output



Appl. Sci. 2022,12, 7439

30f19

torque change of the engine in the actual working process. The established engine dynamic
torque model is shown in Equation (1):

Te = Tom + Tem)_ Ansin(n6 + ¢n) + Trecis 1)

where Ty, is the engine torque considering the engine intake, combustion and the torque
calculated by the engine average model; ) A, sin(nf + ¢,,) is the sum of the torque har-
monic components with different amplitude, frequency and initial phase related to engine
torque; T, is the reciprocating inertia of the piston motion.

2.2. Dual Mass Flywheel Model

The dynamic model of the dual mass flywheel (DMF) is established using the lumped
parameter method [20], as shown in Figure 1a. The dynamic equation are as follows:

If165 = T1 — ko (9f1 - 9f2) -0 (éfl - éfz), 2

IfZéfZ =k (efl — HfZ) + 2 (Gfl — sz) — T, 3)

where Iy and Iy, are the inertia of the first and second masses of the DMF respectively; 07
and 0p, are torsion angles of the first and second masses; T1 is the driving torque acting
on the first mass; T is the torque acting on the second mass; k; is the spring stiffness
between the first and second masses and c; is the spring damping between the first and
second masses.
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Figure 1. Dynamic model of DMF: (a) Dynamic model of DMF; (b) Torsional characteristic curve of a DME

In order to make the DMF have an ideal damping performance during various working
conditions, Figure 1b shows the spring stiffness K, between the first and second masses.

2.3. Clutch Model

The clutch has three working states: fully disengaged, sliding and engaged. According
to the working state of the clutch, the linearly simplified Stribeck friction model is adopted
to acquire the expression [21], that is:

0 clutch disengaged
T. = ¢ NuxE,R  clutch slipping 4)
Tiock clutch engaged
2(R3 — R}
R- 2R ®
3(R5 — RY)
L1 Ts + Ljka(0c1 — 0g1)
Tiock = : - £ ’ (6)

Ij+ 14
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where T, is the clutch torque; i is the sliding friction coefficient; N is the number of clutch
friction surfaces; Fj, is the pressing force acting on the clutch; R is the equivalent action
radius of the friction plate; R; is the inner diameter of the friction plate; R, is the outer
diameter of the friction plate and T}, is the torque transmitted after full engagement.

2.4. Gear System Model

The torsional dynamic model of a pair of gears is shown in Figure 2a. The dynamic
model of a DCT gear system was established by the lumped parameter method [22-24],
and the equations are as follows:

[61 + c1o71 (11601 — 1202) + k1pr1 (1161 — 1262) = T, (7)

L0 + c1or2 (126 — 1101) + kiora(r26y — 1161) = T, (8)

where [; i(i = 1, 2) is the inertia of gear 1 and gear 2; 0; i(i = 1, 2) is the torsion angle of gear
1 and gear 2; r; i(i = 1, 2) is the base circle radius of gear 1 and gear 2; k1, and cj; are the
time-varying meshing stiffness and meshing damping of the gear pair, and T; i(i = 1, 2) is
the torque acting on gear 1 and gear 2.
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Figure 2. Dynamic model of gear system: (a) Dynamic model of gear pair; (b) Schematic diagram of
time-varying meshing stiffness of gears.

During gear pair meshing, the meshing stiffness changes due to the alternating of
the single and double tooth meshing, as shown in Figure 2b. The time-varying meshing
stiffness is fitted as a function with a constant period change of the gear rotation angle by
the Fourier series method [25,26] as follows:

k12(61) = ki + Y aycos[l(Z161 + 712)], ©)
i=1

where ki is the average value of the meshing stiffness within a meshing period; 4; is the
Fourier expansion coefficient; / is the number of harmonics; Z; is the number of teeth of
gear 1; 7y is the initial phase of the meshing stiffness; ks is the meshing stiffness of a single
tooth region and g, is the contact ratio.
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2.5. Vehicle Dynamic Model with Mount
2.5.1. Powertrain Mounting System Model

In this paper, the powertrain mounting system is a three-point mount, and the engine
is placed longitudinally. A coupling dynamic model of vehicle considering mount was
established [27-29]. Considering the translational and torsional motion of the powertrain
in the three axis directions, the powertrain mounting system is simplified into a 6-DOF
dynamic model, as shown in Figure 3.

A
z| Z
2
X = ?\é Torque shaft 0
D T N = s
1
7 Ny MY

.,
~
AN
vy
;g ‘

Figure 3. Dynamic model of a powertrain mount.

In Figure 3, O-XYZ is the moving coordinate system; O is the center of mass of the
powertrain; X is the forward direction of the vehicle; Y is determined by the right-hand
rule and Z is the vertical direction of the vehicle. The coordinate system o-xyz is a static
coordinate system and the origin coincides with the center of mass of the powertrain. 1, 2
and 3 are the three mounting points on the powertrain. q (X Y Z 0x 0y 07)T represents the
generalized coordinates of powertrain mounting system.

Using the Lagrange method, the motion equation of the powertrain mounting system
is established as follows:

dt

9

d<aET) %r Ofv b (10)
o 99 9q

where Et is the kinetic energy of the system; Ep is the dissipated energy of the system; Ey
is the potential energy of the system and F is the generalized force of the system.

The kinetic energy of the powertrain includes translational kinetic energy and rota-
tional kinetic energy as follows:

m, 0 0 0 0 0 X
0 m 0 0 0 0 Y
Tre oo - 0 0 m 0 0 0 Z 1.7, .
Er = = |XYZ0x 0y 0 P : = -4 Mg, (11
T 2[ X010 00 0 Lue  Tway —Due| | 0y | 27 MO (D
0 0 0 —myx Imyy —Imyz|| g,
0 0 0 *Im,zx *Im,zy Im,zz 0
L Vz |
and the mass matrix M is:
my, 0 0 0 0 0
0 my O 0 0 0
0 0 m 0 0 0
M= P , 12
0 0 0 Inw Iy —Ins (12)
0 0 0 —Iuy Inyy —Iny
0 0 0 -1 mzx I m,zy I m,zz
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The system potential energy of the powertrain is:

. ki 0 077 Aw ,
Ey = EZ [Au; Ao Aw] | 0 ky O || Av | = ELITqu Ki =
i=1 0 0 Ky Aw;

The system dissipated energy of the powertrain is:
i 0 0 Au;

n

o ) i 1.7 ..
Y [Au; AD; Adoi] | O ¢ O Ao, | = EqTCq, Ci=
i=1 0 0 Cwi Awi

N =

Ep =

The excitation force received by the powertrain mounting system is:

[F] =[Fx Fy Fz My My M),

where
Fx: Fmou/
Fy= 4morAw,? sin 6 cos 2w,t,
F,= 4myrAw,? cos 0 cos 2w.t,
M= T.(1+ 1.3sin2w,t),
My=F,A-T,,
M;= F/A,

where 4 is the number of cylinders of the engine; m, is the mass of reciprocating parts and a
single-cylinder piston; 6 is the setting position of the powertrain; r is the radius of the crank;
A is the ratio of the connecting rod length and radius of the crank; w, is the angular velocity
of the crankshaft; A is the horizontal length from the centerline of the second and third
cylinders to the center of the mass of the powertrain and T, is the engine output torque.

2.5.2. The Interaction between the Vehicle and the Powertrain

Considering the coupling relationship between the vehicle and the powertrain through

the mount, is reflected as follows [29,30]:

(1) The vehicle and powertrain is a flexible connection on the mount. This study
focuses on the influence of the mount on X, Z and the effect of torsion 6y about the Y-axis.
The interaction between the vehicle and powertrain is shown in Figure 4.

Fioad
Driving direction
_— >
m, /
V4 Y r
Ao
7
0O X
Powertrain "
Hig—

F

Figure 4. Longitudinal interaction between the vehicle and powertrain, where m, and m; are the

mass of the powertrain and the vehicle excluding the powertrain; F,, is the force of the mount; Fj,,;

is the resistance of vehicle and F is the driving force.
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The dynamic equations of the interaction between the vehicle and powertrain are
expressed as follows:
Mplp,x= Finou
motyx=F — Floag — Frou (16)
Fmou= Fry+Frx+Fiy

where ay,, is the longitudinal acceleration of the powertrain; a,x is the longitudinal accel-
eration of the vehicle without the powertrain; F;, (i =7, I, R) is the longitudinal force of
each mount.

(2) The relationship between the torque produced by the engine and the torque re-
ceived by the powertrain and the torque transmitted by the vehicle driveline is shown in
Figure 5. The reaction torque Tp received by the powertrain can be expressed as:

Tp =T, + Tcll(il - 1) + Tch(iZ - 1)/ (17)
where T, is the reaction torque of engine; T, is the torque transmitted of clutch 1; T, is

the torques transmitted of clutch 2; i1 is the transmission ratios of the power transmission
paths of clutch 1; i, is the transmission ratios of the power transmission paths of clutch 2.

T, gear,] | ks
Idl m Ifdl
Equivalent ||
mounts | —
p "y k,
m T’ T
Power- | < Icl Igl
train |
( - Ifdj
I
Cnm i Icg IgZ
ks ||
I (il
k :
Tgear,Z Vehicle 0v
I‘, Tload
T, }

Figure 5. Dynamic model of a DCT vehicle.

2.5.3. Vehicle Dynamic Model with Mount

A 7-gear DCT vehicle is taken as the research object, and the lumped parameter
method is used to develop the vehicle dynamic model with the powertrain mount, as
shown in Figure 5. To simplify the illustration, the powertrain mount is represented as
single-DOF stiffness-damping. However, it is considered as a 6-DOF model in the actual
calculation, as shown in Figure 3. See Abbreviations for the definition of the symbols in the
aforementioned formulas.

According to the established torsional dynamics model of the vehicle system, the
equations are as follows:

lebe = Te =y (0 — 65, (18)

Inbp= ki (96 - 9ﬂ) — k2 (9f1 - 9f2) -0 (9ﬂ - 9f2)f (19)
b= o (651 — 62 +2 (1 — b2 ) — ks (62 — 0, (20)
L= ks (efz - ed) Ty — T, 1)

Ly0= Tep — ks (8 — 051), (22)
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I10g1= ks (01 — 61) — 1o1F11, (23)
Iinban=raFi1 —ke (9d1 - 9fd1), (24)

L1 61 = ke (9d1 - 9fd1) — ko, (25)

Iobo= Tap — ks (62 — Bg2), (26)

I20g2= ks (02 — 0g2) — rgaF12, (27)
Iinbap=riF12 — k7 (9d2 - 9fd2)/ (28)

LinOpn= ks <9d2 - 9fd2) — ik, (29)

LusOps= riasFo1+1pasFo2 — ks (9fd3 - Qdiﬁ‘)r (30)

L Bair = ks <9fd3 - 9@7) — ko <9diﬁf - Bh)r (31)
1,6),= ko (Gdiﬁ‘ - 9h) —k10(0h — 00) —c10( 0 . — 0 0), (32)
I,0,= k19(6), — 0)+c19 (éh - 9v> —Tiona+1w {Cn (Xp - Twév) +Ki1 (Xp — rwbv) +C139p+1<139p} : (33)

Considering the 6-DOF vibration equation of the powertrain mounting system along
the vehicle’s forward direction, the vertical and lateral translation and torsion are as follows:

myXp = —Fpou — C136p — K130y, (34)

mpr = —CHYP - KllYp+m1rzuzalsin(wt + @1), (35)

mpr = *szzp —K»nZ, — C239p — Koz, + (11 4my ) ro*arcos(wt + @1) & + mary>Mpcos (2wt + @11), (36)

Ixxfxp = —Ca3xp — Kazbyy — C13(Xp — 18v) — Ki3(Xp — 18v) — Co3Zp — Ka3Zp+Te(1 4 1.3sin(2wet)) — Ty — Tea, (37)
TnyyByp = —Ca30yp — Kafyp — Cr13(Xp — 10y) — K13(X, — 18y) — Co3Zp — Ko Zp+F:A, (38)

Inzz0zp = —C339zp — K336z — C13(Xp — roy) — Ki3(Xp — 10y) — Ca3Zy — KnsZy+FyA, (39)

The meshing force equation of the DCT gear system are as follows:

Fi1 = k11 (rg1 - 61 — 71 - 641) + coum (Tgl b1 — T '9‘11)/ (40)
Fio = ko (rg26g2 — ra2bi2) + Cm12 (rg29g2 - szédz)f (41)
Fo1= kyn (de19fd1 - Vfd39fd3) +Cmo1 (7’fd19fd1 - 7’fd39fd3)/ (42)
Foo= ko (7’fd29fd2 = 7’fd39fd3) +Cm22 (7’fd29fd2 - 7fd39fd3) , (43)

3. Simulation Results Considering Typical Working Conditions with Mount

The Matlab/Simulink software and the Runge-Kutta solver are employed to evaluate
the effect of the mount on the longitudinal dynamic performance with a fixed step size of
10~° during starting, shifting and tip-in/tip-out typical working conditions with parameters
given by the vehicle enterprise (see Appendix A).

In this study, to more accurately reflect the influence of the mount on vehicle dynamic
performance, vehicles with and without mounts are considered when establishing the
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vehicle dynamics model (without mount means that only the dynamic torque of the engine,
nonlinear characteristics of the dual-mass flywheel, and time-varying meshing stiffness of
the DCT gear system are considered; the influence of the mount is ignored. With mount
means that the dynamic torque of the engine, nonlinear characteristics of the dual-mass
flywheel, time-varying meshing stiffness of the DCT gear system, and six degrees of
freedom powertrain mount model are considered.). The above two models are compared
and analyzed under the same simulation conditions. Of course, in practice, there is no
situation without a mount; therefore, the simulation results of the two vehicle dynamics
models established are compared with the vehicle test results, and it is concluded that
the vehicle dynamics model with a mount, established in this paper, can better reflect the
influence of the mount on the longitudinal dynamic performance of the vehicle.

3.1. Starting Condition

The proportional integral differential control is adopted. The engine starts at a con-
stant speed. Starting at 0.5 s, the engine speed gradually increases from an idle speed to
1800 r/min, which is maintained. The speeds of the clutch-driving plate and clutch 1 driven
plate are synchronized at approximately 2 s, and the staring process is completed. The
simulation results of the vehicle with and without the mount during the starting process
are presented in Figure 6.

40 T T T

2500 — With :nount I I I ——  With mount
= 2000F T Without mount i -==-- Without mount
B=
£ 1500[
B 1000} /
mQ- A Clutch driving end
5007 b =+ Clutch driven end ]
() b= L I -40 I I I
0.5 1 1.5 2 2.5 0.5 1.5 2 2.5
Time (s) Time (s)
(a) (®)
2000 T T 200 T T T
—— With mount —— With mount
===+ Without mount ===+ Without mount
£ 1500 Ei
£ £
£ =100
3 3
;}g_ 1000 %
500 L . 0
0.5 0.6 0.7 0.8 0.5 0.6 0.7 0.8 0.9
Time (s) Time (s)
(©) (d)
1400 - - - 700 - - -
----- Left Mount )
— Right Mount
—_ Rear Mount . P
z 60 2 300
S 200 { &1
_____________________________________ 0
-1000 . : ; -30 : . .
0.5 1 1.5 2 2.5 0 05 1 1.5 2 2.5
Time (s) Time (s)
(O] ®

Figure 6. Results of the mount influence on the starting condition: (a) clutch speed; (b) vehicle jerk;
(c) the enlarged view of curve a in figure a; (d) the enlarged view of curve b in figure a; (e) longitudinal
force of each mount; (f) the longitudinal force of the powertrain on the vehicle.

The overall trend of the speeds of the driving and driven ends of the clutch is the
same with and without the mount, as shown in Figure 6a. However, at the beginning of
the starting process, fluctuations in speeds with the mount are observed. For the starting
process, the fluctuation in the speed of the driving and driven ends of the clutch gradually
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decreases (Figure 6¢,d). The jerk of the vehicle, depicted in Figure 6b, reveals that when the
mount is considered, the engine speed fluctuation causes the vehicle’s jerk to fluctuate with
a large amplitude during the starting process and then gradually decreases and becomes
stable. The maximum fluctuation amplitude of the jerk increases from 4 m/s~3 without the
mount to 54 m/s~2 with the mount. When the starting process is being completed, the jerk
of the vehicle also has a fluctuation due to the inconsistent acceleration of the driving and
driven plates of the clutch. At the beginning of the starting process, the torque produced by
the engine crankshaft torsion directly acts on the powertrain, and the longitudinal forces
on the left, right, and rear mounts of the powertrain fluctuate, causing deformation of the
mounts. For the starting process, the longitudinal force on the left and right mounts tends
to be stable. As the vehicle accelerates, the longitudinal force on the rear mount increases.
When the starting process is completed, the vehicle acceleration decreases and fluctuates.
Therefore, the longitudinal force acting on the rear mount decreases and fluctuates, as
displayed in Figure 6e. Figure 6f shows that the longitudinal force exerted by a powertrain
on a vehicle through the mount fluctuates at the beginning of the starting process. With an
increase in the force acting on the vehicle during starting, the force acting on the vehicle
decreases significantly after starting. In summary, at the beginning of the starting process,
the mount causes large fluctuations in the vehicle jerk.

3.2. Shifting Condition

Here, the shifting from first to second gear is analyzed. The shifting begins at 2.5 s and
completes at 3.1 s. The simulation results of the vehicle shifting process with and without
the mount are from Figure 7.

T T T 15 T LI} T
—  With nhount ‘ I ‘ I
With ! | | —— With mount
===+ Withoyt mount | I | -==- Without mount
\ . !
> shift gtarg A '
\ g0
>~
\ \ %
| + Clutch driving end | 2
| A Clutch 1 driven end
} } O Clutch 2 driven end
1 ! 1 -15
2 2.5 3 3.5 4
Time (s)
(a)
' T ' -100
I I e Left Mount
‘ 1 — Right Mount
| ) Rear Mount
L | | i —
\ \ z.
| | ~ 300
| o — r
_/—‘r——\_—\‘_/—b—— 8
L \ [ { 2
S5
| |
""""""""""""""""" r'shlff-L
> = shift completion
| start | | |
1 1 I -500 L 1 I
2 2.5 3 35 4 2 2.5 3 3.5 4
Time (s) Time (s)
© (d)

Figure 7. The results of the mount influence on the shifting condition: (a) clutch driving end and
driven end speed; (b) vehicle jerk; (c) longitudinal force of each mount; (d) the longitudinal force of
the powertrain through the mount.

The speed changes of driving end of clutch, the driven end of clutch 1 and driven end
of clutch 2 (during the shifting process and the overall trend of the speed changes of the
clutch driving end and driven end) are the same when with and when without the mount
from Figure 7a. The change of jerk during the shifting process is seen in Figure 7b. At
the beginning of shifting, the fluctuation amplitude of the jerk with the mount is bigger
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than that without the mount. The maximum fluctuation amplitude of the jerk increases
from 16.3 m/s~3 without the mount to 17.2 m/s~3 with the mount. After shifting is
completed, the fluctuation amplitude of the jerk reduces slowly with the mount. The
maximum fluctuation amplitude of the jerk decreases from 13 m/s~3 without the mount
to 12.8 m/s~3 with the mount. Simultaneously, because the engine adopts the dynamic
torque model, the output torque of the engine fluctuates, which can act on the vehicle
through the mount. Therefore, when the mount is considered, there is an obvious high
frequency fluctuation in the jerk of the vehicle. The longitudinal force acting on the right
and left mounts is unchanged during shifting, whereas the longitudinal force acting on
the rear mount fluctuates in Figure 7c. The force of the powertrain acting on the vehicle
through the mount fluctuates during shifting from Figure 7d.

3.3. Tip-In/Tip-Out Condition

The simulation is initiated with the vehicle running stable in the second gear. The
step change of the engine output torque is used to simulate the tip-in/tip-out condition at
3 s and 4.5 s from Figure 8a. The simulation results of the vehicle in the tip-in and tip-out
conditions with and without the mount are shown in Figure 8.
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Figure 8. The results of the mount influence on tip-in/tip-out conditions: (a) engine torque under
tip-in/tip-out conditions; (b) vehicle jerk; (c) longitudinal force of each mount; (d) the longitudinal
force of the powertrain on the vehicle.

Due to the sudden change of the vehicle driveline torque under the tip-in and tip-out
conditions, the jerk of the vehicle with and without the mount has a large fluctuation from
Figure 8b. Under the tip-in condition, the vehicle jerk with and without the mount are
close. Under the tip-out condition, the jerk of the vehicle with the mount has a greater
amplitude fluctuation than that without the mount, the maximum fluctuation amplitude
of the jerk increases from 17.6 m/s~2 without the mount to 34.1 m/s~2 with the mount,
which affects the ride comfort of the vehicle. Simultaneously, because the engine adopts
the dynamic torque model, the output torque of the engine fluctuates, which can act on the
vehicle through the mount. Therefore, when the mount is considered, there is an obvious
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high frequency fluctuation in the jerk of the vehicle. It can be seen from Figure 8c that as a
result of the sudden change of the system torque under tip-in and tip-out conditions, the
longitudinal force acting on the mount changes. Meanwhile, the force of the powertrain
acting on the vehicle through the mount increases significantly under the tip-in and tip-out
conditions in Figure 8d.

4. Influence of Mount Parameters on the Longitudinal Dynamic Performance of the Vehicle

The dynamic model of the vehicle with the powertrain mount is used to analyze
the impact of mount damping and stiffness on the dynamic characteristics of the vehicle.
The parameter values of the mount are shown in Appendix A. Figure 9a,b show how the
damping and stiffness of the mount are kept unchanged and the analysis of the effect
of different stiffnesses and damping on the jerk during the starting process, respectively.
Figure 9¢,d show how the damping and stiffness of the mount are kept unchanged and the
analysis of the effect of different stiffnesses and damping on the jerk during the shifting
process, respectively.
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Figure 9. The results of different parameters of the mount on starting and shifting: (a) influence of
different stiffness during starting; (b) influence of different damping during starting; (c) influence of
different stiffness during shifting; (d) influence of different damping during shifting.

Under the given parameter conditions, Figure 9a shows that the mount stiffness
significantly impacts the amplitude and frequency of the fluctuation in the vehicle’s jerk
at the beginning of the starting process. The greater the mount stiffness, the greater are
the amplitude and the frequency of the fluctuation in the vehicle’s jerk. When the mount
stiffness is one-third times, one times and three times the original amount, the maximum
fluctuation amplitude of the jerk is 8.2 m/ s3,54m/s 3, and 113 m/s 3, respectively.
Compared with one times the mount stiffness, the maximum fluctuation amplitude of
the jerk at one-third times of the mount stiffness decreases by 84.8%, and the maximum
fluctuation amplitude of the jerk increases by 109.3% at three times the mount stiffness.
Figure 9b shows that the mount damping significantly impacts the fluctuation amplitude
of the vehicle’s jerk during the vehicle’s starting process. At the beginning of the starting
process, the smaller the mount damping, the greater is the fluctuation amplitude of the
jerk. After starting, the mount damping slightly affects the change in the jerk. When
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the mount damping is one-third times, one times and three times the original amount,
the maximum fluctuation amplitude of the jerk is 105 m/ s3 54 m/s 3 and 11 m/s 3,
respectively. Compared with one times the mount damping, the maximum fluctuation
amplitude of the jerk at one-third times of the mount damping increases by 94.4%, and the
maximum fluctuation amplitude of the jerk decreases by 79.6% at three times the mount
damping. Figure 9c shows that the mount stiffness impacts the low-frequency fluctuation
amplitude of the vehicle’s jerk during the shifting process. The greater the mount stiffness,
the greater is the low-frequency fluctuation amplitude of the vehicle’s jerk. Moreover,
the mount stiffness impacts the low-frequency fluctuation of the vehicle’s jerk. When the
mount stiffness is one-third times, one times and three times, the maximum fluctuation
amplitude of thejerk is 14 m/s3,14.9 m/s~> and 15.4 m/s 3 respectively. Compared with
one times of mount stiffness, the maximum fluctuation amplitude of the jerk at one-third
times of mount stiffness decreases by 6%, and the maximum fluctuation amplitude of the
jerk increases by 3.4% at three times the mount stiffness. Figure 9d shows that the mount
damping impacts the high-frequency fluctuation amplitude of the vehicle’s jerk during
the shifting process. The greater the mount damping, the greater is the high-frequency
fluctuation amplitude of the jerk.

5. Test Results and Discussion

The starting test of a sport utility vehicle equipped with a 7-gear DCT was carried
under different working conditions and with different throttle openings. The main pa-
rameters of the test vehicle are listed in Appendix A. The data acquisition equipment
is VECTOR GL1000, which reads the vehicle driving data through the CAN bus. The
maximum sampling frequency is 1 kHz. The test vehicle and data acquisition equipment
are shown in Figure 10. The test route is about 100 km, with 20 groups of data, including
urban central, congested, urban suburban, and mountain roads.

Vector
GL1000

o
o
t3
l
0

Driver

Figure 10. Test data acquisition equipment.

To verify the correctness and rationality of the established vehicle model, the results
of the vehicle test and vehicle model with and without mount under the starting, shifting,
and tip-in/tip-out conditions are compared, as shown in Figure 11.
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Figure 11. Comparison of test and simulation results under typical working conditions: (a) compar-
ison of the test and simulation speeds at starting; (b) comparison between the test and simulation
jerking at starting; (c) comparison between the test and simulation speeds under shifting; (d) compar-
ison between the test and simulation jerking under shifting; (e) the test and simulation accelerator
pedal changes under the tip-in/tip-out condition; (f) comparison between test and simulation jerking
under the tip-in/tip-out condition.

Under the same starting, shifting, and tip-in/tip-out conditions, the overall trend of
the clutch driving-end- and clutch driven-end speeds are basically consistent between the
simulation, with and without the mount, and test processes, as shown in Figure 11a,c. From
Figure 11b,df, the overall trend of jerking obtained from both the simulation and test is
also consistent. However, in Figure 11b, which shows the jerking observed in the test, at the
beginning of starting there is a high amplitude fluctuation of the jerk due to the influence
of the mount. Compared with the simulation results, when the powertrain mount is used,
its influence on the starting process is evident. In Figure 11d,f, because the fluctuation
of the engine’s output torque is transmitted to the vehicle through the mount, the jerk
of the vehicle has a high-frequency and low-amplitude fluctuation, and the larger the
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engine speed, the greater the fluctuation amplitude. Compared with the simulation results,
when the powertrain mount is introduced, it can reflect the impact of the engine torque
fluctuation on the jerk more effectively. In conclusion, the established vehicle dynamics
simulation model with a mount is effective and viable. This established model can be used
to analyze the longitudinal dynamics characteristics of DCT vehicles.

6. Conclusions

A vehicle dynamic model with a mount was established. The simulation and analysis
of the effect of the mount on the longitudinal dynamic performance during starting, shifting,
and tip-in/tip-out working conditions were performed, and the following conclusions
were obtained.

(1) The powertrain mount significantly impacts the longitudinal dynamic performance
of DCT vehicles during starting, shifting, and tip-in/tip-out processes. The bigger the
torque change in the vehicle powertrain, the bigger is the influence of the mount on the
vehicle. Additionally, the higher the engine speed, the more obvious the fluctuation
amplitude. Simultaneously, the engine torque fluctuation is transmitted to the vehicle
through the mount, which causes the jerk to produce high-frequency, low-amplitude
fluctuations. The simulation results of the two vehicle dynamics models established
are compared with the test results. It is concluded that ignoring the influence of the
mount when building the vehicle model leads to a large error between the simulation
results and the actual situation. Additionally, the established vehicle dynamics model
with a mount can reflect the influence of the mount on the longitudinal dynamics
performance of the vehicle better.

(2) The powertrain mount’s stiffness affects the frequency and amplitude of the fluctua-
tion in the vehicle’s jerk. The greater the mount stiffness, the greater are the fluctuation
frequency of the jerk. The powertrain mount’s damping also significantly influences
the fluctuation amplitude of the vehicle’s jerk. The greater the mount damping, the
lower is the fluctuation amplitude of the jerk. The results provide a reference for the
optimization of the powertrain mounting system.
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Abbreviations

Symbol Meaning

Ay the longitudinal acceleration of the vehicle (excluding Powertrain)
ap,x the longitudinal acceleration of the powertrain

C the damping matrix

Ciy(i=11,R) damping of each mount in X direction

Ci, damping of each mount in Z direction

Cp equivalent damping of the powertrain mount
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Tgear,i (i =1, 2)
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torsional damping of the DMF

the torsional damping of the output shaft

the driving force of the vehicle

the force transmitted by each mount in the longitudinal direction
the vehicle total drag force

the total force transmitted by the mount

the transmission ratio of power along the transmission path of clutch 1
the transmission ratio of power along the transmission path of clutch 2
the ratio of final drive 1

the ratio of final drive 2

the inertia of powertrain in Y direction

the equivalent moment of inertia of the driving plate of the clutch
the equivalent moment of inertia of the vehicle to the output shaft (including
the powertrain mounting system)

the equivalent moment of inertia of the vehicle to the output shaft (not includ-
ing the powertrain mounting system)

the moment of inertia of the engine crankshaft

the equivalent moment of inertia of the driven plate of clutch
moment of inertia of intermediate shaft 1 and final reduction drive 1
moment of inertia of intermediate shaft 2 and final reduction drive 2
moment of inertia of external input shaft

the stiffness matrix

equivalent stiffness of the powertrain mount

torsional stiffness of the DMF

the torsional stiffness of the output shaft

stiffness of each mount in X direction

stiffness of each mount in Z direction

left mount

the distance from each mount to the Z direction of the centroid

the distance from each mount to the X direction of the centroid

the mass matrix

the mass of the powertrain

the mass of the vehicle without powertrain

the center of mass of powertrain

the generalized coordinates

the right mount

the wheel radius

rear mount

the center of mass of the powertrain in the longitudinal direction
the longitudinal displacement of the vehicle

the longitudinal speed of the vehicle

the longitudinal displacement of the powertrain

the longitudinal speed of the powertrain

the center of mass of powertrain in vertical direction

the center of mass of the powertrain in the transverse direction

the angular displacement of the powertrain

the total reaction torque

the torque of the engine

the reaction torque caused by the engine

the reaction torque caused by the torque transmitted through clutch 1 or clutch 2
the friction torque of bearing

transmission input torque

transmission output torque
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transmission torque of clutch 1
transmission torque of clutch 2
the load torque
the transmission speed ratio
the angular displacement of the powertrain
the angular displacement of engine

the angular displacement of the driving plate of the clutch

the angular displacement of the output shaft
the angular displacement of vehicle

Appendix A

Table Al. Powertrain model parameters.

Parameters Value Parameters (1:;: ’l::lez) Parameters Value (Nm/rad)
1y 1620 kg Ie 0.03 kq 95,000
1y 253kg In/Ip 0.075 ky 200
Tw 0.35m I 0.01 ks 200,000
Cp 0.328 I 0.0072 ky 200,000
A 2.12 m? Ieo 0.0125 ks 870,000
i 4.214 Ioq 0.0006 ke 560,000
i 3.105 Ier 0.0013 k7 470,000
i3 1.724 Ip1 0.005 kg 165,000
iy 1.268 Ipo 0.005 kg 165,000
i5 1.27 Iin 0.0028 k1o 40,000
ig 1.049 Lo 0.16 Parameters Value (Nms/rad)
iz 0.891 I3 0.0009 e 0.01
iR 3.227 Laify 0.16 10 4
ig1 3.944 I, 0.6992 - -
ian 3.227 Iy 202.45 - -

Table A2. Powertrain mounting system parameters.
Mount Inertia Parameters Value (kg-m?)
I xx 16.712
Ly 7.717
I,z 14.829
Inxy —1.026
Inyz 3.209
Iinzx —1.482
Mount Static Stiffness (N/mm)
Mount Name
x y z
left mount 130 530 400
right mount 150 150 180
rear mount 190 10 10

Table A3. The innovation of this paper and its comparison with existing important literature.

Literature

Modeling Method

Comparison of Results and Findings

Reference [7]

The dynamic model of the DCT vehicle’s
starting process was established without
considering the influence of powertrain

mount.

Because the influence of mounting is not

considered, the fluctuation of the
longitudinal acceleration of the vehicle
caused by the deformation of the

mounting during the starting process of
the vehicle is underestimated.
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Table A3. Cont.

Literature

Modeling Method

Comparison of Results and Findings

Reference [17]

A dynamic model of vehicle with three
degree of freedom powertrain mount was
established. The nonlinear characteristics
of dual mass flywheel and time-varying
meshing stiffness of transmission gear
system are not considered.

The influence of engine torque
fluctuation and time-varying meshing
stiffness on the mount is ignored, and the
influence of the mount on the vehicle
performance in the actual vehicle is not
accurately reflected.

The powertrain mount has an impact on
the fluctuation frequency and amplitude
of the DCT-vehicle impact. When the
torque of the vehicle transmission system
changes greatly, such as under starting
and tip in/tip out conditions, the mount
has a greater impact on the dynamic
performance of the vehicle. The DCT
coupling dynamic model can reflect the
influence of the actual vehicle mount on
the vehicle performance better.

The vehicle dynamic model not only
considers the dynamic torque of the
engine, nonlinear characteristics of the
dual-mass flywheel, and time-varying
meshing stiffness of the DCT gear system,
but also considers the vehicle coupling
dynamics model of the powertrain mount
with six degrees of freedom.

The method proposed in this paper
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