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Abstract

Vibro-impacts of gear pairs in a torsion system inherently occur under the steady state torque input condition since clearance type non-
linearities are related to the torsional vibration induced by the firing stroke of an engine. In order to investigate the dynamic characteris-
tics of gear rattle, front engine and front wheel drive configuration of the manual transmission is investigated under both wide open throt-
tle and coast conditions. This configuration is examined using 6 degree-of-freedom system model, embedded by the relevant nonlineari-
ties such as multi-staged clutch dampers, gear backlash and drag torques. This article focuses on the relationship of vibro-impacts with
key parameters of clutch dampers, where the gear rattle phenomena are defined by “sing-sided”, “double-sided” and “no-impact” along
with different clutch dampers. Thus, the mathematical model of the multi-staged clutch dampers is developed by including the asymmet-
ric transition angles and pre-load effect. Based upon this nonlinear model, three real-life clutch dampers are employed and simulated
results are compared with limited experimental measurements conducted on a vehicle. Also, the dynamic characteristics of gear motions
under the coast condition are investigated. This coast condition is explained corresponding to different input torque conditions and its
simulations show the main reasons of vibro-impacts induced by the clutch stopper well. Finally, modified clutch damper concepts for

rattle-free transmission are proposed along with dynamic clutch design guidelines.
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1. Introduction

Vibro-impacts such as gear rattle in a vehicle driveline sys-
tem are inherently induced by the engine stroke under various
driving conditions. For example, the Wide open throttle
(WOT) and idling are defined by the engine firing status. Ac-
celeration or coast conditions are pertaining to the vehicle
driving status. The vibratory motions are mostly involved with
clearance type nonlinearities in a torsional system and degrade
the vehicle sound qualities as well as the durability concerned
with the heavy duty engines [1-5]. To find out the dynamic
characteristics of gear rattle, three representative vibro-impact
types are defined as “single-sided”, “double-sided” and “no-
impact” [6]. On the basis of the simulated results along with
system parameters, the clutch design guide lines for the rattle-
free torsional system have been suggested [7].

In addition, the simulation and experimental models for the
rattle phenomena have been developed for more than a decade
[8-14]. For example, Barthod et al. [8] have conducted rattling
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test by using the simplified gearbox with a parametric study
given different gear inertia, backlash and excitation conditions.
Wang et al. [9] have used decoupling procedure by focusing
on rattling gear pairs to develop the system model. Shim et al.
[10] have investigated an anti-backlash to reduce the rattle
noise in an agricultural tractor’s driveline. Rocca and Russo
[11] have constructed the lab-experiment to examine the rattle
phenomena in a gear box. Karagiannis and Pfeiffer [12] have
employed classical impact theory and topological dynamic
concepts to present the gear rattling phenomena. Bozca and
Fietkau [13] have analyzed the relationship between rattle
noise and design factors empirically. Tangasawi et al. [14]
have considered the contact film reaction and gear flank fric-
tion in a front wheel manual transmission with diesel engine.
Analytical models with the reduced lump parameter models
have been suggested by using harmonic balance method [15-
18] and employing impact damping model [19, 20] as well.
Also, more researches concerned with vibro-impacts have
been reported by pursuing experimental and simulation meth-
ods [21-28].

On the basis of the literature review, most of works have
been conducted on component levels or simple models. Also,
the nonlinear clutch models have been limited on symmetrical
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types [1-6]. Thus, in this article, two different engine operat-
ing conditions will be examined on the levels of vehicle
driveline system including asymmetrical types of multi-
staged clutch dampers by focusing on the development of
simulation method. And gear rattle under WOT and coast
conditions will be investigated with three real-life multi-
staged clutch dampers. Chief objectives of this article are
summarized as follows: 1) develop the mathematical model
for the multi-staged clutch dampers with asymmetric tran-
sition angles by focusing on the manual transmission; 2)
investigate the characteristics of vibro-impacts along with
three real-life clutch dampers; 3) suggest the nonlinear
simulation models under different vehicle driving conditions
such as WOT and coast.

2. Problem formulations

Fig. 1 illustrates a 6 Degree-of-freedom (DOF) Linear time-
invariant (LTI) system model which is based upon the vehicle
driveline. The procedure of the system reduction can be re-
ferred to the prior studies [6, 29]. The employed values and
designation of parameters are listed as follows: inertia of fly-
wheel, ;= 1.38x 10" kg-mz; inertia of 1% mass flywheel, In=
0.7x1, kg'm’; inertia of 2™ mass flywheel, I = 0.3x1, kgm’;
inertia of clutch hub, 7, = 5.76x10° kg-mz; inertia of input
shaft, 7, = 4.53%x10°° kg~m2; inertia of output shaft, Io; =
52310 kg~m2; inertia of unloaded gear, I, = 7.80x10°°
kg~m2; inertia of vehicle, /5, = 3.27 kg~m2; stiffness of Dual-
mass flywheel (DMF), k= 1.0 kg'm/deg; stiffness of clutch
with Single-mass flywheel (SMF), k.= 3.27 kg'm/deg; stiff-
ness of clutch with Dual-mass flywheel (DMF), k.= 10000
N-m/rad; stiffness of input shaft, &, = 10000 N-m/rad; gear
mesh stiffness, k,= 2.7x10° N/m; stiffness of drive shaft, &z,
= 6.63x10” N'm/rad; radius of engaged gear on input shaft, R,
= 35.5 mm; radius of engaged gear on output shaft, R,, = 46.0
mm; radius of unloaded gear on input shaft, R;, = 45.9 mm;
radius of unloaded gear on output shaft, R,, = 35.6 mm. Here
0; is the absolute displacement with the relevant subscripts
(i=f,h,ie,ou,0OG,VE2) of the sub-systems. The input torque
Ti(?) and drag torques are defined in the later section. The
equations of motion based upon the LTI system model are
derived as follows.

Mi(t)+ K0(t) =0 M
T
6= [‘9/ Oy 6 6, Ooc Q»J : ()]
¥:diag[]f’Ih’lia’lau’IOG’IVEZ} 3)
[k, —k, 0 0 0 (.
—k, k. +k —k, 0 0 0
K 0~k k+k,(Ry+RY) KRR, KRR, 0
=1]o 0 kR, R,, kR, 0 0
0 0 kgRi R, 0 kgere +hygy kg
L 0 0 0 7kVE2 kVEZ m

“4)

Table 1. Characteristics of the multi-staged clutch dampers (with SMF)
and DMF.

Clutch with SMF
Property Stage DMF
Type A | Type B | Type C
Torsional stiffness, kc: 1 0.018 0.89 0.016 1.0
(linearized in a 2 0.11 1.52 0.05 -
piecewise manner) 3 1.06 _ 0.5 _
kg'm/d
(kgm/deg) 4 | 327 - o1 | -
1 0.1 2.0 0.09 2.0
Hysteresis, 2 0.2 2.7 0.1 -
Hi(kgm) 3 2.0 - 2.0 -
4 2.7 - 2.7 -
Transition angle at ! 30 0 6.0 210
positive side 2 9.0 13.5 15.0 -
0:>0), 3 17.0 - 150 | -
. (d
§,; (degree) 4 | 225 - 365 | -
Transition angle at 1 20 -11.0 -5.0 210
negative side 2 -3.0 -14.0 -5.0 -
©:>0), 3| 50 - 150 | -
- (d
¢, (degree) 4 | 85 - | aes |-
Magnitude
of positive - - 0.78 - -
value
Preload Magn itqde
of negative - - -0.17 - -
value
Transition ) ) 0 ) )
angle, ¢,
r__é,-ﬂ; ______ I_u._t;n: Tie , 61
1
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Fig. 1. 6DOF torsional system model for 3™ gear engaged and 5™ gear
unloaded case with Single-mass flywheel (SMF) and Dual-mass fly-
wheel (DMF): (a) 6DOF system model with SMF; (b) schematic of
Dual-mass flywheel (DMF).
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Fig. 2. Torque T{9,) profile for three clutch dampers based on the real-
life clutch design. Key: = == ==, clutch type A; == * ==, clutch type
B; , clutch type C.

In the prior studies [1-7], characteristics of gear rattle is de-
fined by employing one specific clutch damper model. In gen-
eral, the vehicle system has the multiple-staged clutch design
concepts. Fig. 2 shows three real-life clutch models which are
called as clutch types A, B and C given from the manufactur-
ers. For example, clutch types A and B are narrow range of
transition angles compared with a clutch type C. All of the
clutch models have asymmetric transition angles and espe-
cially, the clutch type B includes a pre-load when the transi-
tion angle is changed from positive to negative side. Table
1 lists the employed properties for each clutch type as well
as the Dual-mass flywheel (DMF). Also, vibro-impacts occur
under several vehicle driving conditions. For instance, the
driveline under the coast condition should fall into different
dynamic conditions such as abrupt changes of input and
effective drag torques. To simulate vibro-impacts in a gear
pair, the 3™ gear engaged and 5" gear unloaded status will be
discovered at 1800 RPM (for the WOT condition) and 3000
RPM (for both WOT and coast conditions), since the gear
rattle in the manual transmission generally is observed in these
ranges of engine operating conditions.

3. Nonlinear analysis of vibro-impacts with 6DOF
system model

3.1 Nonlinear model of 6DOF torsional system and experi-
mental results

Fig. 3 shows the schematic of 6DOF torsional system in-
cluding nonlinear functions based upon the system illustrated
in Fig. 1. The main nonlinearities concerned with this research
are clutch torque 7(J,), gear force on the engaged gear F.(p.),
gear force on the unloaded gear F,(p,) and drag torques. Here,
p. and p, are the relative displacements between engaged and
unloaded gear pairs respectively. Drag torques are designated
as follows: drag torque on the input shaft 7p,; drag torque on
the output shaft 7p,; drag torque on the unloaded gear Tp,;
drag torque on the vehicle Tpyz,. Here, J; are the relative dis
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Fig. 3. Nonlinear model of the reduced order system for 3™ gear en-
gaged and 5" gear unloaded case with the Single-mass flywheel (SMF)
by including nonlinear functions.
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Fig. 4. Measured accelerations on the powertrain with the clutch type A
under the WOT condition. Key: , acceleration measured on
the engine; = == ==, acceleration measured on the transmission.
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Fig. 5. Dynamic characteristics using linear time-invariant system
model: (a) mode shapes of the 6DOF system; (b) mobility ¥,, calcu-
lated at the unloaded gear.
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placement between flywheel and clutch hub.

In general, the experimental data are given by the accelera-
tion type measurement as shown in Fig. 4. This measured
information is limited to the LTI system model which corre-
sponds to the system illustrated in Fig. 1. Here, measured ac-
celeration is designated as ¥,, . As shown in Fig. 4, ¥,, of
the transmission show the maximum value at 1800 RPM.
Thus, the gear rattle of the system is assumed to be correlated
with this firing frequency range which is defined as 60 Hz =
2x1800(RPM)/60(Min) since this system has a 4-stroke and
4-cylinder engine. Overall, the natural frequency of the
vehicle system is assumed to be 60 Hz and it is incorporated
with the gear rattling motions. Fig. 5 shows the simulated
dynamic characteristics with LTI system model. When they
are compared with the limited measured data shown in Fig.
4, the simulated natural frequencies and resonances are
assumed to include the relevant natural frequency and its
dynamic motions.

3.2 Investigation of multi-staged clutch dampers with asym-
metric transition angles

The prior researches [1-7] have defined the mathematical
model for the symmetric two-staged clutch dampers employed
by the nonlinear torsional system shown in Fig. 3. In this
study, this model can be developed further by including
asymmetric transition angles and pre-load when the relative
motion §; (= 8; —6;) on the clutch is changed from positive to
negative side.

Here, 0, and 0, are defined as the absolute displacements of
flywheel and clutch hub respectively. Fig. 6 shows the real-
life clutch dampers with relevant component to be considered.

Fig. 6(a) illustrates the characteristics of clutch type B
which contains asymmetric transition angles and pre-load. Fig.
6(b) illustrates the clutch torque induced by the stiffness T

with the asymmetric transition angles designated as ¢,; and @, .

Here, ¢, and ¢, are defined as the transition angle on the
negative and positive sides respectively. Figs. 6(c) and (d)
shows the clutch torque 7} (or Tsp.) due to the hysteresis (or
pre-load) where ¢, is the transition angle located at the pre-
load. Also, 75, and Tp,, are the positive and negative pre-
loads respectively.

Thus, the mathematical model for the general case of the
multi-staged clutch dampers should include all the asymmetric
cases as illustrated in Fig. 6.

First, consider two-staged clutch torque induced by stiffness
as follows.

kC1¢pl +kC2(51 _¢p]) > é‘] >¢pl
T, (51) = k10 s P <O <Py - %)
—kc1f + ke, (51 + ¢n1) > 6 <=y

where T¢(0;) is the function of §;. From Eq. (5), Ts(d;) is de-

rived by using the hyperbolic tangent function fanh [6, 20, 30].

Ts

(b)

Tser

y Teri |

H, Trez 7J‘¢'rr dr

A

© (d

Fig. 6. Nonlinear characteristics of multi-staged clutch damper: (a)
real-life multi-staged clutch damper; (b) clutch torque induced by
stiffness with asymmetric transition angles; (c) clutch torque induced
by hysteresis with asymmetric transition angles; (d) clutch torque
induced by pre-load.

3
|

oh
> Ppi
Par  Hy ¥ of

A 4

T-(é‘]):kmé‘]

+[kc (8= )+ ket kalé‘lJ%[tanh{o;, (5,-4p )} + 1}
+[kcz(51 +¢n1)_k61 Wl _kc151J%[_tanh{Uc(51 +¢n1)} +1J .
(6)

Here, o, is defined as the smoothening factor for the clutch
torque [3, 6, 30]. Thus, Eq. (6) is summarized as follows.

T,(8)=keid,
+%(kc2 ~ker)(8 —¢p1)[tanh{ac (6 -4,1)] +1}
_%(kcz ~ke)(6, +¢n1)|:tanh{o-t (6 +6 )} _1} . 0

Second, develop three-staged clutch torque induced by
stiffness as follows.

ke +kes (¢p2 _¢p])+kC3 (51 _¢pz) > 6>9,,
keiBp +kes (51 —¢,;1) s =Py <6 <Py
7;(6}): kei6y s Py <6 <y, .
k1B +ker (51 + ¢nl) s TP <0 <-¢,
—ke1fu —kea (¢n2 *¢n1)+kcz (51 + n2) s 6 <=

®

From Eq. (8), Ts(0;) for three-staged clutch stiffness is de-
rived using the hyperbolic tangent function tanh as well.
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L, (8)= ke
[ kea (8~ 1)+ erps ~kerd }2[tanh{ac(5l—¢pl)}+l}
[ kea (8= 2) +kea (62 = 0t ) + ket —kea (=61 )~ kerd |
;[tanh{ (8- ¢p2)}+1}

+kea (8 +8) ~ kerpn — ki ]1[ tanh o (5,+¢,,1)}+1J
+[kes (8 +812) —kea (b2 =)~ ke = ko (8 + B )+ kerdha |
2Lt {o (8+4)} +1] ©)

Likewise, Eq. (9) is summarized as follows.

(5)—kc15

2 kca—kcz tanh +1]

2 kcz—ka [tanh 5 ¢p1 +1}
_l o3 —kea )(8, +6,2) [tanh o. 5+¢,,z }
_% é‘+¢1 [tanh 5+¢1 J (10)

Finally, T(d;) for the multi-staged clutch with asymmetric
transition angles are derived based upon Egs. (5)-(10).

+ %(kcs —kes )(51 ~fp )[tanh{ac (61 2 )} " 1]
bkt i34 1]

1
7E(kC(N) 7kC(N*l))(61 o )[tanh{ (5 " )} 1}
_ %(kc(N—l) —kC(Nfz))(& +¢"(N72))[tanh{‘70(§l +¢"(N*2))} _1}

Lk s)(01 ) anh e (5, +4,)} -1

—%(kcz —ker)(8 + )| tanh{o, (5, + 4 )} 1] (A1)

T,(8)) =keid) +%ﬁ(kc(i) _kC(i—l))(T;-p(i—l) =L ) (122)
i=2

T ):(61—¢p(i))[tanh{ac(é‘l—¢p([.))}+l}, (12b)

(12¢)

Loy = (51 + ¢n(i))[tanh{<% (51 +¢n(z-))} ‘1} :

As a next step, the clutch torque induced by hysteresis 7
should be considered as shown in Fig. 6(c). First, if the system
has only one stage, 7}, has simple formulation.

T, (@,a)=%tanh(aﬁ,). (13)

where T, (51,5, is the function of 5, and &, . Second, T}, for
two-staged clutch is derived based upon the illustration in Fig.

6(c).
T, (51 ,51) = %tanh(aﬁ, )
(53 il i)
.|:tanh{o'c(5l _¢pl)}+1] (14)
+%{_(%—%j+%tanh(o—c$l)—%tanh(aﬁl )}
[ tanh{ (5 +é, )} J
(5 S ) :—tanh(cr 5 )
+[%—%)tanh{ol (51 4, )}[1+ tanh(qﬁ'l )} (15)
+(% —%) tanh {O'L, (6,+4, )} [1 - tanh(o-cé'l )] .

Third, T} for three-staged clutch is derived with the similar
manner.

T, (8, 6):—tanh(0'5)
+—_(%—%)+[1—; ]_2] jtanh(oé)}
.[tar_lh{ac (6=} + 1]
+E_(%_%j+([; 1—; jtanh(a 5 )}
[ ~tanh{o, (6 +,,)} +1]
+5_[%_%]+(1; Ié )tanh(a&)}
-[tanh{crc (6-4,2)] +1}

I\Jr—t

—_

Ju—
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g o 2 (.8

[tanh (o (8 + )} +1]- (16)
7y (6.6) = Z*tanh (0,5
(B2l 5 -, ) )
+[%—%)tanh{oz (6 +¢n1)}[l —ta“h(“ﬁlﬂ

{2 o (5, [+ b
REARATHPI R R

Finally, T} for the multi-staged clutch case with asymmetric
transition angles is derived from Egs. (13)-(17).

(6,6 = H;M tanb{,5,)

) [ YL [CER)
vtanh{o, (8, + 4, )}[l—tanh(acé})ﬂ
+[@ - @J[tmh {oc (8- 0 )} [1 +tanh(0, )}

+tanh {o-c (51 +Bun-2) )} [1 —tanh (0}51 )ﬂ

+ - .

+[%_%)[tanh{q (6-4,2)|[ 1+ tanh (0.5

+tanh{0C (6,+ ¢nz)} [1 - tanh(oﬁl )ﬂ +(% _%J
)
I

[tanh{o-c(ﬁl—(;ﬁ }[1+tanh(0'(51

+tanh{ac(61 + [1 tanh( c51

7o (5.6) = a0,

0 0

+,ZN;‘[%‘@J(THP<H> ) (19a)
(i) tanh{ac(é1 —¢p([))}[l+tanh(dcé"1 )} , (19b)
TH"(I.) tanh {0} (é‘] + ¢"(l.) )} [1 - tanh(acé;] )} . (19¢)

In order to include the pre-load effect as illustrated in Fig.
6(d), 9, is first modified by 6, =3, — ¢, . Then, the pre-load
T, is calculated by the function of 6., .

Ta (8 ) =5 T e (053 ) 1]

+ %Tm[ tanh(O' 6'1pr) } (20)

Thus, when the clutch torque is affected by the pre-load, the
relative displacement 6, should be modified by 6, =6, — @,
along with Egs. (5)-(19). Overall, the total clutch torque by
including all the effect as illustrated in Fig. 6 is calculated as
follows.

Te (BipesSion ) = s (Sipe )+ T (S0 B )+ Tore (61) - @)

In this study, 1x10’ is employed as a value of smoothening
factor o...

3.3 Nonlinear models for the numerical analysis under the
WOT condition

Again, the nonlinear equations in terms of the relative dis-
placement §(r) can be derived as follows. First, the state vec-
tor of absolute displacement x(¢) is:

. . P . . T
E(t):[aj Hh 91 eou 90 HVEZ 0/ Hh 01 Hou 00 9VE2:| . (22’)

Thus, the state space model using state matrix S , nonlinear
function vector T,,,(z) and input torque vector T, Ty(r) are

non

defined as follows.

g(z):sg(t)Jrh(t)JrE(t). (23)

(24a)

0 0 0 0 -/l el 0 0 o 0
0 —k/I, k/I, 0 0 0 e /Ty —(cn+e)/I, ¢/, 0 0
0 k/I, -kjI, O 0 0 0 o/, o +cgeR,e+cguRm)/ CaliRo [T —CooRe 06/1,5 0
K = ie ie , C,=
=% o o 0 0 0 =10 gu uu/lou R Lo 0
0 0 0 0 —~kyea/Ioe e/l oG 0 R, /106 0 (cgﬁRf)a+cVEZ /[0(; 2/ loc
0 0 0 0 hypa/Lypy  —hppa/dypy 0 0 0 a1y ~Cyea [ Iyes

(24b,¢)
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0
S ’
0 0
0 0
0 0
0 0
0 .
T (r) =  Tyon() = (88, )1
- T (1)/1 . )
0 Te( 80810 ) 1
0 [R’”Fg"(p“)JerFge(pe)*TDi]/Iig
0
0 [ P (2)+ T ] / 1,
= 0 - [ R”*’Fgé(pe)JrTDu+TDu:|/I()G
L - DVEZ /IVEZ i
(24d,e)
R 0 +Roeea ’ R 0 + Rouea . (24f,g)
{P,—g)tanh{cfg{p I;)} (p, bjtanh{ (p[+%j}
ng = kg o+ kg 5 i

(i = e or u). (24h,i)

Here, subscript e (or u) is defined as the engaged (or un-
loaded) gear and 1x10' is employed as a value of smoothen-
ing factor ¢,. Gear backlash is designated as 4 employed by
0.Imm in the simulation. Also, K, and C,are the normal-
ized stiffness and damping matrices respectively. Damping
values are defined as follows: damping of the clutch hub, c¢;;
damping of the input shaft, ¢; damping of engaged gear pair,
¢.; damping of unloaded gear pair, c,,; damping of the drive
shaft, ¢,.. These values are assumed by using the modal
damping matrix [6]. Then, the state vector §(¢)is defined as
follows.

a(t)=[a(r) &(r) 6(c) a(t) o5(1)] (25a)
5.(0)=0,()-0,(1), &()=6,(1)-6.(r), (25b.0)
5 ()= R 0,(1)+R,.6,(1), (25d)
5,(t)=R,0.(t)+R,,0,(1) , (25¢)
55(1)=0,(£) - 6,5 (1) (25f)

Thus, the state vector x,(¢) for the relative motions is de-
rived by using the transformation matrix P .

. . . . . T
X ()= 6 & & 6, 6 8 8, 8, 8, 5], (26a)
P 0
x.(t)=P.x(¢), P.=|T =|, 26b,c
x(0)=Px(t), P, {9 J (26b.0)
1 -1 0 0 0 0
0o 1 -l 0 0
P=l0 0 R, 0O R, 0 (26d)
o 0 R, R, 0 0
o0 0o 0 1 -l

Table 2. Engine torque profiles with idling (at 700 RPM) and WOT (at
1800 and 3000 RPM) conditions.

Engine speed (RPM)
Property
700 1800 3000
Mean Ty | 220 | 1689 | 19232
component
T 41.5 251.5 589.6
Magnitude T, | 144 | 1069 | 1433
(Nm) Alternating
Ty 43 29.8 533
component
Tps 2.7 242 242
Ts | 18 180 | 141
P, -1.90 -1.93 -1.71
b, -2.69 -2.58 -2.37
Phase Alternating 225 216 314
(rad) component #s - : .
B4 0.64 0.72 2.18
¢, | 038 | 009 | 140

The relationship between x(¢) andx,(¢) are defined with
respect to Egs. (23) and (24). o

1
P’ (PTP) p'.

(27a,b)

Here, pseudo inverse matrix P, is used for nxm (n # m)
matrix P, . Thus, this article will examine the relative motions

in terms of X, (7) by using the relationship as follows.
x_(z)=§ ﬁ(t)+$(t)+T_,;(t), (28a)
2*252_:, T:()n (t):_rTnon (t), (28b,0)
T (1)=P, Tg (1) (28d)

In this study, the modified Runge-Kutta method suggested
by Dormand and Prince is used to investigate the dynamic
characteristics of gear rattle [31]. The employed input torque
Tx(?) includes the mean and alternating components as follows.

=T, +ZT cos(iQ, +,,). (29)

Here, T,, is the amplitude of alternating parts at i" harmonic,
¢,; is the phase at " harmonic and Q , 1s the firing frequency.
Table 2 lists the engine torque profiles along with different
engine speeds. For example, the engine torque profiles for 700
RPM shows the mean and alternating components under the
idling condition. Each components listed in 1800 and 3000
RPM is measured under the WOT condition. Table 3 de-
scribes the employed properties under 1800 and 3000 RPM by
assuming that the viscous dampings associated with each

lumped system are same as each other (designated as “c”)
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Table 3. Employed properties for the drag torques along with different
engine speeds.

Engi d
Drag toque (Nm) 18ie spee
1800 RPM | 3000 RPM

Drag toque on the input shaft, 7p; 13.3 26.9

Drag toque on the input shaft, 7p; 10.3 20.7
Drag toque on the unloaded gear, Tp, 1.38 2.8

Drag toque on the vehicle, Tpyz> 189.0 189.0
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Fig. 7. Clutch torque (or gear mesh forces) and relative displacement
with the clutch type A under the WOT condition at 1800 RPM: (a)
clutch torque (or gear forces) vs. relative displacement; (b) relative
motions of the engaged gear pair; (c) relative motions of the unloaded
gear pair.

except for the damping on the unloaded gear (let “0.2¢”).

3.4 Numerical results along with different clutch dampers
and engine speed

Figs. 7-10 show the numerical results in terms of clutch
torque (or gear forces) vs. relative displacement and relative
motions of the engaged (or unloaded) gear pair in the time
domain. Here, both ends of gear backlash /2 and —b/2 are
marked by red dotted lines. In this research, the gear rattle is
examined along with different clutch dampers as well as dif-
ferent engine speeds. First, vibro-impacts on the gear pair are
dependent upon the different clutch design concepts as shown
in Figs. 7-9.

For example, severe vibro-impact is observed in the un-
loaded gear pair on the clutch type A. As shown in Figs. 7(a)
and (c), “double-sided” impact is seen on the unloaded gear
pair [6, 20]. Also, the simulated peak-to-peak (P-P) accelera-
tions on both engaged and unloaded gear pairs are much high-
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Fig. 8. Clutch torque (or gear mesh forces) and relative displacement
with the clutch type B under the WOT condition at 1800 RPM: (a)
clutch torque (or gear forces) vs. relative displacement; (b) relative
motions of the engaged gear pair; (c) relative motions of the unloaded
gear pair.
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Fig. 9. Clutch torque (or gear mesh forces) and relative displacement
with the clutch type C under the WOT condition at 1800 RPM: (a)
clutch torque (or gear forces) vs. relative displacement; (b) relative
motions of the engaged gear pair; (c) relative motions of the unloaded
gear pair.

er than P-P accelerations for the other clutch dampers as
shown in Figs. 8 and 9. Table 4 compares the P-P accelera-
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Fig. 10. Clutch torque (or gear mesh forces) and relative displacement
with the clutch type A under the WOT condition at 3000 RPM: (a)
clutch torque (or gear forces) vs. relative displacement; (b) relative
motions of the engaged gear pair; (c) relative motions of the unloaded
gear pair.

tions of the clutch type A with the clutch types B and C. The
P-P accelerations with the clutch type A are 769.5 m/s* and
4845.0 m/s” for the engaged and unloaded gear pairs respec-
tively. On the other hand, the P-P accelerations with the clutch
types B and C are less than 4.0 m/s” and 0.6 m/s” for the en-
gaged and unloaded gear pairs respectively. Second, P-P ac-
celerations under 3000 RPM for all the clutch types show the
rattle-free conditions defined as “no-impact”. This indicates
that vibro-impacts are dependent upon the engine speed as
well. Third, when the vibro-impacts on the clutch type A are
examined with two different engine speeds (1800 and 3000
RPM), their behaviors are clearly different with respect to the
dynamic clutch torque 7. For example, 7 at 1800 RPM pass
through the pre-load regime between 3™ and 4™ stiffness val-
ues as shown in Fig. 7. However, 7¢ at 3000 RPM is not lo-
cated at the pre-load regime as seen in Fig. 10(a). Thus, vibro-
impacts are expected to occur when 7¢ is located between the
pre-load or stiffness changing regimes.

When the clutch types B and C are examined, there is no
dynamic torque exhibiting between different stiffnesses or
under the pre-load regime.

4. Examination of the coast condition

4.1 Linear analysis based upon the experimental results

Fig. 11 shows the measured accelerations on the engine and
transmission. When these measurements are compared with
the data shown in Fig. 4, the dynamic characteristics of the
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Table 4. Simulated peak-to-peak accelerations for each clutch type
under the WOT condition along with two different engine speeds.

Engir(lie Peak-to-peak Clutch type
5{);;/[) acceleration A B C
Engaged gear 769.5 3.93 3.68
(m/s”)
1800 | Unloadedgear | 4045 0.56 0.52
(m/s”)
Double-sided . .
Impact type impact No-impact | No-impact
Engaged gear
6.80 5.30 4.96
(mis) ’
300
Unloaded gear 1.07 0.83 0.77
(m/s”)
Impact type No-impact | No-impact | No-impact
3000 —
2500} 3000 RPM
|20 ]
(rad/s?) Y 1
1500} I i
WA =,
|
1000 oy ]
al Lo
oy e
500f pr-
000 1500 2000 2500 3000 3800 000

Engine Speed (RPM)

Fig. 11. Measured accelerations on the powertrain with the clutch type
A under the coast condition. Key: , acceleration measured on
the engine; = == =, acceleration measured on the transmission.

acceleration under the coast condition are different. First, the
maximum values of acceleration (assumed as resonance) un-
der the WOT condition is moved into the higher range of en-
gine speed between 3000 to 3500 RPM. Second, the dynamic
characteristic of the engine acceleration is also changed com-
pared with the data shown in Fig. 4 since there is no tip-in of
the acceleration pedal under the coast condition.

Thus, from the given measured data, the system characteris-
tics based upon the Linear time-invariant (LTI) system can be
evaluated. In this study, the coast condition will be investi-
gated with focus on the 3000 RPM (= 100 Hz, firing fre-
quency) as indicated in Fig. 11.

Based upon the measured data under the coast condition,
the effective property of the mode and natural frequency can
be evaluated by assuming that the system is still affected by
the clutch spring mode. Thus, the effective clutch stiffness
values can be anticipated with respect to 100 Hz of the natural
frequency. Fig. 12 show the dynamic characteristics simulated
with LTI system model by increasing the default clutch stiff-
ness value 3.27 kg-m/deg up to 4 times. When the results are
compared with the system characteristics shown in Fig. 5, the
mode shapes are almost same as each other except for the



5176 J. Y. Yoon and B. Kim / Journal of Mechanical Science and Technology 29 (12) (2015) 5167~5181

Mode 1 [8.1 Hz] Mode 2 [102 Hz]
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Fig. 12. Dynamic characteristics using linear time-invariant system
model under the coast condition: (a) mode shapes of the 6DOF system;
(b) mobility ¥, calculated at the unloaded gear.

minor change at the clutch hub component. Especially, the
natural frequency relevant to the clutch spring mode related to
gear rattle behavior is 102 Hz, which is correlated with the
assumed resonance as shown in Fig. 11 well. Thus, the effec-
tive clutch stiffness values with the clutch type A are assumed
to be increased when the vehicle system is under the coast
condition. This indicates that the clutch itself is hitting the
stopper regime of the clutch, which will be found out in the
nonlinear simulations later.

4.2 Engine torque and drag torque assumptions

Fig. 13 illustrates the input and total drag torques when the
vehicle driving condition is changed by the abrupt tip-out of
acceleration pedal. Here, #,- and 7+ is defined as the moments
when the vehicle is driving under the WOT (with tip-in) and
coast (with tip-out) conditions respectively. The effective drag
torque from all the sub-systems to the flywheel is designated
as Tpi(t,-) (with tip-in) or Tpy(,+) (with tip-out) [32]. In order
to develop the simulation model, several assumptions are con-
sidered as follows: (1) a torsional system is under the steady
state condition with the constant input torque when the engine
speed is 3000 RPM under the WOT condition; (2) the engine
speed is changed abruptly by tipping-out the acceleration pe-
dal. Thus, the vehicle is mostly driven by the inertial torque
under the same firing frequency as 100 Hz at 3000 RPM. On-
ly difference is that the torque profiles are changed into the
input torque under the idling condition at 700 RPM; (3) the
moment when the vehicle system undergoes the abrupt input
torque change is defined as w,f,. — w,t,.. Here, w, = 22x100
Hz. From the pre-described assumptions and the dynamic

Table 5. List of the input torque profiles under the cost condition at 7,+
and f,..

Engine speed Effective
Torque (RPM) component
component of the input
700 3000 torque
Tu 22.0 192.3 -170.3
T 41.5 589.6 548.9
T 14.4 1433 129.7
Magnitude
(Nm) Ty 43 533 50.7
Tpa 2.7 242 242
Tps 1.8 14.1 14.6
Te 1.0 8.1 8.6
4, -1.90 -1.71 1.45
4, -2.69 237 0.81
Phase b, 2.25 3.14 0.06
(rad) 4, 0.64 2.18 -0.85
b, -0.38 1.40 -1.62
b, -1.37 0.72 -2.32
Iy, 6 Ir, 8¢
TE(to) T'nr(te-) TE(tor) Tor(te+)
(@ (®)

Fig. 13. Schematics of input and drag torques under tip-in and tip-out
conditions: (a) input and total drag torques under the vehicle tip-in
condition; (b) input and total drag torques under the vehicle tip-out
condition.

behaviors illustrated in Fig. 13, the vehicle system is affected
by the effective input torque profiles as follows.

Tye (1) = Tp (0 )+ Tor (£4) » (30a)
Tyr (1)~ Tor (1)~ =T (1) (30b)
( ) E(3000RPM ) (t) TE(tu+):TE(700RPM)(t)' (30c,d)

Here, the subscript ¢, 700RPM and 3000RPM are defined as
coast condition, 700 RPM and 3000 RPM of engine speeds
respectively. From Eq. 30(b), the total drag torque on the fly-
wheel Tpi(t,.) is equal to Tp(z,) by assuming that the inertial
torque remain with the same magnitudes of Tgigoorpan ()
right after tipping-out. Thus, the profiles of Tp{(#,.) is same as
Tx(t,.) except for the effective direction of the torque. Also,
other drag torques in terms of 7p;, Tp,, Tpus Tpye> shown in Fig.
1 are assumed to still remain with the same values as the prop-
erties at #,_ due to the inertial torque effect as well. Therefore,
only the input torque profiles are changed in terms of the ef-
fective input torque profiles described in Table 5 which in-
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Fig. 14. Clutch torque (or gear mesh forces) and relative displacement
with the clutch type A under the coast condition at 3000 RPM: (a)
clutch torque (or gear forces) vs. relative displacement; (b) dynamic
clutch torque at the stopper regime; (c) relative motions of the engaged
gear pair; (d) relative motions of the unloaded gear pair.

cludes the input torque profiles at 700 and 3000 RPM. Thus,
the effective component of the engine torque 7Tg(z,) is given
by Egs. 30(a)-(d). Relevant harmonic terms of effective torque
profiles Tg(z.) are estimated as follows.

=T, +ZTPU cos(iQ,1+4,,) (la)

i=1

) =T (1) s Ty =Ty (1) =T
fpi(tai)zcos{¢pi(t )}+1T s1n{ }

Ty

e =T (10: t,_), (31b,c)

(31d)

Here, T, and T,,are the effective mean and alternating
torques respectively.

4.3 Numerical results under the coast condition

In order to find out the numerical results, Egs. (25)-(28) can
be used by employing Ty, (¢)as described in Table 5. When
the input conditions are changed between #,. and ¢, several
dynamic behaviors are assumed as follows: (1) input torque
takes an effect with reverse direction since 7jf,.) is less than
Tu(t,.) as indicated in Egs. (30c), (30d) and (32b); (2) thus, all
the vehicle dynamics are dependent upon the inertial torque
and motions; (3) Initial conditions (ICs) are the same as the
values for the WOT condition except for the engaged gear pair
since the driving and driven sides of gears are switched due to
the torsional direction of input torque. However, all of the
drag torques at #,, remain with the same values as at z,..
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Fig. 15. Clutch torque (or gear mesh forces) and relative displacement
with the clutch type B under the coast condition at 3000 RPM: (a)
clutch torque (or gear forces) vs. relative displacement; (b) dynamic
clutch torque at the stopper regime; (c) relative motions of the engaged
gear pair; (d) relative motions of the unloaded gear pair.
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Fig. 16. Clutch torque (or gear mesh forces) and relative displacement
with the clutch type C under the coast condition at 3000 RPM: (a)
clutch torque (or gear forces) vs. relative displacement; (b) dynamic
clutch torque at the stopper regime; (c) relative motions of the engaged
gear pair; (d) relative motions of the unloaded gear pair.

Figs. 14-17 show the simulated results of the dynamic char-
acteristics in terms of clutch torque (or gear mesh forces) vs.



5178

J. Y. Yoon and B. Kim / Journal of Mechanical Science and Technology 29 (12) (2015) 5167~5181

Table 6. Simulated peak-to-peak accelerations for each clutch type
under the coast condition.

Peak—to—pfeak Clutch type .
acceleration A B C
Engaged gear 1052.2 808.5 4.67 0.48
(m/s”)
Unloaded gear | 50, | 3961.1 0.73 0.08
(m/s”)
Impact type Dogble—mded Slr}g— sided No-impact | No-impact
impact impact
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Fig. 17. Clutch torque (or gear mesh forces) and relative displacement
with DMF under the coast condition at 3000 RPM: (a) clutch torque

(or gear forces) vs. relative displacement; (b) relative motions of the
engaged gear pair; (c) relative motions of the unloaded gear pair.

relative displacement and the relative motions in the time do-
main. The results anticipate the physical motions well. For
example, the dynamic clutch torque TC(5,pr,51pr) is located
on the negative side since the mean effective torque has the
minus value from Eq. (31b) and Table 5. The relative motions
of the engaged gear pair agree with the dynamic direction well
since the engaged gear on the input shaft is physically driven
by the inertial torque. However, the unloaded gear pairs still
remain under the driving condition as the unloaded gear is
always driven by the input shaft. As expected from the meas-
ured data and linear analysis previously, Fig. 14 shows clearly
that the clutch torque is hitting the stopper at the marginal
regime of the transition angle. Also, the unloaded gear pair
shows the “double-sided” impact. When the other dynamic
characteristics along with the clutch types B and C are com-
pared with DMF case, the wide range of transition angles
reduces vibro-impacts. For example, the dynamic behaviors
with the clutch types B and C are “single-side” impact and

Fig. 18. Key parameters of a clutch damper: (a) a change in stiffness of
the second stage; (b) transition angle effect; (c) stopper impact; (d) a
change in hysteresis H, of the second stage.

“no-impact” respectively. Likewise, the torsional system has
no vibro-impact with DMF. As illustrated in Figs. 15(b) and
16(b), the clutch type B has the stopper effect similar to the
clutch type A. But the clutch type C has the wide range of
transition angles enough to avoid hitting the stopper. In order
to simulate the stopper effect, another clutch stiffness value
without hysteresis level is employed at the last stage of the
transition angle for the clutch types A and B such as —8.51
Deg. and —13.51 Deg. respectively. Here, the employed val-
ues are 4 X 3.27 kg-m/deg as used in the linear analysis previ-
ously. Table 6 compares the simulated P-P accelerations on
the engaged and unloaded gear pairs with the impact type. As
shown in Table 6, P-P accelerations of the clutch type A are
much higher than the other cases for both engaged and un-
loaded gear pairs.

DMF can resolve vibro-impacts by employing the more
flexible design concepts than the general clutch types. How-
ever, when the simulated P-P accelerations of the clutch type
C is compared with the DMF case, vibro-impacts also can be
resolved by controlling the several design factors. These are
explained in the next section.

5. Clutch design guide lines

In the previous sections, several clutch parameters were ex-
pected to improve the gear rattle conditions. Based upon the
simulations by employing three real-life clutch dampers, sev-
eral key parameters are considered as shown in Fig. 18. Thus,
a clutch damper could be designed to reduce the gear rattle
phenomena from some dynamic design principles as follows:
(1) use compliant springs as indicated in Fig. 18(a); (2) avoid
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Table 7. Characteristics of the modified multi-staged clutch with SMF.

Table 8. Comparison of simulated accelerations with the modified
multi-staged clutch (with SMF) under both WOT and coast conditions.

Prope Stage Values
- P ‘rty g Simulated Peak-to-Peak WOT condition Coast condition
Tomf)nal .stlffn.ess, kei 0.018 acceleration at 1800 RPM at 3000 RPM
(linearized in a 2 0.11 >
piccewise manner Engaged gear (m/s”) 3.04 3.84
(kg'm/deg) 3 1.06 Unloaded gear (m/s?) 043 0.59
1 0.1
Hysteresis, H; (kg'm) 2 0.2
3 2.0
Positive 1 30
side 2 9.0 s o ]
i . 2 i |
Transition (0>0) 3 270 (mm) \\ | \J\ A Jl\ o U'\Jﬂ |
angle, \."\ Vi 'u[\/ J v
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Fig. 19. Clutch torque (or gear mesh forces) and relative displacement
with the modified clutch damper under the WOT condition at 1800
RPM: (a) clutch torque (or gear forces) vs. relative displacement; (b)
relative motions of the engaged gear pair; (c) relative motions of the
unloaded gear pair.

transition regimes illustrated in Fig. 18(b) as the pre-load ef-
fect can cause vibro-impacts; (3) do not engage the stopper as
illustrated in Fig. 18(c) at the high clutch torque levels; (4)
hysteresis values must be relatively high if possible as shown
in Fig. 18(d); (5) for the sake of simplicity, the clutch charac-
teristics must be symmetric structure. To implement these
suggestions, a modified clutch design is proposed and simu-
lated. Table 7 describes a newly developed clutch damper
concept modified from the clutch type A. This illustrates nu-
merical values of the parameters for the modified clutch with a

clutch torque (or gear mesh forces) vs. relative displacement
and the relative motions in the time domain, with the modified
clutch dampers under both WOT (at 1800 RPM) and coast (at
3000 RPM) conditions. In newly designed concepts as shown
in Figs. 19(a) and 20(a), small range of transition is designed
for a pre-damper regime and a wider displacement range for
driving conditions. Therefore, while the system is under both
WOT and coast conditions, it operates similar to a linear tor-
sional spring. As observed in Figs. 19 and 20, no rattle is seen
on the relationship of clutch torque (or gear mesh forces) vs.
relative displacement. Especially, “no-impact” on the unload-
ed gear pair is clearly observed on the time domain as shown
in Figs. 19(c) and 20(c). Table 8 shows simulated results in
terms of the P-P accelerations. When these results are com-
pared with the previous simulations shown in Tables 4 and 6,
the modified clutch concepts improve the vibro-impacts under
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both WOT and coast conditions successfully.

6. Conclusion

This article has investigated the gear rattle phenomena with
the 6DOF torsional system model under both WOT and coast
conditions. In order to develop a nonlinear simulation model,
different clutch dampers and input torque conditions have
been considered with focus on the key parameters in the
clutch dampers. Specific contributions of this work are sum-
marized as follows. First, the mathematical model for the mul-
ti-staged clutch dampers has been developed by including
asymmetric transition angles. This advances the nonlinear
clutch models suggested by the prior researches [1-7] and it
can be employed for any clutch design concepts. Second, the
dynamic characteristics along with three real-life clutch de-
signs have been investigated. This leads to the guide lines for
the clutch design to improve the torsional vibratory motions
into “no-impact” condition. Third, the nonlinear simulation
model for the gear rattle under the coast condition has been
suggested. Thus, the simulation models for both WOT and
coast conditions can be utilized to simulate the gear rattle phe-
nomena along with different vehicle dynamic conditions.

Current work for the improvement of gear rattle condition is
focused on the key parameters in a clutch damper. However,
this work is limited to suggesting the nonlinear models and
simulation method. Therefore, the development of experiment
method to reveal the nonlinear dynamic behaviors in a drive-
line system will be a next stage of work where the comparison
of simulation and experiment will be the highlight.
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