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Abstract

In order to truly underdand ratle noise and vibration sources in vehide drivetrans, a
torsond sysem modd with one or more dearance nontlinearities must be developed. Mogt
prior andyses have focused on the determination of time doman responses under harmonic
excitations usng cumbersome numerica tools. In this paper, we propose an dterndive
prediction scheme that examines the nonlinear frequency response characteristics. We present
a new semi-andyticad scheme, based on the multi-term harmonic baance method (HBM). It
is agpplied to the flywheddutch (with multi-saged diffnesses), clutch hub-spline  (with
backlash) and gear par (with backlash) sub-sysems. Unlike the previous methods, our
method indudes parametric continugtion with sdf-adjustable frequency deps and it is
cgpable of dfficetly finding both dable and undable solutions in multivalued regimes.
Cdculated results ae successfully compared with experimentd data and numericd
gmulations. This versaile method could be used to develop desgn criteria for a ratle-free
system.

1. Introduction

Rattle noise sources arise from gaps and multi-vaued Hiffness dements in a wide variety of
mechinery, vehide and indudtrid gpplications. In this aticle, we focus on the torsond
vibrations of a typicad vehicle drivetrain that condsts of many gear pars with backlashes and
a clutch with two or more dtages in terms of its torque vs. rdaive angular displacement
Characteristics.  Further, non-liner damping mechanisms ae often present. To better
undersand this problem, condder the source-pathrreceiver network of Figure 1 where the
sound pressure from the ratle swrces, a a given engine speed W, can be defined as

follows.
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Here, p is the pressure (at an interior or a the passby location), a is the structura
acceleration of drivetran housng, i denotes the path from housing vibration to p location,
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Figure 1. Schematic of a vehicle Figure 2. Torsond sub-sysem with clearance nor
drivetrain with rattle sources. linearity. () 2DOF semidefinite system; (b) SDOF
definite system.

index j is the path for torsond structureborne noiss, and 4 is the torsond acodkeration of

the k" ratle source In this andyss multipe paths could be quantified using linear
experimental or computationd methods. However, the knowledge of sources must be

obtained by usng a nonlinear differentid equation solver. Note that here p and q are
defined & a given speed and thus one mus keep track of dl periodic and non-periodic
solutions. To illudrate the nature of this problem, examine the two degree of freedom
(2DOF) torsdond sub-system of Figure 2 that could be reduced to a single degree of freedom
(SDOF) definite system in terms of reative angular displacement d(t). Figure 3 shows a
generic form of the clearance type nortlinearity thet induces raitle. Here the stiffness of the
first sage is @ with regpect to the second stage of unity stiffness The backlash problem is
given when a =0 and - b to b regme will be equad to the amount of backlash. When
a®¥ ad b=0, one find the typicd characteridics of a torque converter clutch in a
vehide with austomaic trangmisson. Fndly, the dutch corresponding to a manud
transmissonisgivenby O<a <1.
Non-linear dynamics of a torsond sysem with one or more clearance nontlinearities has
been dudied udng digitd [1, 2] and andog [3] smulation methods. However, such andyses
emphasize the determination of response time higory a a given harmonic exctaion, and
these require subgtantiad computationa resources. The resulting time history can be very
complicated and may include super-harmonic and sub-harmonic resonances [1-4], or even
chaotic motions [1-3]. Such a complex behavior
fs(d) prevents an enginexr from efficdently judging the
overdl sysem response. Moreover, one must often run
too many cases to find parameters that could avoid or
-b 1 reduce ratle. Therefore, from the design point of view,
| a 1 seady date frequency (speed) response functions of
| . the governing sysem ae needed. Nonethdess, the
! d concept of a frequency response function is more
b complicated for the nonlinear case, as it must include
ab- and super-harmonics, multi-vaued responses of a
sngle frequency exdtaion, and jump phenomenon.
One must dso condder the possbility of non-periodic
and chaeotic solutions [1-3]. In this paper, we present a
Figure 3. Torque-displacement npew semi-andyticd method that can  eficently
characteristics of - clearance type  cgculae the relevant frequency and time domain
non-lineerity. characterigtics of arattle source.




2. New Solution Method

Assume that the rattle source can be well represented by a lumped modd of Figures 2 and 3.
The excitation torque T.(t), from an intend combugion engine fluctuates sSgnificantly
between low (around the compresson sage) and high (around the ignition Stage) values.
Therefore, decompose T (t) into meen T and peturbetion T (t) pats. The fundamenta

harmonic W, of T (t) depends on type of the enging, number of cylinders and crankshaft
configuration. Express T,(t) via a Fourier series (with N harmonics) as shown beow where
j , isthe phase angle a the " harmonic.

T(t) =T, + g TonSiN(NW,t+] ) OF T(t) =T, +§ Toncos(NWt +j ) 2
=1

=l
The mean T, =(T(t)), term, under “no power” condition, should be equa to the drag torque
To(W, L) generated within the transmisson where L is the gearbox temperature. After an
goplication of the initid conditions in tems of asolute angular  digolacements,
,(0) =q,(0)=0, and q,(0) =0, the relaionship between T, and T, for Figure 2 is written
as T, =1,T_ /1. Therefore, the coupled norntlinear second order differentia equations for the
semi-definite sub-sysem of Figure la ae reduced to a dingle eguation for the equivdent
SDOF system of Figure 1b whered =q, - q,-
%d+|5f(d,d):|:(t):Fm+%Fpnsin(nwpt+j ) €)
Here, C is the viscous damping coefficent, Kis the linear giffness corresponding to the
sscond stage of the unity dope in Fgure 2a | =1,0,/(1,+1,) is the effective inertia,
F,=T,/1,+T_ /1, is the effective externd meen torque, and F,, =T, /1, is the effective
externd pulsating torque a the i harmonic.

Next, we propose a new multi-term harmonic balance method (HBM). It is essentialy aform
of the Gderkin's method based on the least squares fit in error reduction [5]. The resdud or
error r(t) is the gap between true input and estimated solutions, and it should goes to zero for
d(t) thet stisfies the nonlinear differentidl equetion. In time domain andyss, the resdud

should be zero for dl time spans. This is cdled as the “strong” form since the satisfaction of
time span requires an extendve cdculaion. From equation (3), before normdization by the
inertiaterm |, the equation of motion becomes as below. The “strong” form residud is.
r(t)=T(t)-Id-Cd- Kf(d,d)® 0't. @)

However, when the input and response characteristics of a non-linear sysem ae periodic,
frequency doman andysis can be applied by introducing the Fourier transformation (A) of
both ddes The Fourier transformation of eguation (4) yidds the following “week” form
resdud.

A(r(t))=A(T(t))- 1A(d)- CA(d )- KA( f(dd)) ©)
Let the Fourier component vector of the sampled output be a=A(d(t)), then the
minimization of the resdud in Newton-Raphson form is expressed as R @R, +(R/ fa)Da.
Here, R, is the resdud from an initid guess, and the correction factor is defined as
Da=-(fR/fa)'R. Finding a true a is an iterdtive process and the Newton-Raphson

d+



scheme is used. The term R/ fa is the Jacobian matrix J used in the Newton-Raphson
corrector and finding fic/fla in J is the key of HBM. The term 9c/fa is strictly related to

non-lineerity in the sub-system and defined as below.
fc_WGf) . 1f_ .Tfqd_ . 9f
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The critical term below is the indantaneous diffness of nonlinear function f(d) a each
sampling points.
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Additiondly, an arc—length continuation scheme [5] is implemented in HBM by introducing
an independent scdar parameter w, which is the excitation frequency over the rage of
frequency-domain analyss. Refinement of the arclength can be rdated to both numbers of
iterations before convergence and changes in tangentid angles of the frequency response
function, and it grealy improves the convergence of the dgorithm. With minimd
computationd cogt, dynamic sability can dso be andyzed in the frequency-domain by HBM.

3. Results and Discussion

To demondrate the vdidity of HBM, an expeimentd sysem [4] is modded. Numerica
amulations (NS) based on a RungeKutta scheme ae adso run and ther predictions ae
compared with those from HBM and measurements. As seen in Table 1, experimenta and
gmulaion results maich exactly in pesk-topesk amplitudes. After a close examingion of
reponse curves in time domain, it is found thet both smulation schemes yidd the same time
sgnaures as the experiment even in the nondlinear diffness trandtion regimes. For the
numerica smulation, two runs, down and up frequency sweeps, are needed in order to
achieve solution points around the non-linear resonance pesk. This is because the numericd
gmulation tends to follow the dable results and can only provide a sngle vaue in a multi-
vaued solution regime this results in the jump phenomenon. This limitation can dso be
observed in non-linear experimenta result. However, our HBM with parametric continuation
cgpability adjuds itsdf for better convergence using Newton-Rephson type solutions, and
caculaes periodic solutions in multi-valued regimes A single run of HBM can provide dl
results even in mult-valued regimes and the super harmonic peeks of (U/n)W, with the same

accuracy as numericd smulation in less than 1/10 of cdculaion time, as evident from Table

1
Figure 4 shows a comparison between liner and non-linear frequency responses as
cdculated by HBM using the operating conditions of Table 2 for the sub-system of Figure 2

and 3. Here, d is the operating (mean) point around which dynamic perturbation takes
place. The non-linear frequency response is generated by plotting d ... vs W where W is the
dimendonless frequency (speed) and d, is the root-mean-square displacement.
Corresponding to a harmonic excitation & W,, one could run the numericdl smulation and

determine the steady State response. Then we can caculate the rms vaue of d(t) that may

indude sub- or super-harmonics The HBM yidds this answver quickly unlike the numerica
smulaion.

The non-lineer frequency response cearly demondraies an amplitude sengtivity leading to
svere rdtle noise. The fundamentad harmonic pesk darts from the noimpact case with



W=1.00, then reduces to W=0.65 when it ges into sngle-Sded impacts, and findly
saturates to W=0.80 for double-dded impacts In addition, the non-linear frequency
reponse exhibits severd active super-harmonic responses bdow W=0.40, and a sub

harmonic response above W=1.20. The linear frequency response curve can not obviously
predict these phenomena and ther amplitudes are lower than those from non-linear andyss
For example, there would a leest a 20 dB difference in sound pressures generaied by a rettle

source between the linear and non-linear smulations, around 0.6 < W< 0.8,
Table 1: Comparison of smulation and experiment

Experiment NS HBM
|q| (rad/s), pp 410 409 400
Computation Time (T) - 3640s 3H0s

Table 2: Operating condition of the sub-system of Figures2 and 3

d,, startsfrom the 2 stage Impact Case K =10, | =10, C=0.05,a =025
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Figure 4. Comparison between linear and nor Figure 5. Comparison between numerica
linear frequency responses. smulation and HBM.
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Figure 7. Time history of response with a sub-
harmonic (“B” at W=1.41).
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Figure 6. Time higory of quasi-periodic
response (“A” a W=0.44).

Furthermore, the dtability indicator in our HBM shows the possible gppearances of chaotic or
quasi-periodic (“A”), and sub-harmonic (“B”) regimes. As noted in Figures 4 and 5, there is a
smndl regime (“A”) where the HBM and numerical smulation results do not match well.
From the numericd dmulation, this is a ques-periodic regime as shown in Figure 6. Since



HBM is assumed to have only periodic solutions, chaotic and quas-periodic or gperiodic
responses could result in ungtable solutions. As seen in Fgure 6, the period is doubled in the
numericd smulation when compared to the periodic HBM solution. Yet, another ingability
occurs in the sub-harmonic regime (“B”). Even though sub-harmonic responses are periodic,

they are undable in terms o the assumed W, solution. Rerunning HBM with nW, can

samulate the nth sub-harmonic resonances. The HBM assumes the periodic solution but with
a frequency 2W,. It results in a sub-harmonic pesk at W=1.4, as evident from the time

doman sgnature in Fgure 7. Numericd smulation and HBM results match exactly since
sub-harmonic response is Hill periodic. The mean operdting point d,, migrates back and forth
from the second stage of the giffness to the first stage (Figure 3) during the frequency sweep.
An appearance by the sub-harmonic resonance depends upon the W separation between the
primary harmonic and mean operating point crossover point. When the separdion in W is
grester than the primary harmonic resonance frequency (W =0.65 in Figure 4), then a sub-
harmonic resonance pesk would appear around W=1.4.

4. Conclusion

The HBM can be used to generate new indghts about the ratle sources and thus develop
ussful desgn guiddines For example, when desgning a gear pair or a clutch, reponse maps
of Fgure 5 and the like can be used to avoid possble vibro-impacts. In the case of a dutch,
the range given by 0.10<a <030 and 0.3<W<3.0 should be avoided. This is because
super- and sub-hamonics as wdl as quas-periodic responses, as shown in Fgure 5, ae
found there. The response maps need to be condructed according to eech a vdue given
catan mean and dternating torque conditions Our semi-andyticd method (HBM) with
parametric continuation and dability andyss can effectivdly predict the nontlinear frequency
(speed) response of a torsond ratle sysem even in the presence quas-periodic, chaotic and
sub-harmonic  regimes.  Furthermore, the response maps developed by the HBM provide
important dues and suggesions that could lead to the avoidance or reduction of vibro
impacts. Findly, ongoing reseerch work is examining non-linear damping mechanisms.
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