Available online at www.sciencedirect.com

%ﬁ%\ ‘ d JOURNAL OF
= SCIENCEC DIRECT®

P SOUND AND
A s VIBRATION
LSEVIER Journal of Sound and Vibration 285 (2005) 1223—1234

www.elsevier.com/locate/jsvi
Short Communication

Transient responses of a 2-dof torsional system with nonlinear
dry friction under a harmonically varying normal load

Chengwu Duan, Rajendra Singh™

Acoustics and Dynamics Laboratory, Department of Mechanical Engineering and The Center for Automotive Research,
The Ohio State University, 650 Ackerman Road, Columbus, OH 43202, USA

Received 1 November 2004; accepted 10 November 2004
Available online 18 January 2005

Abstract

The effects of a harmonically varying normal load on transient responses of a two-degree-of-freedom
torsional system, with nonlinear dry friction and under sinusoidal torque excitation, are reported. An
approximate analytical solution for pure slip-type transients is first obtained and confirmed with
computational studies. Although the negative slope in friction—velocity characteristics introduces
substantial stick-slip motions, a well-tuned normal load could possibly attenuate such motions. Key
parameters controlling the engagement rate are identified.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, Duan and Singh examined the nonlinear dynamics of a two-degree-of-freedom (2-
dof) torsional system with a dry friction controlled path and found significant stick-slip motions
[1,2]. However, the prior studies assumed a constant normal load N. In this communication, we
investigate the effect of time-varying N for the same torsional system. An immediate application
of this work is the slipping torque converter clutch (TCC) that is employed in an automotive
driveline system, as illustrated in Fig. 1(a). Unlike a pure dry friction damper that has been
examined by many researchers [3—5], the dry friction element of Fig. 1(a) is used as a key path to
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Fig. 1. Torsional systems with dry friction element. (a) Automotive driveline system with torque converter clutch; (b)
schematic of a 2-dof system.

transmit the mechanical power. The nonlinear friction torque Ty is applied by an actuation
pressure P(¢), and in this study, we assume P(7) to be harmonic along with a mean term. Fig. 1(b)
shows the schematic representation of a reduced automotive driveline system. Here, I; represents
the combined torsional inertia of a flywheel, I, is the inertia of the friction shoe and pressure plate,
I; is the wheel and vehicle sub-system that is assumed to be rigid. The governing equations for this
system are

010, + Ty, = 05,0) = T(t) = Ty + T, sin(wd), (1a)

10, 4+ C230y + K30, = Ty(0) — 0,,1). (1b)

Here, 0, are 0, are absolute angular displacements; C,3 and K3 are the lumped viscous damping
and stiffness associated with the automotive driveline. The engine torque excitation 7.(¢) is
composed of mean T, = (T,), and pulsating 7, components, where (), is the time-average
operator. When relative motions are of interest, rewrite Eq. (1), where 6; = 0, — 0, and 6, = 0, :

. I . I 1 . .
1161 — I—1C2352 - 1—1K2352 + <1-0 + I_1> T¢(01,8) =Ty + T)sin(wi), (2a)
2 2 2

10 4+ Cp36y + K30, = Tr(51,0). (2b)
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2. Nonlinear time-varying dry friction formulation

The nonlinear friction torque Tf(51, t) is carried by the clutch and then it acts as an equivalent
torque excitation to the downstream system. In a realistic automotive system, a pulse-width-
modulated solenoid valve would generate P(f) by changing the command value or duty ratio [6,7].
That results in a nonlinear time-varying (NLTV) friction torque formulation, T f(5 1, 1) =
w(01)P(H)AR, where u is the velocity-dependent coefficient of friction. Note that 4 and R are
pressure area and moment arm and they are assumed to be time-invariant. Express the P(¢) profile
in the form of a sinusoidal signal with mean pressure P,,, amplitude P,, starting time 7y and the
actuation pressure frequency w;:

) 1<to-,
P(t) = . 3
D=1 p, + P, sin(ost +), =104 ®)
Here, y is the phase lag between the actuation pressure and 7.(¢). In this study, we set the initial
engagement time at 7o, = 0 without loss of generality and P(¢) is assumed to be positive-definite to
ensure that no separation occurs across the frictional interface, i.e. P,/P,, € [0,1). The following

friction formulation u(d;) is employed, since the aim of this study is to examine the
phenomenological dynamic behavior [8]:

e+ (g — Mk)e‘”‘s"} sgn(1),  [61]>0,
[O lus]v 51 == 0

(1) = “4)

Here, o is a positive constant that controls the gradient of u with respect to d;; U, 1s the static
friction coefficient; g, is the kinetic friction coefficient and sgn is the conventional triple-valued
signum function. In our study, o = 2 is chosen for the sake of illustration. To further reduce the
system parameters, we could incorporate py, 4 and R within P(7) to yield the NLTV friction
torque 7(0,1) as

Tr(5,0) = @(0)Ts(1), Ts(t) = A R P(t) = Ty + Typsin(copt + ). (5a,b)

Here, ,a(51) has been normalized with respect to p,. Further, the sign function of Eq. (4) is
smoothened by a hyper-tangent function to facilitate the numerical integration [9] for the
nonlinear stick-slip motions:

e

i(d)) = [1.0+ <ﬂ— 1.o)e-“|51|] tanh(ad)). (6)
A value of 50 is chosen for the smoothening factor . Duan and Singh [1,2] have justified this

choice by applying the same formulation and factor to a similar automotive drive train torsional
system.

3. Pure slip transient response

Typical parameters for the reduced driveline system of Fig. 1(b) are: I} =02kgm? I, =
0.02 kg m?, Cy3 = 0.6 Nmrad/s, K»; = 3000 Nm/rad, 4 =0.08m?, R=0.1m, u,=0.3, y, =
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Fig. 2. Typical transient response for the 2-dof torsional system given w = 150 - /s, T, = 300; T, = 250, Ty, = 500,
Ty =02Tg,, o =,y =0, u =08 and Q, =150 - /s.

0.15-0.36, T), = 300 N m and 7, = 250 N m. First, observe a pure slip transient in Fig. 2 that
results due to a speed difference between I and I, during the initial engagement. Second, if we
were to assume that only (pure) positive slip motions (6; >0) occur and that p;, = p, since the
negative gradient dominates only when 0, approaches zero, Egs. (2a,b) can be approximated as

- 1 . 1 1 . .
1,01 — 1_1 Cy6y — I—1K2352 + (1.0 + I_1> (Tsm + Tsp sin(wpt + ) =Ty + T)p sin(wi),  (7a)
2 2 2

1205 + C2302 4+ K302 = Ty + Ty sin(wyt + ). (7b)

Assuming that I; rotates at the same speed as the engine and the rest of the driveline system stays
still before any engagement process can take place, we obtain the following initial conditions:

51(0)=0, 6,(0)=Q,, 6(0)=0, (0)=0. (8a—d)

An analytical solution to Eq. (7b) is then given by a sum of complementary and particular
solutions as

S2(2) = {e™*"(a cos(wat) + b sin(wqt))} + {17;;,: + 552” sin(wst + y + gb)}. (9a)

wp =+Kn3/l, ¢= C23/(2 K23[2>, wa = o\ 1 —¢2, (9b—d)

A= (K23 — 12602) + (C2360)2, ¢ = —tan_l(C23w/(K23 — 12(1)2)). (9C,f)
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The constants ¢ and b of Eq. (9a) are determined by applying the initial conditions (8c,d):

T Tsp . 1 { Tsp }
a=— — sin( + @), b=—<acw, — —=ws cos(Y + . 10a,b
ey EUUARON oy cos(h +9) (10a,b)
Substitute Eq. (10) into Eq. (7a) to yield the solutions for 1 and 4y, respectively, as
s Tm - Tsm T . Ts .
01(1) = Lo = Tom) + =L sin(wt) — ==L sin(wst + )
Il 11 Il '
T, )
+ \//’)T(u} sin(wpt + ¥ + )
+ e_g“’”t{(—awz — 2chw, g + CCla) cos(wgt)
+ (—bwf, + 2caw,wq + gza)ﬁb) sin(a)dr)}, (11a)
g Tm - Tsm
51() = VL= Lo,
I,
Ty . Ty . Ty 5 }
+ —=sin(wt) — — sin(wrt + ) + s sin(wrt + Y + dz.
J{Esinton =2 sintoy+ )+ D207 sintoyi-+9 40

+ / efgwnz{(_awi — 2cbw, w4 + gzwﬁa) cos(wyt)

+(—ba] + 2cam,wq + wlb) sin(wqt)} dt. (11b)

The 51(1) solution is further given in the following functional form, where the coefficients ay, a;,
a1, a» and a3 are defined by Eq. (11b):

51(1) =ay+at+ {a21 sin(wt + @,1) + axn sin(wst + (pzz)} + aze =" sin(wgt + @5). (12)

The above solutions lead to some interesting results. Under the situation when the amplitude of
the oscillatory part is small and when the decaying component dies out quickly, the clutch
engagement rate is controlled by a ramp of gradient a; = (T, — Ty,)/I,. The time-varying
friction torque T, contributes to the oscillatory motion during the ramp. Numerical results of
Fig. 3(a) confirm the analytical functional forms of Egs. (11b) and (12). As shown in Fig. 3(a),
when T,/ Ty, is increased from 0.75 to 0.9, the ramp gradient decreases. Further, Fig. 3(b) shows
the effects of 7, from 0.2 to 0.4. Analytically, an increase in /| indicates more kinetic energy and
thus the dissipation process should take more time. Conversely, when the oscillatory and decaying
parts dominate the pure slip motion, it is difficult to determine the ramp gradient rate.
Nonetheless, our analysis still gives a guideline regarding the value of (T, — T,). As shown in
Fig. 4, when T, is higher than T, no final engagement can be realized because the a;¢ term in
Eq. (12) would monotonically grow with time and ultimately it would dominate the response.

4. Stick-slip transient response (judder) and effect of harmonically varying dry friction
When 0, approaches 6, subsequent to the pure slip motion as discussed in the previous section,

stick-slip transient motions would take place. In addition to introducing an objectionable noise
problem, significant stick-slip torsional motions could be transferred by the differential to the
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Fig. 3. Effect of the 2-dof system parameters on pure slip transients. (a) Effect of Ty,,: —, Tw/Tgn = 0.75, Ty, = 0;
oy T/ Ty =0.75, Typ/Tgn =0167; ——, T}/ T =09, Ty,/Ts, =0.167. (b) Effect of I;: —, I} =0.2; ——,

I, =04.

vehicle in the form of fore-after jerk. This phenomenon is usually referred to as the clutch judder
problem that typically occurs at low frequencies [10]. Yamada and Ando [11] and Centea et al.
[10] have called this the “‘negative damping” problem, introduced by the negative slope of 1 (d;).
Similar to their research, the negative slope of y;, will be first investigated under a time-invariant
friction torque T'y,. Then we will examine the effect of 7'y(¢) under the y;, = u, assumption.
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Fig. 4. Effect of T, on the clutch engagement in Fig. 2(b) given 7',/ T, = 1.05 and T,/ T, = 0.5.

From the friction formulation of Eq. (6), a decrease in g, with 5, affects the system in two ways.
First, a negative slope regime is formed. Second, the saturation friction torque T, = u;, ARP,, is
reduced and thus more slip motions are allowed. Fig. 5 shows results for three values of u;. As
expected, the stick-slip motions become more pronounced when p <, because the negative
damping enhances the slip motions. Conversely, when p; >pu,, the stick-slip motions are
attenuated as a result of the positive damping as well as a higher value of Ty, as seen in Fig. 5(a)
and (b). To illustrate the effect of the negative slope more clearly, Fig. 6 compares the results for
two cases of T, and ;. Note that although a reduction in T, would enhance the stick-slip
motions, the negative slope characteristics (u;, <u,) could further amplify them.

To examine the effect of harmonically varying friction torque on judder, first apply 7'5(¢) at
wr = w, where w is the frequency of engine torque 7,(¢), but with a phase lag of . Results of
Fig. 7(a) show that in-phase T;(¢) tends to attenuate the stick-slip motions. A physical explanation
can be found by analyzing the relationship between T.(f)and T'y(7) in a quasi-static manner as
shown in Fig. 8(a). Note that only positive stick-slip motions (4;>0) are excited under a
significantly high positive mean torque 7',,. When the engine torque 7,(#) is higher, say in the first
half cycle (wt € [n2n n2n + n/2), n = integer), the friction interface tends to initiate positive
slipping motions. Quasi-statically, a higher value of Ty should suppress this tendency. But when
there is a phase lag between 7T and T,, such a suppression should be reduced. One could
mathematically explain this by rewriting Eq. (7a) in the form

I ¢ I
L6 — 2 Co3by — L Kby = | T — [ 1.0+ ) T
12 12 12

+ [Tp sin(wt) — <1.0 + %) T, sin(wt + l//)] . (13)
2



1230 C. Duan, R. Singh | Journal of Sound and Vibration 285 (2005) 1223-1234

60 . . . . . .
!
(%]
3
E J 4 -
S i
20 [t f .
10 Jiil| .
'ld‘-
o !
0.1 0.3 0.8
(€Y
60 . .
2
3
g
S
. . . 0.4 0.5 0.6 0.7 0.8
(b) t, s

Fig. 5. Effect of w;, on the transient stick-slip responses of a 2-dof system. (a) @ =70 - /s and T, = 550 Nm; (b)
w=>50-/sand Ty, = 550 Nm. Key: —, w, = pg5 - - -, e = 0.75 pg; ——, pe = 1.25u,.

As noted, when positive slipping tends to occur in the first half engine torque cycle, ¥y =0
provides the maximum decrease of the effective excitation as illustrated by the right-hand side of
the above equation. This is consistent with the observation of Fig. 8(a).

Fig. 7(b) illustrates the case of mismatch between w; and w. Observe that T(7) with a
mismatched frequency produces more slip motions. A similar physical explanation is presented in
Fig. 8(b). Since wy#w and y #0, some “leakage” as indicated by the shaded areas occurs and
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Fig. 6. Effect of reduced T}, and negative slope in friction torque on the transient response of a 2-dof system when

excited at @ =50 - /s. (@) —, Tgn = 550Nm, w, = pg; - - -, Tgn = 412.5, 1y = p; (b) —, Ty = 550 Nm, 1y, = g,
———, Ty =412.5Nm, ;. = 0.75u,.

consequently the slip motions are enhanced. Further, a time-varying T'(f) with wy = w and y =0
is applied to a clutch with negative damping. Results of Fig. 9 show that T'(¢) could efficiently
reduce the judder problem in this case. Nonetheless, the explanation of Fig. 8 only applies at lower
frequencies due to its quasi-static nature. As  increases, phase delay between excitation and
response may become important and the quasi-static explanation is no longer valid.
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Fig. 7. Effect of harmonically varying friction on stick-slip transients of a 2-dof system. (a) Effect of phase lag i given
w=060-/sand wy = w:—, Y =0,——— Yy =n/2, - - -,y = n. (b) Effect of mismatched frequencies given w = 80 - /s
and f =0: —, oy = w; ——, o =20; - - -, o = 0.50.

5. Conclusion

Specific effects of a significant dry friction path on the transient responses of a torsional system
have been reported. An analytical solution for the pure slip motion is obtained based on a
simplified linear system analysis. Our analyses show that three key parameters (7,, T, and 1)
control the engagement rate within the friction interface. The T, < T, guideline has to be strictly
followed to ensure the final engagement. The friction characteristics with a negative slope (p < ;)
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Fig. 9. Effect of harmonically varying friction T(¢) on clutch judder. Key: —, u, = pyand Ty, = 0; - - -, . = 0.75u,
and Ty = 0; ———, i, = 0.75u; and Ty, = 1/3T ..

are found to significantly affect the system dynamics in two ways: introduction of the ‘““negative”
damping effect and a reduction in the saturation friction torque. Although the negative damping
may induce judder (substantial stick-slip motions), a well-tuned harmonically varying dry friction
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torque could possibly quench this behavior. Both physical and mathematical explanations have
been proposed. Further studies will be reported in a subsequent article.
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