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ABSTRACT

This study aims to acquire a better understanding of the dynamic response of a dry friction
(slip torque converter) clutch that is widely found in automatic transmissions. A drivetrain
system is simplified as a two-degree of freedom torsional system for the sake of illustration.
Friction clutch is treated as a power transmission path that is subjected to time-varying
normal load. Under a sinusoidal torque excitation, three types of friction interface motions,
namely pure stick, pure slip and stick-slip motions are determined via analytical or
computational approaches. Transient time histories are of interest. It is observed that a
well-tuned normal load could possibly attenuate the stick-slip transients even in the
presence of the negative slope in friction-velocity characteristics. Plausible physical
explanations are provided.

1 INTRODUCTION

In this paper, we examine the slipping torque converter clutch (TCC) that is employed in
automotive driveline system, as illustrated in Figure la. In particular, we investigate the
nonlinear dynamics of a two-degree of freedom (2DOF) torsional system with a dry friction
controlled path. Earlier work by Duan and Singh [1-2] had found significant stick-slips
motions in this torsional system and. However, prior work assumed a time-invariant friction
problem, i.e. constant normal load N . In this study, we investigate the effect of time-varying
N for the same torsional system. Unlike the classical dry friction damper problem that has
been examined by many researchers [3-5], the dry friction element of Figure 1a is a key path
that transmits the mechanical power. The non-linear friction torque T, is applied by an
actuation pressure P(t), and in this study, we assume P(t) to be harmonic along with a mean
term. Figure 1b shows the schematic of a reduced automotive driveline system. Here, |,
represents the combined torsional inertia of flywheel, 1, is the inertia of friction shoe and
pressure plate, 1, is the wheel and vehicle sub-system that is assumed to be rigid. The

governing equations for this system are:
1,6, + T (6, - 6,, ) =T, () =T,, + T, sin(at), (1a)
1,6, +Cpby + Kpuy =T, (6, — 0,, 1) . (1b)
Here, 6, are 6, are absolute angular displacements; C,; and K,; are the lumped viscous
damping and stiffness associated the automotive driveline. The engine torque excitation T,(t)
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is composed of mean T, =<T,> and pulsating T  components, where < > is the time-
average operator. When relative motions are of interest, rewrite (1) where 5, =6, — 6, and
0,=0,
o o | : .
1,6, —I—lc2352 —I—l K,30, + (1.0 + I—l)Tf (6,,1) =T, +T,sin(at), (2a)
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Izgz + C2352 + Ky, =T; (51't) . (2b)
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Figure 1: Torsional systems with dry friction element.
a) Automotive driveline system with torque converter clutch; b) schematic of a 2DOF system.

2 NON-LINEAR TIME-VARYING DRY FRICTION FORMULATION

The non-linear friction torque T, (5,,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(t) by changing the command value
or duty ratio [6-7]. That results in a non-linear time-varying (NLTV) friction torque
formulation, T, (8,,t) = x(5,)P(t)AR where u is the velocity-dependent coefficient of friction.
Note that A and R are pressure area and moment arm and they are assumed to be time-
invariant. Express the P(t) profile in the form of a sinusoidal signal with mean pressure P, ,
amplitude P,, starting time t, and the actuation pressure frequency o .



t<ty,
Pt = {Pm + By sin(ot+y)  t=t, )
Here, y is the phase lag between the actuation pressure and T,(t) . In this study, we set the
initial engagement time at t,, =0 without the loss of generality and P(t) 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(6,) is employed since the aim of this

study is to examine the phenomenological dynamic behavior [8].
) . .
1 }sgn(él) [é]>0

[0 us] 51 =0
Here, « is a positive constant that controls the gradient of x with respect tos,; s is the
static friction coefficient; g, is the kinetic friction coefficient and sgn is the conventional

triple-valued signum function. In our study, « =2 is chosen for the sake of illustration. To
further reduce the system parameters, we could incorporate 1, A and R within P(t) to yield

the NLTV friction torque T, (5, t) as:
T (6, )= ()T, T, = ARP{) =Ty, +Tysin(ot+y).  (5a,b)
Here, 7(5,) has been normalized with respect to z, . Further, the sign function of (4) is

smoothened by a hyper-tangent function to facilitate the numerical integration [9] for the
non-linear stick-slip motions.

(4)

(1) = {Nk +(us — pK)e

5,

() =[1.0+ (25 -1.0)e “I*Jtanh(os)) (6)
Hk

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.
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Figure 2 Typical transient response for the 2DOF torsional system given @ = 150 rad/s, T, = 300; Tp =250,
Tgn =500, T, =027, @; = @, ¥ =0, 44/ p4; = 0.8 and Q, =150 rad/s.



3 PURE SLIP TRANSIENT RESPONSE

Typical parameters for the reduced driveline system of Figure 1b are: 1, =0.2 kg-m?,
|, =0.02kg-m*, C, =0.6 Nm-rad/s, K,, =3000 Nm/rad, A=0.08 m*, R=0.1m,
4s=03, 14,=015~038, T, =300 Nm and T, =250 Nm . First, observe a pure slip

transient in Figure 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
(51>0) occur and that g, =, since the negative gradient dominates only when 6'1
approaches zero, equations (2a-b) can be approximated as:

1,6, —I'—lc2352 —I'—l K8, + (1.0+||—1)(Tgn + Ty Sin(o;t+y)) =T, +T,sin(at), (7a)
2 2 2
b%+gﬁﬁKw%5%+Eﬂmmef (7b)

Assume that |, 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:

50)=0, 6(0)=Q., 65(0)=0, 5(0)=0. (8a-d)

An analytical solution to equation (7b) is then given by a sum of complementary and

particular solutions as:

5,(t) = {e—gwnt (acos(aw,t) + bsin(a)dt))} + {%‘“+ T%/";sin(a)ft +y+ ¢)} (9a)
0, = Kylly,  ¢=Cul(2Kyl,), @y = 0,\1-¢" (9b-d)
A= (Kzs - |20)2) + (C23a))2 , P = —tan‘l(C23a)/(K23 - |20)2)) : (9e-f)

The constants a and b of (9a) are determined by applying the initial conditions (8c-d):

a——T;’“—Tisin( + ) b—i{ —Ti cos(y + )} (10a,b)
= \/Xw¢,—a§wn\mwft//¢- '

Ky @y

Substitute (10) into (7a) to yield the solution for 51 and 51 respectively:

o, (t) = MJr%sin(a)t) —-Il-i"sin(a)ft +y)

ll 1 1

2 2_2 ! (11&)
Te 5. ot | (FBO — 26bw,04 + ¢* @, @) cOS(w,yt)
+——=a; Sin(o;t+y + @) +e " _
JA +(-bw’ + 2cam,w, + ¢’ @’b)sin(w,r)
5,t) =V, 4 (I =Tan) I_Ts'“)t
1

+I ESin(a)t)—-ripsin(a) t+1//)+-|-%°pa)2 sin(w;t+w + ¢) pdt (11b)

Il Il f \/X f f

_I_J.efga)nt (_aa)j _nga)na)d +g‘2a)§a) COS(a)dt) dt
+(—baw] + 2cam,m, + ¢’ @’b)sin(w,t)
The 5l(t) solution is further given in the following functional form where the coefficients
a,, &, a,, a, and a, are defined by (11b):



o a,, sin(at + @,,)
s(t)=a +at+ {+a22 sin(wt+,,)

The above solutions lead to some interesting results. Under the situation when the
amplitude of 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,-T,,)/l,. The time-

varying friction torque T, contributes to the oscillatory motion during the ramp. As shown in
Figure 3, when T_/T,, is increased from 0.75 to 0.9, the ramp gradient decreases.

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 evident from (12), when T is
higher than T, , no final engagement can be realized because since at term would
monotonically grow with time and ultimately it would dominate the response.

} +a,e ' sin(wyt + ;) (12)
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Figure 3 Effect of T_, on pure slip transients. Key: —, T_/T_ =0.75, TSp =0;+ -+, T /T, =0.5
Tsp/Tsm =0.167; — — —, Tm/Tsm =0.9, Tsp/Tsm =0.167.

4  STICK-SLIP TRANSIENT RESPONSE (JUDDER)

When 6, approaches 6, subsequent to the pure slip motion as discussed in the previous
section, stick-slip transient motions would take place as shown in Figure 2. In addition to
introducing an objectionable noise problem, significant stick-slip torsional motions could be
transferred by the differential to vehicle that will result to a rough ride. This phenomenon is
usually referred to the clutch judder problem that typically occurs at low frequencies [10].
Yamada and Ando [11] and Centea et. al. [10] have called this as the “negative damping”
problem, introduced by the negative slope of z, (51). Similar to their research, the negative



slope of x, will be first investigated under a time-invariant friction torque T,,. Then we will
examine the effect of T_(t) under the g, = x, assumption.
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Figure 4 Effect of £4, on transient stick-slip responses given @ =50 rad/s and T, =550 Nm.
Key: —, /g =1.0; -+, py [t =075, — - —, g, [ i, = 1.25.

From the friction formulation of (6), a decrease in y, with &, affects the system in two
ways. First, a negative slope regime is formed. Second, the saturation friction torque
T, = 4, ARP. is reduced and thus more slip motions are allowed. Figure 4 shows results for
three values of x, / u,. As expected, the stick-slip motions become more pronounced when
M, < u ¢ because the negative damping enhances the slip motions. Conversely, when g, > u,

the stick-slip motions are attenuated as a result of the positive damping as well as a higher
value of T, as seen in Figure 4.

5 EFFECT OF HARMONICALLY-VARYING DRY FRICTION
To examine the effect of harmonically-varying friction torque on judder, first apply T,(t)

at o, =, where o is the frequency of engine torque T,(t) but with a phase lag of y .
Results of Figure 5 show that in-phase T (t) tends to attenuate the stick-slip motions. A
physical explanation can be found by analyzing the relationship between T,(t) and T,(t) in a
quasi-static manner as shown in Figure 6a. Note that only positive stick-slip motions (&, >0)
are excited under a significantly high positive mean torque T_. When the engine torque T,(t)
is higher, say in the first half cycle (wte[n2z n2z+7x/2), n=integer ), the friction
interface tends to initiate positive slipping motions. Quasi-statically a higher value of T,
should suppress this tendency. But when there is a phase lag between T, and T, such a

suppression should be reduced. One could mathematically explain this by rewriting equation
(7a) into the following form:



1,0, —:—1C2352 —I'—l K56, =T = (L.0+-2)T 1+[T, sin(et) — (1.0 +:—1)Tsp sin(ot + )] (13)
2

I
2 2 IZ
As noted, when positive slipping tends to occur in the first half engine torque cycle,
w =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 Figure 6a.
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Figure 5 Effect of phase lag i on stick-slip transients given @ =60rad/sand @; = @.

Key:—, ¥ =0,———, ¥ =n/2,---, ¥ =T
Similar results reveal that T (t) with a mismatched frequency produces more slip motions.
Similar physical explanation is presented in Figure 6b and 6c. Since w; # @ and y #0,
some “leakage” as indicated by the shaded areas occurs and consequently the slip motions are
enhanced. Further, a time varying T,(t) with @, =@ and y =0 is applied to a clutch with
negative damping. Results of Figure 7 show that T (t) could efficiently reduce the judder

problem in this case. Nonetheless, explanation of Figure 6 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. Further research on
this problem is reported in [12-13]
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Figure 6 Quasi-static explanation of the effect of harmonically-varying friction torque on slip motions. All
shaded areas represent the case for enhanced slip motions. a) Effect of phase lag (; = w): —, T, t;-——-,

T, (t) in phase; — - —, T (t) not in phase. b) Effect of mismatched frequency (y =0): —, T,(t); - - -,
o, =0; , @, > . c) Effect of mismatched frequency (y = 0): —, T.(t); - - -, @; = @;
— =, 0 <®

6 CONCLUSION

A better understanding of the dynamic response of a dry friction (slip torque converter
clutch) is achieved through this study. Under a sinusoidal torque excitation, three types of
friction interface motions, namely pure stick, pure slip and stick-slip motions are determined
via analytical or computational approaches. Our results show that three key parameters (T,,,
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 (x4, < u,) 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 substantial stick-slip motions, a well-tuned

harmonically-varying dry friction torque could possibly quench this behavior. Plausible
physical explanations have also been proposed.
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Figure 7 Effect of harmonically-varying friction T (t) on clutch judder. Key: —, Mg =1.0and Tsp =0;
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