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ABSTRACT clutches are one of critical components that play a majer rol

This paper presents the development of a condition monitor>" the performance.

ing method for wet friction clutches which might be useful Wet friction clutches are machine elements enabling the
for automatic transmission applications. The method is depower transmission from an input shaft (driving side) to an
veloped based on quantifying the change of the relative roeutput shaft (driven side) during the operation, based en th
tational velocity signal measured between the input and outfriction occurring on lubricated contacting surfaces. €ha-

put shaft of a clutch. Prior to quantifying the change, thetacting surfaces comprise friction surface (friction gliaad
raw velocity signal is preprocessed to capture the relativeounter surface (separator disc). The clutch is lubricated
velocity signal of interest. Three dimensionless pararsete an automatic transmission fluid (ATF) having a main func-
namely the normalizedngagement duratigithe normalized tion as a cooling lubricant cleaning the contacting sudace
Euclidean distancand thespectral angle mapper distance and giving smoother performance and longer life. Besides
that can be easily extracted from the signal of interestaxe p for the clutch lubrication, this oil is also used for the clut
posed in this paper to quantify the change. In order to experactuation.

imentally evaluate and verify the potential of the proposedT
method, clutches’ life data obtained by conducting aceeler
ated life tests on some commercial clutches with differient |
ing friction materials using a fully instrumented SAE#2ttes
setup, are utilized for this purpose. The aforementioned p
rameters extracted from the experimental data clearlybéxhi
progressive ghanges dunpg the clutch serwc'e'llfe and gﬂew ure 1, in which the friction discs are mounted to the hub by
correlated with the evolution of thmeancoefficient of fric-

tion (COF), which can be seen as a reference feature. Henc%?lmes’ and the separator discs are mounted to the drum by

o ST gs. The friction disc is made of a steel-core disc withii
the quantities proposed in this paper can therefore be seen g.> . . . .
o ; riction material bonded on both sides and the separataor dis
principle features that may enable us to monitor and assess . L . .
. L iS5 made of plain steel. In addition, the input shaft is com-
the condition of wet friction clutches.

monly connected to the drum side, while the output shaft is
connected to the hub side.

he presence of the ATF in the clutch, however, reduces
the coefficient of friction (COF). In applications where hig
power is mandatorye.g. heavy duty vehicles (tractors, har-
vesters,eto), the clutch is therefore designed with multiple
Friction and separator discs. This configuration is knowa as
multi-disc wet friction clutch as schematically shown igFi

1. INTRODUCTION
Vehicles equipped with automatic transmissions have gaineAn electrq—mechamcal—hydrauhc actuator is commpnlymse
for both disengagement and engagement mechanisms of wet

popularity in recent years. As is obvious from its name, an, . : ) .
. LT . . . riction clutches. This actuator consists of some main com-

automatic transmission is a transmission which shifts powe . . . . L
ponents, such as: a piston, a returning spring which is away

or speed by itself. In this kind of transmissions, wet foati ; . -

under compression and a hydraulic group consisting of a con-
e —— trol valve, an oil pump, afiltegtc. Figure 1 shows the assem-
Agusmian Partogi Ompusunggu et.al. This is an open-acceiste aiis- pump & 9

tributed under the terms of the Creative Commons Attributiah Bnited ~ 21Y Oflth.e piston and the returning sprlqg in the interior of a
States License, which permits unrestricted use, distabutand reproduc- ~ Wet friction clutch. To engage a wet friction clutch, a press
tion in any medium, provided the original author and sourcecegdited.
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friction clutches that can be practically used in real-éifwpli-
cations. Furthermore, the developed method can be possibly
extended towards clutch condition prognosis, but this ts ou
of the scope of the paper.

Lubrication line L
Actuation line

Feature extraction is a key step to succeed in the develdpmen
of a condition monitoring method. A feature can be derived

based on the physics of degradation of the case of interest
or based on heuristic (data-driven) approach. The deoivati
Piston of physics-based features requires a profound understand-
Returning spring . > ing about the physics of degradation, while the derivatibn o
A clutch pack: heuristic-based features requires a large number of igini
Friction & separator discs data and experience about the case of interest. Furthermore
@ parameter or quantity can be considered as a principlerieatu

if it effectively delivers useful information about the liaie
mode and level. In general, the evolution of (a combination
of) principle features can be associated with the progreas o
target failure.

Drum

Friction discs

The coefficient of friction (COF), which can be seen as a
physics-based feature, has been used for many years as a
principle feature for monitoring the condition of wet fric-
tion clutches (Matsuo & Saeki, 1997; Ost, Baets, & Degrieck,
2001; Maeda & Murakami, 2003; Li et al., 2003; Fei, Li, Qi,
Fu, & Li, 2008). However, the use of the COF for clutch mon-
Separator discs itoring is possibly expensive and not easily implementable
Hub for real-life applications, due to the fact that at least seo-
(b) sors are required to extract the COF, namely (Drgue sen-
sor and (ii) aforce sensarwhich are commonly difficult to

Figure 1. Configuration of a multi-disc wet friction clutch, install in a transmissioni.g. typically not available in to-

(a) cross-sectional and (b) exploded view. day’s transmissions). The quasi-steady-state clutchuéorq
may be estimated from the torque-velocity characterisifcs
engine/torque converter, while the normal (axial) clutoité

ized ATF actuated by the control valve is applied through themay be approximated from the pressure applied on the pis-

actuation linein order to generate a force acting on the piston.ton. However, the torque and normal force estimations with

When the applied pressure exceeds a certain value to ovethis approach can lead to inaccurate COF estimation.

come the resisting force arising from both spring force and o
frictional force occurring between the piston and the indér Furthermore, several methods have been proposed in litera-

surface of the drum, the piston starts moving and eventuall)tzure for assessing the goqd|tlon of wet friction clgtchwdnh_
pushes both friction and separator discs toward each othef!" the quality of the friction material, namely (i) Scanning

To disengage the clutch, the pressurized ATF is releasdd su& €ctron Microscope (SEM) micrograph, (i) surface topegr
that the returning spring is allowed to push the piston back t PY: (iil) Pressure Differential Scanning Calorimetry (80)
its rest position. and (iv) Attenuated Total Reflectance Infrared spectrogcop

(ATR-IR) (Jullien, Meurisse, & Berthier, 1996; Guan, Wile
An unexpected failure occurring in the clutch can thereforemet, Carter, & Melotik., 1998; Li et al., 2003; Maeda & Mu-
lead to total breakdown of the vehicles. The impact can putakami, 2003; Nyman, Maki, Olsson, & Ganemi, 2006). Nev-
human safety at risk, possibly cause long term vehicle dowrrtheless, these methods are not practically implementabl
times, and result in high maintenance costs. In order to minduring operation, owing to the fact that the friction disesé
imize the negative impacts caused by an unexpected breato be taken out from the clutch pack and then prepared for as-
down, an optimal maintenance strategy driven by an accuratgessing the degradation level. In other words, an online con

condition monitoring and prognostics needs to be applied fodition monitoring system can not be realized by using these
wet friction clutches. Although they are critical compotgn  existing methods.

to our knowledge very little attention has been paid to these di denol
particular components in terms of the development of a conl OUr recent studies (Ompusunggu, Papy, Vandenplas, Sas,

dition monitoring method (tool). The main objective of this & YanBrussel, 2009; Ompusunggu, Sas, VanBrussel, Al-
study is to develop a condition monitoring method for WetBender, Papy, & Vandenplas, 2010; Ompusunggu, Sas, Van-
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Brussel, Al-Bender, & Vandenplas, 2010; Ompusunggu, Sagjescribed. Finally, the formulas to compute the features ar
et al.,, 2011; Ompusunggu, Papy, Vandenplas, Sas, & Varpresented and discussed.

Brussel, n.d.), some potential features extracted fronptae

and post-lockup torsional vibration and normal-mode vibra 2.1. Background

tion signals, have been investigated and proven to be rleva

for condition monitoring of wet friction clutches. These-po clutches €.g.friction materials) alters the frictional charac-

tential features are derived based on both physical andsaeur teristics. A change of the frictional characteristics dgrthe

tic reasonings. Although they have potential as features fo , I . .
2 . . clutches’ service life is exposed by a decreasing coefficien
clutch monitoring, determining principle features that eo-

. . : of friction (COF) (Ost et al., 2001; Fei et al., 2008). With
bust, relatively easy to measure and inexpensive to computt

. - . ; %e same operational condition, this decreasing COF implie
for clutch condition monitoring remains a subject for fuath . ]
investigation that the torque transmitted during clutch engagement drops

Besides a COF reduction, another aspect which is often asso-
As the degradation occurring in wet friction clutches pro-ciated with the change of the clutch frictional characterss
gresses, the frictional characteristics change which eons is the loss of anti-shudder property. Due to this, the damp-
qguently alters the behavior and performance of clutchesing characteristic of the clutch system changes (the etaniva
Based on this reasoning, it is hypothesized that the changégamping can be negative). It is commonly accepted that the
of clutch behavior is also reflected by the change of the relfoss of anti-shudder property in a clutch can lead to the oc-
ative rotational velocity signal measured between thetinpucurrence of the stick-slip or/and self excited vibratiorthie

and output shaft of the clutch. This hypothesis has beedriveline.

confirmed theoretically and experimentally in another néce As a result of the change of the frictional characteristils,

study (Ompusunggu, Janssens, Al-Bender, Sas, & VanBrus;

sel, 2011). In this present paper, the development of a Conqynamm responses of clutches during and after the engage-

o L o ment phase also change. In this study, the relative veloc-
dition monitoring method for wet friction clutches based on. , :
o . O . ity profile measured between the input and output shafts of
monitoring the change of the relative velocity signal is-pre . .
.a clutch, which can be seen as a representation of the dy-

sented. Three parameters, namely the engagement duration” . . . . .

Lo . ._namic behavior during the engagement phase, is considered
and two dissimilarity measures, namely the Euclidean dis- s the one that is sianificantly affected by the change of the
tance and Spectral Angle Mapper (SAM) distance (Kruse ef 9 y y 9

al., 1993: Paclik & Duin, 2003) are proposed in this paperclutch frictional characteristics. It is important to ndtet

o ; the use of the latter signal is motivated by the fact that it is
as features for clutch monitoring. In order to experimen-

tally evaluate and verify the potential of the proposed roéth poss_lble to measure (online) in real-life applicationgsithe
- . . .. rotational velocity sensorg(g. Hall-effect encoders) are typ-
clutches’ life data obtained by conducting accelerateg lif . . . . .
. o - . ically available in automatic transmissions.
tests on some commercial clutches with different lining-fri
tion materials using a fully instrumented SAE#2 test setup
are utilized for this purpose. In the tests, the COF is mesbsur
and used asm@ference featur®o evaluate the relevance of the Prior to computing the features, the raw signals obtaineu fr
proposed features. measurements first need to be preprocessed. Figure 2 graphi-
cally illustrates the signal preprocessing step, namaytb-

cedure to capture threlative rotational velocity signal of in-

As reported in literature, degradation occurring in wetdtfan

2.2. Capturing the signal of interest

The remainder of this paper is organized as follows. Af-
ter introducing the objective and motivation, the methOd'terestbased on two raw signals: () threlative rotational

ology of clutch monitoring developed in this study is pre- L - . .
sented and discussed in Section 2. Service life data of SomveeIOC|ty5|gnaI and (ipressure applied to the clutch piston

. : . signal. Once the signal of interest is captured using the two
clutches obtained from accelerated life tests carried out o . .
ion &AW signals, features can then be extracted for clutch moni-
the used SAE#2 test setup are employed for the evaluation ?orin UIDOSE
the method, where the experimental aspects are described in g purpose.
Section 3. The results obtained after applying the proposetet the signal of interest be captured at a given duty cycle
method to the clutches’ life data are further presented &id d with a predetermined time record lengthand suppose that

cussed in Section 4. Finally, some conclusions drawn fronthe time record length is kept the same for all duty cycles.

the study are presented in Section 5. For the sake of consistency, the signal is always captured at
the samereference time instant. It is reasonable to consider
2. METHODOLOGY the time instant when the ATF pressure applied to the clutch

Ipackp(t) starts to increase from zero valteas the reference
time instant. For an ideal pressure sigmnal, continuous and
noiselesst; can be mathematically formulated as:

tp=min{vteR: p(t)>0}. 1)

Background that motivates the development of the methodo
ogy is first discussed in this section. Then, the signal prepr
cessing technique prior to computing the proposed featsires
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While the applied pressure is increasing, contact is gradual \\Q.z

established between the separator and friction discs. As a /%./H 3 g
result, the transmitted torque increases, while the welate- ., 2 ‘E\\ .
locity n,..;(t) decreases. The clutch is fully engaged wheri ™ Sz ~ el
the relative velocity reaches zero value for the first timehat ;7 ’ \Lﬁzl
lockup time instant. For an ideal relative velocity sigriak A a A, At | Al \
lockup time instant; can be formulated in a similar way as o P . ; AN
in Equation (1): 3 A k b e
@) (b)
b=min{vt €R: npe(t) =0} (2) Figure 3. A graphical representation illustrating theraati
tion of (a) the reference time instatytbased on theressure
signalp and (b) the lockup time instant based on theela-
4 tive velocity signah,.;.

in a matrix format as follows:

P:[plvav'"pjw"vaflva]Tv (3)

V =[ni nset, o nkel e T 4)

Te

Nmax

Equations (1) and (2) do not apply anymore for discrete and
noisy (actual) signals. Nevertheless, these two equatians
be adapted in order to estimate the reference time ingfant
ts f and lockup time instartj from actual signals. The indexof
tlaul] the instantaneous applied presspygust before crossing the

. L . lim see Figure 3(a), is computed with the following equa-
Figure 2. A graphical illustration of how to capture the rela pion' 9 @) P ge€a

tive velocity signal of interest. The upper and lower figures

respectively denote the typical pressure and the rawvelati . . 7  lim O lim
velocity signal. Note that a.u. is the abbreviation of agwit j=min{vj €Z: (p;=p")* (b =P < 0}(5)
unit. .

Y ____\

Trel [a.u.]

|
&
T
|
[
|
|
|
|
|
|
L

.

A\

Based on the indey, the estimated reference time instant
can be computed as follows, see Figure 3(a):

In practice, data obtained from measurements are normally s s
discretized with some possible noise. As a result, the estim by = tjf + Atﬁf or tr= tﬁf“ B At7f+1 ©)
tion of ¢t; andt; is no longer straightforward. To deal with .

. . . . . . with:
this, two simple algorithms based on the linear interpotati
technique are developed. The interpolation algorithme-ide o (j— 1T, and 4
tify both time instants; andt;, when limit values for the iV s J+l T Jes
pressurep’™™ and the velocityn!' are exceeded, as illus- A — (p“’” — pj> T
trated in Figure 3. The limit values are chosen such that they I \pjt1—pi) "
are higher than the floor noise level of pressure and velocity [
i.e. p'"™ > max {nf} andn’ > max {n} }, with nJ and At; = <]J?++1—p> T

J J

nJ respectively denoting the pressure and the velocity floor

noise. The algorithms are discussed in the subsequent Pa3e o indexk of the relative velocity signah¥,, just before
graphs. re

crossing thex!i" is computed with the following equation:
Assume that each measured signal is discretized with sam-

pling time T, and number of sampling poinfé. By knowing &k =min {Vk € Z:  (nj® —nl7) « (nj%, — nli) < 0}.
that a discrete signal is a set of finite sampling points, it is 7
therefore convenient to treat a measured signal as a vectdn similar way, based on the indéx the estimated lockup
Let two vectorsP and V' be respectively denoting the dis- time instant; can be computed as follows:

crete raw pressure and velocity signal vectors witsample

points. Hence, thesi¥-dimensional vectors can be expressed ti=th+At, or f=t , —At_, (8)
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with: The basic principle behind the dissimilarity approach &t th
the measured signals of interest are treated as vectors. Let
U _ (. I
te=(k-1T and t, =T, X be aK dimensional vectorg;,: = 1,2,..., K, denot-
} nk  — plim ing the discrete signal of the relative velocity measureann
AL = [ Zrel  rel |\ LT . - -
k ko _ okl |0 initial (healthy) condition andy” be a K dimensional vec-
_ tor, y;,¢ = 1,2,..., K, denoting the discrete signal of the
At = (ni’g - n',f;?) T relative velocity measured in an arbitrary condition. Tkee-v

n

rel rel

ko ktl tor X representing a healthy condition is referred to as the
“baseline”. Note that one can also take the average of sev-
2.3. Feature extraction eral relative velocities measured in the healthy conditien

o the baseline, in order to increase the confidence level and ac
Formal definitions of the developed features (engagement digracy.

ration, Euclidean distance and Spectral Angle Mapper dis-

tance) and the mathematical expressions to compute them af&€ Euclidean distancéXz) between the vectorX andY’
discussed in this subsection. The first two features arersime iS defined as:

sional quantities while the third one is dimensionless. The

first two features are normalized such that they become di- Dp(X,Y) =
mensionless quantities and are in the same order of magni-

tude as of the third feature.

n

rel rel

11)

For convenience, the Euclidean distadeg can be normal-
ized in accordance with the following equation:
By definition, the engagement duratien is referred to as Dp(X,Y) = M,

the time interval between the lockup time instanand the 21VE
reference time instant;, as graphically illustrated in Fig- whereDy denotes the dimensionless Euclidean distance and
ure 2. However, these twideal time instants cannot be ob- 5, — max{X} > 0 denotes the maximum value of thase-
tained from the actual measurement data. Instead, these tinne, i.e. the initial relative velocity in healthy condition. This
instants are estimated based on the procedure previously dgay, the dimensionless Euclidean distarigg is bounded
scribed. Once both estimates time instdptandz, have been  petween 0 and 1, see Appendix A.

determined, the estimate engagement duratiazan then be
simply computed as follows:

2.3.1. Engagement Duration

12)

The SAM distance is a measure of the angle between two

o vectors and is therefore dimensionless. Mathematicdily, t
Te =t —ty. (9)  SAM distanceDg 4, between the vectorX andY is de-

fined as:

Without loss of generality;, can be normalized with respect > x

g ! S - K vy

e ey s, M Do (X,) =™  Zo ) a9

e’ ’ \/Zi:l ? \/Zi:l vi

, (10)  Recall that the distance from an object to itself is zero and

e that a distance is always non-negative. To compute the two
where7, denotes the dimensionless engagement duration. dissimilarity measures, a baselig, i.e. the signal of inter-

est in healthy condition, is required and the signal of iegér

2.3.2. Dissimilarity Measures in an arbitrary conditior¥” musthave the same size with the
baseline. In this paper, the signal of interest from the first
duty cycle is taken as the baseline since it can represent the
pealthy condition.

A dissimilarity measure is a metric that quantifies the dissi
ilarity between objects. For the sake of condition monitgri
the dissimilarity measure between an object that represen
an arbitrary condition and the reference object that remiss

a healthy condition, can be treated as a feature. Thus, th3e' EXPERIMENTS

dissimilarity measure between two identical objects iegel  Service life data of wet friction clutches are required foe t
to) zero; the dissimilarity measure between two non-idahti  evaluation of the developed condition monitoring system. |
objects on the other hand is not zero. Here, the object refersrder to obtain the clutch service life data in a reasonadle p
to the relative velocity signal. Two dissimilarity meassire riod of time, the concept of an accelerated life test (ALT) is
namely the Euclidean distance and the Spectral Angle Mapapplied in this study. For this purpose, a fully instrumente
per (SAM) distance, are considered in this paper because &AE#2 test setup designed and built by the industrial pgrtne
their computational simplicity. Dana Spicer Off Highway Belgium, was made available.
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According to the standard of the Society of Automotive En-
gineer (SAE) i(e. SAE J2489) (SAE-International, 2012),

an SAE#?2 test setup is used to evaluate the friction charac-
teristics of automatic transmission clutches with autaweot
transmission fluids (ATFs). It can also be used to conduct
durability tests on wet friction clutch systems and to easdu

the performance variation as a function of the number of duty
cycles. Normally, a typical SAE#2 test setup is equipped wit

a flywheel driven by an electric motor and the kinetic energy
of this wheel is dissipated in a tested clutch (Ost et al. 1200

An ALT can be realized by means of applying a higher me-
chanical energy to a tested clutch compared to the amount
of energy transmitted by a clutch in normal operation. The
energy level is normally adjusted by changing the initi¢dre
tive velocity and/or the inertia of input and output flywheel

In this study, the ALTs were conducted on some wet friction
clutches with different friction materials using a fullysitnu-
mented SAE#2 test setup. During the tests, all the clutches
were lubricated with the same Automatic Transmission Fluid
(ATF). The used SAE#2 test setup and the proposed ALT pro-
cedure are discussed in the following subsections.

(b)

3.1. SAE#2 test setup
Figure 4. The SAE#2 test setup used in the study, (a) photo-

The SAE#2 test setup used in the experiments, as depict%}aph and (b) scheme, courtesy of Dana Spicer Off Highway
in Figure 4, consists of three main systems, namely: driveBeIgium.

line, control and measurement system. The driveline com-

prises several components: an AC motor for driving the in- . .
put shaft (1), an input velocity sensor (2), an input fIywheeI'S different f_or.each' clutch papk, see Table 2. Lining materi
(3), a clutch pack (4), a torque sensor (5), output flywheef"ls of the friction dIS.CS used in all the tests are paperthase
(6), an output velocity sensor (7), an AC motor for driving type while the materials of all the separator discs are steel
the output shaft (8), a hydraulic system (11-20) and a heat echould be noted that a!l the used f_r|ct|on discs, sepgraﬂsosd
changer (21) for cooling the outlet ATF. An integrated cohtr and ATF are commercial ones which can be found in the mar-

and measurement system (22) is used for controlling the ATKEL- In all the tests, the inlet temperature and flow of the ATF
pressure (both for lubrication and actuation) to the clatot were kept constant, see Table 1. Additionally, one can see in

for the initial velocity of both input and output flywheels as the table that the inertia of the input fIywhee_:I (drum-side) i
well as for measuring all relevant dynamic signals. It stoul 'OWer than that of the output flywheel (hub-side).

be mentioned here that both velocity sensors are Hallteffec
encoders sensing gears with the teeth number of 51. Thig\umber of clutch packs to be tested >

. . . Number of friction discs in the clutch assembly 8
means éqat, tlhe resolutlonI cif the used rotational veloeity s Inner diameter of friction disad) [mm] 115
SOrs 1S PUISES per revolution. Outer diameter of friction disai() [mm] 160
o ATF John Deere J20C
3.2. Test specification Lubrication flow [liter/minute] 18
. . . —_— Inlet temperature of ATF[C] 85
To experimentally verify the developed condition monibori Output flywheel inertia [kgf 3.99

method fqr wet friction clutches in variqus conditions and nput fywheel inertia [kgri] 338
conflg_urapons, a test scenario was d_eS|gr_1ed. The genera&;amp”ng frequency [kHz] 1
specification of the test scenario is given in Table 1. Five
experiments were conducted in this study wherein a differ-
ent clutch pack was used for each experiment. The energy

applied to each clutch pack in the first four tests is set to a

_relatively high level; while the energy applied in the Iaf_sitt 3.3. Test procedure

is set at a lower level, see Table 2. In terms of design, all

the used clutch packs are identical, only the friction mater Before an ALT is carried out to a wet friction clutch, a run-in

test (lower energy level) is first conducted for 100 duty egcl

Table 1. General test specification.
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Clutch  Friction disc  Separator disc Initial relative effect on the frictional characteristics. This means thespr
pack rotational velocity [rpm]  sure applied to wet friction clutches has also a significnt e
1 Dynax Miba Tyzack 3,950 fect on the engagement behavior which in turn influences the
2 Raybestos|  Miba Tyzack 3950 signal profile of the relative velocity. Since only the effet
3 Raybestos Il Miba Tyzack 3950 the clutch degradation on the change of the relative velocit
4 Wellman Miba Tyzack 3950 signal is of interest, the pressure signal applied to thesklu
5 Raybestos Il Miba Tyzack 2950

in each test is therefore kept the same.

Table 2. ALT specifications. The ALT procedure discussed above is continuously repeated
until a given total number of duty cycles is attained. For the
sake of time efficiency in measurement, all the ALTs are per-
Lormed for 10000 duty cycles. Moreover, the ATF is contin-
uously filtered, such that it is reasonable to assume that the
used ATF has not degraded during all the tests.

in order to stabilize the contact surface. The run-in test pr
cedure is in principle the same as the ALT procedure, but th
initial relative rotational velocity of the run-in testslmwer
than that of the ALTs. Figure 5 illustrates a duty cycle of the
ALT that is carried out as follows. Initially, while both in-
put flywheel (drum-side) and output flywheel (hub-side) are __
rotating at respective speeds in opposite direction, the tw
motors are powered-off and the pressurized ATF is simultane |
ously applied to a clutch pack at time instapt The oil thus |
actuates the clutch piston, pushing the friction and sépara
discs towards each other. This occurs during the filling phas |
between the time instantg andt,. While the applied pres-
sure is increasing, contact is gradually established atwe
the separator and friction discs which results in an in@eas
of the transmitted torque and a simultaneous decrease of e
relative velocity. Finally, the clutch is completely engag
when the relative velocity reaches zero at the lockup tire in
stantt;. As the inertia and the respective initial speed of the
output flywheel (hub-side) are higher than those of the inpu#. RESULTS AND DISCUSSION

flywheel, aftert;, both flywheels rotate together in the sameFigure 6 shows the photographs of friction and separatesdis

direction as the output flywheel, see Figure 5. In order te P'€of a wet friction clutch after 10000 duty cycles, taken from

pare for the fo_rthcqming duty cycle, both Qrivi_ng MOLOTS arey ¢ first clutch pack. From the figure it can be ’seen that the

br_aked at thg time instan, such that the driveline can stand surfaces of the friction discs have become smooth and glossy

still for a while. Nevertheless, it is evident that the separator discs drénsti
good condition.

Friction discs

Figure 6. Friction and separator discs after 10000 dutyesycl
urtesy of Dana Spicer Off Highway Belgium.

401 ATFtemperature/STCl prossure fbar], | Figure 7 shows the comparisons of the optical images and
Drum velocty/100 [rpm] the surface profile of the friction material before and after
the ALT. The images are captured usingeiss microscope
. and the surface profiles are measured along the sliding-direc
orque/100 [Nm] . . .
‘ v — tion using aTaylor Hobson Talysurf profilometer. It can be
| ! seen in the figure that the surface of the friction material ha
‘ ' Hub velooity/200 [rprd become smooth and glossy and the clutch is therefore consid-
ered to have failed. The change of the color and the surface
| topography of the friction material is known as a result of
7T, — —7 : the glazing phenomenon that is believed to be caused by a
t[s] combination of adhesive wear and thermal degradation (Gao
& Barber, 2002). Due to these two mechanisms, the surface
Figure 5. A representative duty cycle of wet friction cligsh  pores of the friction material are blocked by the depositibn

Note that the transmitted torque drops to zero after thedpck debyris particles and/or the deposition of the ATF products.
time instant; because there is no external load applied durmg{N_ )
ithout loss of generality,

the test.

——
——————

[
(=]

o

|
o
S
:

Scaled units (see labels)

|
S
o

energy density that is defined as
the transmitted energy per unit of total contact area iintr
duced here for comparing the degradation rate of the tested
It is known that the normal load (pressure) has a significantlutches with different test conditions. The transmitted e
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Test  &.yere x107° [Joule/nt]

1.068
1.068
1.068
1.068
0.584

b wWN P

Table 3. The energy densit§., ;. applied in the ALTs.

4.1. COF characteristic during the service life of the
tested clutches

As previously stated in Section 1, the COF has been used for
many years to monitor and evaluate the condition of wet fric-
tion clutches. Due to its strong correlation to the nature of
clutch degradation, it is therefore reasonable to empley th
COF as a reference feature for evaluating and justifying the
relevance of the proposed features with respect to the pro-
ggression of the clutch degradation. At a given duty cycle, th
instantaneous COfof a wet friction clutch can be computed
according to the following equation (Ost et al., 2001):

Figure 7. Comparison of the friction material before andiaft
the ALT of 10000 duty cycles. (a) optical image (left) and the
corresponding surface profile (right) of the friction méadéer
beforethe test, (b) optical image (left) and the correspondin
surface profile (right) of the friction materialfter the test.
Notice thatz denotes the displacement of the profilometer

stylus in Z-axis (perpendicular to the surface)lenotes the 3M(r2 —7r2)

displacemenF of the profilometer stylus in X—za_>§is (qlong the H= W’ (16)
sliding direction) ands(z) denotes the probability distribu- _ _ o _ _ .

tion function of the surface profile. wherer, is the outer radius of friction dise;; is the inner

radius of friction disc,V; is the number of friction faces and
F, is the axial force applied to the clutch. The applied force

ergy Eeyeic at @ given duty cycle is computed as follows: can be estimated based on the applied pregsane the force

t;

Boyete = M, jdt (14) of the returning spring-s, i.e. F, ~ pA, — F,, with A,
Y te ’ denoting the area of the piston.
where M denotes the transmitted torque and; = *%5<  syppose that the spring force and friction disc geometry are

denotes the relative velocity in rad/s. Hence, the energy de gjven, the instantaneous COFs of all the tested clutch packs
sity &1 transmitted by a wet friction clutch at a given duty ¢5n pe computed by applying Equation (16) to the experi-

cycle can be computed as follows: mental data (the measured torque and pressure signals). The
& _ Ecycle (15) spring force is determined here based on the deformation of
cycle Nydy’ the returning spring, when the piston and all the discs make

where N; is the number of friction faces and; is the ap- ~ contact, with respect to its rest position.

parent contact area between friction disc and separator dis|, order to quantify the global characteristic of the COF of a
By applying Equations (14) - (15) to the measured torque ang et friction clutch, the mean COF,, as proposed in (Ost et

relative velocity, the energy density of each test can beucomaL, 2001) can be applied for this purpose. For one duty cycle
puted as presented in Table 3. As expected, it can be clearjy;g quantity is defined as follows:

seen from the table that the energy density,;. applied to

the fifth clutch pack is lower than (approximately half ofath o 1 K dr (17)
of other clutch packs. = —t.) te e
The remainder of this section is structured as follows. tFirs For a discrete data séte. yu = [u1, pa, - - ., f1, - - . , ], the

the COFs of all the tested clutches are computed and thejfean COF computed with Equation (17) can be rewritten as
characteristics during the clutch service life are evaldand  follows:

discussed. Afterwards, the features proposed in this paper 1=k

i.e. the dimensionless engagement time and dimensionless Hm =T Z Hjs (18)
dissimilarity measures, are extracted from the relativecre J=1

ity signals. Finally, the proposed features are compareld anwith . denoting the dataset length of the instantaneous (dis-
evaluated with the mean COF which has been considered, @sete) COFu; and indexeg = 1 andj = L correspond to
mentioned in the introductory section, asegerence feature  the time instant. andt¢;, respectively. For convenience, the
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1 can be normalized according to the following equation: the tested friction materials have degraded to a certaanéxt
. T The level of friction material degradation is not only depen
Oftm = Tv (19)  dent on the amount of input energy, but also the desgm,

R " material durability. As can be seen in Figure 8, the effect of
with é.,,, denoting the normalized mean COF arjd denot-  the used friction material on the COF evolution can be ob-
ing the mean COF measured from the first duty cycle. served. Despite the same energy level, the mean COF reduc-
In Figure 8, the evolution of the mean COFs and the nortion of thefourth clutch pack with the Wellman friction ma-
malized ones are depicted. The dropping mean COFs cdgrial _islesst_han that of the _first th_ree clutch packs. It can b_e
be explained as follows. As the degradation progresses, ti€€n in the figure that the dimensionless mean COF reduction
surface of the friction material becomes smoother and debri@fter 10000 cycles of this particular friction material §s-a

particles are possibly entrapped on the surface pores of tHroximately half of the others conducted at the same energy
friction material. Moreover, the deposition of ATF prodsict '€ve! (Dynax, Raybestos | and Raybestos Il, see Table 2). Ac-

may also blockade the surface pores of the friction materialCordingly, one may conclude that the Weliman product used
This complex phenomenon is well known as a glazing pro" the 4" A_LT is more durable Fhan the other friction materi-
cess (Li et al., 2003). As a result of the glazing phenomenorf,ils tested in the study. In addition, the effect of energgllev
the ability of the ATF to escape from the approaching con-can also be observed from the data (compare theA&T

tact surfaces decreases. In this particular situationATife ~ With the other tests). As expected, the lower the energy leve
stays between the contacting surfaces which hampers the e smaller the COF alteration will be.

currence of surface to surface contact corresponding to the _ o N
boundary lubricatiorregime. Thus, the occurring friction is 4.2 Expe_nm_ental verification of the developed condition
mainly controlled by the ATF resulting in lower COFs. In monitoring method

addition to this, the mechanical properties of the frictioa-  The pressure signals obtained from the measurements are
terial changeg.qg. reduction of the shear strength (Maeda & pjotted in the left panels of Figures 9 - 13. The figures show
Murakami, 2003), which may have an additional effect on thethat the pressure signals applied to a tested clutch dunimg t
COFs reduction. By considering that the ATF has not signif-ALT are relatively identical. This suggests that the effefct

the pressure variation on the change of the relative velocit
signal during the clutch lifetime can be assumed negligible

0.19

Different from the fifth ALT, the service life relative velec

ity signals obtained from the first four ALTs show noticeable
changes; see Figures 9 - 12. These noticeable changes can be
explained as follows. In the first four tests, the initialo@l

ity is set at high value which gives a large amount of energy
to the clutches to be tested. A higher energy level applied
on a clutch implies that a higher degradation rate occurs in
the friction material. As a result, the frictional charatte
tics change significantly which is reflected by the noticeabl

{ ] change of the relative velocity signal. Accordingly, it dae
deduced that with the same operational condition and identi
cal clutches, the shape of the relative velocity signal feofi
of clutches is strongly dependent on its initial value, siee F
ures 11 and 13. As was expected, the higher the initial rel-
ative velocity is, the longer the engagement duration vell b

6l;m [']
o
N

— 1L ALT .

- - Dnd AT and vice versa.

== 39ALT ) . L
oal = giz //:g N In order to quantify the change of the relative velocity silgn

during the clutches service life, the proposed featuresas h
been introduced in Section 2 are extracted from the service
life data using Equations (10), (12) and (13). The plots of
these features in function of the clutches service life @&e d
Figure 8. Evolution of the mean COF and its normalizedpicted in Figure 14. The figure clearly show the progress of
value during the lifetime of the tested clutches. clutch degradation which is embodied in the features evolu-
tion. This observation implies that the proposed features a

icantly degraded during the tests (which is the case in thigelevant to monitor the progression of clutch degradation.
study), the progressive change of the COFs implies that all

1 2500 5000 7500 10000

cycle L~
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Figure 9. Pressure signals (left) and relative velocityalg (right) obtained from thigrst ALT.
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Figure 10. Pressure signals (left) and relative velocigyals (right) obtained from thgecondALT.
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Figure 11. Pressure signals (left) and relative veloctyals (right) obtained from thhird ALT.
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Figure 12. Pressure signals (left) and relative velocigyals (right) obtained from thieurth ALT.
20

1 e 2

Figure 13. Pressure signals (left) and relative velocigyals (right) obtained from thigfth ALT.

10000
5000

0
" [S] N(:ycle [']

10



INTERNATIONAL JOURNAL OF PROGNOSTICS ANDHEALTH MANAGEMENT

The increasing dimensionless engagement duration as dean vary and the energy level per duty cycle is typically lowe
picted in the upper panel of Figure 14 implies that the CORhan that applied in this study. Hence, the trends of the pro-
drops as the degradation progresses, see Figure 8, whieh cqosed features are not necessarily linear and the varsadien
firms the experimental data available in the literature @dat  not necessarily small. Because of possibly varying opegati

& Saeki, 1997; Ost et al., 2001; Maeda & Murakami, 2003;conditions, the trends of the proposed features may exhibit
Fei et al., 2008). For the same operating conditiang.the  non-linear behaviors with large variations in real sitoas.
same applied pressure to the piston clutch), as has been mdn-addition to this, the rate of change of the feature values
tioned previously, the dropping COF consequently lowees th in real-situations is possibly lower than that observedhen t
transmitted torque during the clutch service life. When theALT results of this study.

transmitted torque becomes lower, the relative velocity de

creases more slowlv from its initial value to zero value. 5. CONCLUSION AND FUTURE WORK

A condition monitoring method for wet friction clutches tha
can be used in real-life applications has been developed and
discussed in this paper. The method is based on monitor-
ing the change of the relative velocity signal measured be-
tween the input and output shaft of a clutch. Three dimen-
sionless parameters which are easy to compute, namely the
normalized engagement duratiotimne normalized Euclidean
distanceand theSpectral Angle Mapper (SAM) distanaee
proposed in this paper as features for monitoring the con-
dition of wet friction clutches. The developed method sug-

1 ALT

== =2ALT gests that the sensors typically available in automatitstra
= 02l e 3ALT missions, namely pressure and velocity sensors, can be em-
.Qm ployed for extracting the proposed features.
Service life data obtained from accelerated life tests (@L.T
o™ i carried out using an SAE#2 test setup on five different paper-
0.4 based wet friction clutches, are employed in order to evalu-

ate and verify the potential and the relevance of the prapose
features for clutch condition monitoring. All the plots diet
proposed features in function of the service life of theadst
clutches exhibit clear trends, which can be associated with
the progress of the clutch degradation. The trends are well
correlated with the mean coefficient of friction (COF) which

1 2500 5000 7500 10000 can be considered here asederence feature Remarkably,
Neyete [] all the trends exhibited by the features proposed in the pa-
per are fnonotonically increasing with relatively small vari-
ations. For akin clutches, it has been observed that the evo-
lution of the features extracted from the clutches’ lifeadat
obtained from the ALTs with a higher energy level, shows a
steeper trend (larger slope) compared to the one with lower
Since the relative velocity signal of interest obtainedrfithe  energy level; where this observation is also consistertt wit
first duty cycle is taken as thieaselineas discussed previ- the result of the mean COF. The slope difference leads to a
ously in Section 2, the dissimilarity measures at the firsteey  conclusion that clutches tested with higher energy levetex
are zero as can be seen in the middle and lower panels of Figience a higher degradation rate than those with lower gnerg
ure 14. When the clutch degradation progresses further, thevel. Since the proposed features are able to expose the pro
shape of the relative velocity signal of interest deviatesf  gression of clutch degradation, their relevance for maititp

the baselinewhich consequently results in an increase of theand assessing the condition of wet friction clutches arg-jus
dissimilarity measures. fied.

Figure 14. Evolution of the proposed dimensionless feature
during the lifetime of the tested clutches.

Remarkably, all the plots of the proposed features in fancti  So far, the developed clutch monitoring method has been
of the clutch duty cycles show linearly increasing trendwi - evaluated and verified on ALTs under controlled environ-
relatively small variations. The possible explanationtfis  ment, where (i) the inlet ATF temperature is controlled at a

observations is that all the tests were repeated with the sangonstant value, (ii) the applied pressure variation istivetly
operational conditions. In practice, the operating cooadg

11
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small and (iii) the external load is fixed. In practice, the op which proves that:
erating condition can vary that may affect the accuracy ef th _
developed monitoring method. The effects of the operationa 0<Dp(X,Y)<1. (A.10)
parameter variations on the proposed features need to-be fur m
ther investigated. A profound understanding may allow us to

model the feature variations such that an accurate momgori

system can be achieved. ACKNOWLEDGMENT
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The Euclidean distanc®y between two signals of interest
is defined similarly as the Euclidean distance between two
vectorsX andY as follows:

" NOMENCLATURE
Dp(X,Y) = | (& — ). (A1) time
im1 Nyel relative velocity in rpm
If Equation (A.1) is imposed in the following form: Wrel relative velocity in rad/s
B Dp(X.Y D pressure
Dp(X.,Y) = E(\F) (A.2) M torque
_ rvK F, axial force
then we have: _ E.,c. energy transmitted for a given cycle
_ 0<Dp(X,Y) <1 ) (A.3-‘) Seyele  €Nergy density transmitted for a given cycle
ThereforeD (X ,Y) can be seen as a normalized version of oy apparent contact area
Dp(X,Y). A, contact area of piston
x displacement of the profilometer stylus in X-axis
Proof. Let Equation (A.2) be expanded as follows: along sliding direction _ _
~ Du(X,Y) z displacement of the profilometer stylus in Z-axis
Dp(X,Y) = 7\/}?, (A.4) perpendicular to the surface
o1 o(2) probability distribution function
K 2 of the surface profile
1 T — Yi ) ) - .
=\ > (Ty)’ (A.5) r; inner radius of friction disc
i=1 I To outer radius of friction disc
K 5 M instantaneous coefficient of friction
_ | L (xz _ yl) , (A.6) fim averaged coefficient of friction
K= \o o ty true reference time instant
Assume that the following properties hold: ’El trug lockup time msta_nt .
) ty estimated reference time instant
O<zi<a, i=1.. K, (A7) t estimated lockup time instant
0<y;j<mzm, j=1,...,K. j k indices
From which it follows that: ni floor noise relative velocity signal
0<¥ _ o1 =1 K n;f floor noise pressure signal
—x T e T time record length
(A.8) Te engagement duration
0< ¥ _ <1, j=1 K X vector denoting a discrete relative velocity signal
— T - 9y A : . T e
The inequalities above can be solved as follows: measured In an |n|t|_al (healthy).condmor.] .
P . . -1 Y vector denoting a discrete relative velocity signal
—l= &~ 5 = measured in an arbitrary condition
0< K(ei — i) <1 T normalized engagement duration
9 Dg normalized Euclidean distance
0= ; (e =) =K Dsay normalized SAM distance
117K (A.9) Neyete  Number of duty (engagement) cycles
0< = Z (e —m)? <1 Ny number of friction faces

12
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