Proceedings of the 17th World Congress
The International Federation of Automatic Control
Seoul, Korea, July 6-11, 2008

IFAC

Estimation of electropneumatic clutch
actuator load characteristics

Hege Langjord, Tor Arne Johansen *
Sten Roar Snare, Christian Bratli **

* Department of Engineering Cybernetics, NTNU, Trondheim, Norway,
e-mail: {hegesan,tory} @Qitk.ntnu.no
** Kongsberg Automotive ASA, Kongsberg, Norway,
e-mail: {sten.roar.snare,christian.bratli} @ka-group.com

Abstract:

This paper propose a dynamic model of an electropneumatic clutch actuator system for heavy
duty trucks. The focus is set on modeling of the clutch load characteristic which should be
parameter affine, and the main purpose of the modeling task in this paper is to prepare for
on-line adaption of this load characteristics. The knowledge of the clutch load characteristic
is important for being able to estimate the pressure in the system online, when this is not
measurable. In this paper off-line estimation is used to find parameters such that the model is

a good representation of the system. The resulting

actual truck measurements.

5" order model is verified by comparison to

1. INTRODUCTION

Automated clutch actuation makes it easier for the driver,
particularly in stop and go- traffic, and have especially
seen a recent growth in the European automotive indus-
try. This have raised the interest for automated manual
transmission (AMT) systems. An AMT system consist of
a manual transmission through the clutch disc, and an
automated actuated clutch during gear shifts, and one of
the AMT’s largest advantages is low cost, high efficiency,
reduced clutch wear and improved fuel consumption.

Most attention in this trend has been given to hydraulic
clutch system for cars. Lucente et al. [2007] provides a
nonlinear model for dry clutches with electrohydraulic
actuator, in addition to models of the gear system, while
Montanari et al. [2004] and Horn et al. [2003] concentrate
on control and trajectory position tracking of similar
electrohydraulic systems. In the paper by Zhang et al.
[2002] we find a dynamic model for clutch engagement
using hydraulic actuators, and Moon et al. [2004] presents
a dynamic model for an electromechanical clutch system
in his paper on clutch-by-wire system.

In this paper we will deal with the modeling of an elec-
tropneumatic clutch actuator for AMTs and clutch-by-
wire systems for heavy duty trucks. There is a significant
difference between the clutches designed for cars and ones
designed for heavy duty trucks. In a truck, a much higher
level of torque is required to be transmitted from the motor
through the clutch disc, and hence are these discs needed
to be of much larger radius than the ones for cars. Another
difference is that in trucks pressurized air is available. This
is the reason why it will be preferred to use pneumatics to
actuate the clutch system, even though this complicates
the modeling task due to the compressibility of air.

* This work has been sponsored by the Norwegian Research Council
and Kongsberg Automotive ASA.
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Fig. 1. Drawing of the electropneumatic clutch system

The considered clutch system is the same as the one
treated by Kaasa in his Ph.D. thesis, Kaasa [2006]. The al-
location of air to the clutch actuator, which were controlled
by a three-way proportional valve, is in this paper assumed
to be controlled by a set of on/off-valves. These have a
dynamic response that is harder to model accurately, but
they are desired because of space, cost and robustness
advantages.

Figure 1 show a drawing of the main components of the
clutch system, which is a pull-type clutch. In addition
to the on/off valves, the system consist of an electronic
control unit, a position sensor and an actuator valve. The
state of the clutch plates (engaged/disengaged/slipping)
is decided by the position of the clutch actuator piston,
which is a result of the forces acting on the piston. These
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forces are mainly pressure, friction and clutch load. The
clutch load characteristic is a lumped force of the clutch
compression spring and a counteracting, much weaker,
actuator spring. The compression spring is a stiff and
highly nonlinear diaphragm spring, while the actuator
spring on the other hand is a linear coil spring.

It is desired to be able to estimate the clutch load charac-
teristic during the lifetime of the clutch, as the characteris-
tic changes as the clutch wears. These changes have a large
influence on the system, and will introduce large errors
if not recalculated during the clutch’s lifetime. We will
therefore find a model for the clutch load characteristics
which is suitable for parameter estimation, and estimate
these parameters off-line. It is also desired that position
is the only measured state of the system. This is another
reason why we are so interested in the clutch load. If this is
know, it is possible to calculate the pressure in the system
from a dynamic model, as velocity can be derived from the
position measurement.

This paper is organized as follows. In Section 2 we give
a description of the system and present the proposed
model for the system. Section 3 contains the results
from the parameter estimations as well as the simulations
that verifies our model. Concluding remarks are given in
Section 4.

2. CLUTCH ACTUATOR MODEL
2.1 Motion dynamics

The motion of the clutch actuator piston can be described
by
d?y

Mﬁ:AApA—ABpB_AOPO_fl_ff (1)
where y is the position, fy is the friction force, f; is the
clutch load force and Py, ps and pp are the atmospheric
pressure and the pressures in chamber A and B. The areas
Ay, Agp and Ay = A4 — Ap are the areas in chamber A
and B, and the difference in area of the piston in chamber
A and B, and M is the mass of the piston.

2.2 Friction between piston and cylinder

The friction between the piston and the cylinder is mod-
eled by a dynamical friction model, a LuGre model,

ff = Dv’U"’KzZ"‘Dz':Z (2)
where z describes a pre-sliding seal deflection, D, is the
viscous effect, K, is the deflection stiffness and D; is the
deflection damping coeflicient. The dynamic pre-sliding
can be given by
K, 3
bl ®)
where F¢ is the Coulomb friction. The parameter values
are found from the work of Kaasa [2006].

Z=v—

2.8 Pressure

We use a simple model of the pressure dynamics

AAU RTO

pa=— VP T V™ (4)
. ABU RTO w
bPB = VB(y)pB + VB(y) T (5)

where w, and w, are the resulting flow to/from the two
chambers A and B. This model is based on 6 assumptions

e constant chamber temperature, i.e isothermal condi-
tions

e constant supply pressure and that the exhaust pres-
sure is equal to the atmospheric pressure

e air behaves as an ideal gas obeying the ideal gas
equation of state

e the energy change in the fluid due to elevation is
negligible

e the thermodynamic properties are uniformly dis-
tributed in the volume

e frictionless flow is assumed, i.e. isentropic flow

2.4 Valve dynamics

From Kaasa [2006] we have that flow through an orifice
can be described by

P(r, B) = Qo(r) + BQy(r, sgn(B)) (6)
where
= \/1*72, € [0,1]

o= { 0, ' :> 1 (7)
Ql(ra +1) = *QO (8)

L r € [0, Bo]

S G e s

07 r>1

Ql(r,—l):QO_{l—é“: :5[10,1] o)

and where r = p—:l is the relation between the low and the

high pressure at the sides of the orifice. The basis functions
in (8) and (9) can be characterized as approximately
isentropic or incompressible laminar flow, and the value
of B decides which of these should be used.

The air flow to/from chamber A is w, = wys — Wye, Where
wys is the flow through the on/off valve controlling the
supply and w,. is the flow through the valve controlling
exhaust. These flows can be described by

Wy = Gua (ph,pl, Cozs Bvac)yvx (uvxa RO,mca Rl,’ux)
where

Gua = POCsz/J(M’ sz)ph,vm

, VT

(10)
and the valve opening degree is described

(uvx - RO,’ux))a Uyy € [07 1]
(11)

The subscript va stands for vs and vem, Ry ., and Ry g
are valve opening constants and the parameter u,, is the
duty cycle of the valve’s PWM (Pulse Width Modulation)
input. The pressures is pr.us = pa, Pl = Fo, Phos = Ps,
Dhwe = Pp where Pg is the supply pressure.

1
oo = 2o R R

The flow to/from chamber B, w, = w;; — Weus can be
modeled as a fixed orifice,
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Win Zpocrw(%j,Bm)

Wout = POCN/)( 5 Bout)

PB
P
2.5 Clutch load

To prepare for easy adaption of the clutch load characteris-
tics, the model should be parameter affine and the number
of parameters should be small. We propose a simple model
for the load characteristic

fily) =0"¢(y) (14)

where O = [0, 05, 03]T and ¢ are three B-splines curves
defined by the following polynomials and slope conditions.

0, y <t
y —tq, t1 Sy <tis
a1y2 +b1y+01, to <y <tj
aity +bits+c1, Yy >t

P1(y) = (15)

e Transition between linear and quadratic part shall be
smooth: altg +bite+c1 =t — t1

e Derivative in t5 shall be equal to one: 2a1ts +b; =1

e Derivative in t3 shall be equal to zero: 2a1t3+ by =0

O7 y < to
P2(y) =% a2y® +boy + ca2, ta <y < t3 (16)
y+d27 thB

e The quadratic part shall start at zero in to: asts +
thQ +co = 0

e The quadratic part shall have a gradient equal to zero
in t9: 2a9te +by =0

e The spline shall be continuous in t3: ast? + bats +

co =t3+d2
e The derivative in t3 shall be equal to one: 2ast3 +
by =1

) 07 y < t2
azy® + b3y’ +csy+ds, to <y <ty
esy’ + f3y® + g3y + hs, ta <y <ts

07 Y Z t5

¢s(y) = (17)

where t5 = 2t4 — to.

e The first cubic part shall start at zero in to: asts +
bst2 + csty +ds =0

e The first cubic part shall have a gradient equal to zero
in to: 30,375% + 2bsto +c3 =10

e The first cubic part shall have a value equal to one
millimeter in t4: asts + bst3 + caty + dz = 0.001

e The first cubic part shall have a gradient equal to zero
in t4: 3ast? + 2bsty +c3 =0

e The second cubic part shall start at zero in 2ty — to:
63(2t4 — t2)3 + f3(2t4 — t2)2 + g3(2t4 — t2) +h3 =0

e The second cubic part shall have a gradient equal to
zero in 2ty —ta: 3eg(2ty —12)% +2f3(2ts —12) +g3 =0

e The second cubic part shall have a value equal to one
millimeter in t4: est} + f3t2 + gstq + hz = 0.001

e The second cubic part shall have a gradient equal to
Zero in ty: 3631‘5421 +2fsty +9g3=0

Rewritten we have

& =A;'B; i=1,2,3 (18)

where

t2 1y 1
Ay=|2t, 10
| 2t3 1 0
(2 51 0
|2, 100
A2— tg t3 1 -11" (19)
2t3 1 0
[ 3 13 1y 1 0 0 0 0
33 2ty 1 0 0 0 0 0
t 2ty 1 0 0 0 0
4 3t32t4 10 0 0 0 0
B0 0 00 (204 —ta)® (204 —t2)? (24 —ty) 1
0 0 0 03(2ty —t2)? 2(2ty — t) 1 0
0 0 00 t3 t2 ty 1
|0 0 00 3t 2ty 1 0
-0 A
0
0 0.001
ty —t 0 0
Bl = 1 7BQ = t3 aBS - 0 (20)
0 1 0
0.001
0 |

and the ¢;’s are the collection of parameters a;, b;.... The
knots are chosen, based on knowledge of the considered
clutch, to be in the positions ¢ = [0 2 8.5 11.5]7 mm, and
we get the following parameters

—76.92308
& = 1.3077
| —3.0769 - 10~ |
[ 7.6923- 1072 ]
—3.0769 - 1074
2= 30769-10°7 (21)
| —8.4968 - 1072 |
[ 47.2372 ]
—2.3327-103
—0.1610
B 1.6900
=1 15163.10*
—6.9439 - 1073
—113.7192
2.3327-10° |
The resulting B-spline curves are shown in Figure 2.
2.6 Model
Summarized we get the 5* order model
y=v
o1
V= M(AAPA — Appp — AoPy — fi — f)
. AA’U RTO
pa= pA + Wy 22
Vaw) T Vaty) @)
. ABU + RTO w
PPV T Ve
K
zzv—F—;|v|z (23)

and all the parameter values can be found in the Appendix.
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Fig. 2. The B-spline basis functions

3. EXPERIMENTAL RESULTS
8.1 Parameter estimation

The parameter estimation for the load characteristic is
conducted by use of the Isqgnonlin algorithm in MatLab,
where the cost function is the sum of the position errors.
The position error vector is found from either ballistic or
partitioned ballistic simulations. In partitioned ballistic
simulation, the simulation is initialized by the position
measurement after each N** simulation step. As we have
no measurement of the other state variables, we initialize
these by the values of the former simulation step. For the
first simulation the initial values

Yo = Ymes

v9=0
pao = Fo (24)
peo =1

z0=0

are used. In ballistic simulation no new initialization is
done during the simulation. All simulations are conducted
with variable step length and ode/5 as the chosen solver.

The measurement used as reference is position and pres-
sure measurement obtained from the truck Gamal at
Kongsberg Automotive ASA. The operation range for the
clutch is y = [0,25] mm, and the model is needed to be
most precise in the region around engaging/disengaging of
the clutch, in this case, the region y = [5 — 8] mm.

The optimization routine for finding the parameters is
conducted twice. The first one takes large steps and
finds good initial values for further optimization. The
second takes smaller optimization steps and finds the best
parameters starting from these initial values.

Est. method 01 02 03
Ballistic 9.3850 - 105 | —0.5817-10° | 0.3909 - 105
Part. ball., N=2 8.4554 - 10° | —0.1678-10° | 0.0971 - 10°
Part. ball., N=4 | 8.5581-105 | —0.2233-10° | 0
Part. ball., N=8 9.8251-10° | —0.3468-10° | 0.5386 - 10°
Part. ball., N=16 | 8.9178-10° | —0.3527-10° | 0
Part. ball., N=32 | 8.8767-105 | —0.5476-105 | 0

Table 1. Estimated clutch load parameters
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Fig. 3. Simulated positions
3.2 Results

Estimated parameters from ballistic and five partitioned
ballistic simulations are presented in the Table 1 below.
The number N stands for the number of partitions of the
data set. Simulations results with these parameters are
shown in Figure 3 and 4. Figure 5 show all the resulting
clutch load characteristics. An estimation of the clutch
load characteristic in the system is calculated from

fi=Aa(pa —po) (25)

which is derived from motion dynamics equation (1) by
assuming v = 0 and pp = Fj.

The average position and pressure errors are presented in
Table 2. From these and the simulation results we see
that the parameters obtained from ballistic simulations
gives the best results in position and the partitioned
ballistic simulations with N = 32 gives the best results
if considering the pressure of chamber A.

To verify that the estimated parameters gives a good
model of the system, simulation with another data set
from the truck have been done. Figure 6 and 7 show
all the states, in addition to the measured position and
pressure, from simulations with © obtained from ballistic
simulations and from partitioned ballistic simulations with
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— B =
Estimation method Position error | Pressure error i %1 "
< g 2105
Ballistic 0.2678 -10—* | 2.7602 - 1012 S £ 94
Part. ballistic, N=2 | 8.8691-10—% | 1.7203- 1012 g 2 %1 056
Part. ballistic, N=4 | 8.7327-10~% | 1.7330- 1012 2 8
Part. ballistic, N=8 | 3.3932-10 % | 5.3149 - 1012 c 0 : o108, : 10
Part. ballistic, N=16 | 2.5684-10—% | 2.1805- 1012 Time [s] Time [3]
Part. ballistic, N=32 | 4.1361-10—2 | 1.020-10%2 = w1
Table 2. Position and pressure errors R
g 1
N = 32. The main goal of the clutch load estimation, is = ?
to be able to calculate the pressure of chamber A. By, as = :2
above, assuming that V' = 0 and pg = Py we can calculate ¢
this from v 5 10
1 Time [s]
pa=——(fi+Aax ). (26)
Aa
Figure 8 show measured pressure together with pressures . . . .
& p & P Fig. 7. All states from simulations with © from part.

estimated this way, and, as expected, estimation from
simulations with © from partitioned ballistic simulations
with IV = 32 give the best results.

ballistic simulations with N = 32
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Simulated position and the simulated pressure in chamber
A deviate some from the measurement from the truck,
which is not surprising as the proposed model is rather
simple. From the clutch load characteristics in Figure 5, it
is clear that the proposed model do represent the system
completely. There is also some uncertainty associate with
the value of the supply pressure, which also may result in
simulation deviations. The estimated pressure also suffer
from these uncertainties. These results show the impor-
tance of an on-line adaption of the clutch load, especially
since also wear of the clutch and temperature variations
will change the truck’s clutch load characteristics.

4. CONCLUDING REMARKS

The main purpose of this paper was to provide a rather
simple model for the clutch actuator system, which is
suited for on-line adaption of clutch load characteristic pa-
rameters. A 5" order model of an electropneumatic clutch
actuator have been presented, and parameters for clutch
load characteristic are estimated off-line. The simulations
verifies that the proposed model is a fair representation
of the system, and that the model is a good basis for
further development of the model, where emphasis should
be placed on on-line adaption of clutch load characteristics
and construction of a nonlinear observer.
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Appendix A. PARAMETERS

Par. Value Unit Description
Ay 12.3-1073 m? Area of chamber A
Ap | 11.848-1073 m? Area of chamber B
Vo, 4 0.148 -1073 m3 Vol. of ch. A, y =10
Vo.B 1.2-107% m3 Vol. of ch. B, y =0
I 1.095 - 10° Pa Ambient pressure
To 293 K Temperature
R 288 kgiK Gas constant of air
M 10 kg Mass of piston
Pg 9-10° Pa Supply pressure
D, 5000 [Ns/m] Viscous effect
K. 1-10° [N/m] Deflect. stiffness
D; 5000 [Ns/m] | Deflect. damp. coeff.
Fe 200 [N Coloumb friction
Ro s 0.07 - Valveop. const.
Ro ve 0.07 - Valveop. const.
Ry s 0.93 - Valveop. const.
Ry e 0.93 - Valveop. const.
By 0.1 - Flow parameter
Bye —-0.7 - Flow parameter
Chus 19-107° [;;38] Conductance
Che 21.4-107° [}l’js] Conductance
Cy 5-1078 [ P’,’(;BS] Conductance
By 0.582 - Critical flow for air
B, 0.5 Flow parameter
Byt 0.5 Flow parameter




