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Hysteresis Compensation and Adaptive LQR Design for an
Electro-Pneumatic Clutch for Heavy Trucks

Harald Aschemann, Robert Prabel and Dominik Schindele

Abstract—In this paper, a nonlinear model-based control
design for an electro-pneumatic clutch for heavy trucks is
presented. A clutch is required at start-up or during gear
shifts to disconnect the combustion engine from the gear box.
This automated actuator disburdens the driver and provides
the necessary actuation force. The proposed feedback control
represents an adaptive LQR design using extended linearisation
techniques, where the controller gains are adapted by solving
numerically the corresponding Riccati equation in real-time. In
addition, an adaptive feedforward control is designed with the
clutch position as controlled variable. The control structure
is extended by a reduced-order observer that estimates an
effective pressure, which accounts for model uncertainty as well
as nonlinear friction. Moreover, an experimentally identified
Bouc-Wen hysteresis model is used to improve the dynamic
behaviour further. Thereby, high tracking accuracy is achiev-
able for the piston position. The performance of the proposed
control structure is pointed out by experimental results from a
dedicated test rig.

I. INTRODUCTION

Clutches are needed in vehicle power trains to decouple
the angular velocities of the internal combustion engine from
those of the driving wheels. Especially at start-up, when the
velocity of the vehicle is zero, and during the gear shift
process the clutch has to be employed. Due to the large
torque transmitted through the clutch, an electro-pneumatic
actuator is advantageously used in truck applications. Often,
the clutch operation is automated using a combination of
feedforward and feedback control, e.g., nonlinear control
approaches as presented in [1], [2], and [3]. A test rig
dedicated for the development and validation of sophisticated
control approaches for an electro-pneumatic clutch is in place
at the Chair of Mechatronics at the University of Rostock,
see Fig. 1. An overview of the adaptive LQR design with
state-dependent matrices is given in [4] and [5].

The single disc dry clutch under consideration is driven by
the piston rod of a pneumatic cylinder, which is actuated by
pressurised air. Due to safety specifications, it is necessary
to employ two inlet and two outlet valves, typically with
different conductances. These electrically actuated valves
operate in an on/off mode using a pulse-width-modulated
signal (PWM). In truck applications, the only measured state
variable is usually the position of the piston in the pneumatic
cylinder. The velocity of the piston can be calculated by real
differentiation. The internal pressure in the piston chamber,
however, has usually to be determined by a state observer as
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discussed in [6], [7]. For an experimental identification of the
system the test rig has been equipped with additional sensors
not present in the real truck: a sensor for the internal pressure,
a force transducer, and a mass flow sensor for the supply
air mass flow. With this sensor combination, an accurate
identification of the system parameters and the component
characteristics becomes possible.
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Fig. 1. Test rig for the electro-pneumatic clutch.

This paper is organized as follows: in Sec. II, a control-
oriented state-space model of the mechatronic system is
derived. This includes a Bouc-Wen hysteresis model that
is identified for the mechanical subsystem. The adaptive
feedback and feedforward control design based on extended
linearisation techniques is presented in Sec. III. Furthermore,
a nonlinear reduced-order observer is designed and imple-
mented that estimates an effective pressure in the cylinder
that also accounts for a lumped disturbance variable, see
Sec. IV. In Sec. V, the obtained experimental results show
the advantages of the proposed control approach with small
tracking errors during transient phases as well as a negligible
steady-state control error.

II. MODELLING OF THE MECHATRONIC SYSTEM

The mechatronic system can be split into a mechanical and
a pneumatic subsystem. The mechanical system part covers
the motion of the piston. The pneumatic subsystem describes
the pressure dynamics in the pneumatic cylinder. The flow
characteristics of the on/off valves in combination with pulse-
width-modulation determines the in-flowing and out-flowing
air mass flows.

A. Mechanical Subsystem

The considered operation range of the system — around
the biting point, where the clutch allows for a torque trans-
mission — is characterised by positive values 0 < z(#) < lyax,
cf. Fig. 2. The equation of motion for the piston rod follows
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directly from a force balance. The force of an internal return

Fig. 2. Mechatronic model of the electro-pneumatic clutch.

spring is given by Fy,(f) = csp (z5p +2(t)), where the value
Zsp denotes the initial pre-load. A movement in the positive
z-direction, hence, results in a linear increase in the restoring
force of this spring. The overpressure p.(t) = p(t) — po,
which represents the difference between the absolute pres-
sure p(t) and the ambient pressure py, leads to a correspond-
ing force on the piston according to Fj, (1) = —Ay p.(t). Here,
Ay, stands for the piston sectional area. The characteristic of
the main clutch force is nonlinear and subject to hysteresis.
For modelling, the clutch force is divided into a static part
F.1(z) as medium curve and a hysteresis part Fy; jy5(z, )

Fcl(zﬂg) :Fcl,st(z)""_Fcl,hys(ng)' (])

The static clutch characteristic has been identified exper-
imentally and approximated by a sixth-degree polynomial
ansatz function for the mean value of the opening clutch
force F,;,(z) as well as the closing clutch force Fyy.(z) at a
given position z(¢)

1

Fcl,st (Z) = 5

6 .
(Fuo(@) +Fac@) =Y pigd . @
i=0

The hysteresis part of the clutch force as deviation from
the medium curve F;y(z) is modelled by the generalised
Bouc-Wen-model F; jys = Fyipys(z,€) as described in the
next subsection.

Model uncertainty as well as damping and nonlinear
friction could be advantageously taken into account by a
lumped disturbance force Fy(¢). A balance of momentum
yields the equation of motion in the form of a second order
differential equation

) = [Awplt) — ol +200) .
+Fcl,st(Z) +Fcl,hys(za 5)) _FU(I)] )

with m as the reduced mass of all the moving components
of the pneumatic clutch.

B. Bouc-Wen Hysteresis Model

In previous work, the hysteresis force was described by an
additional switching term in the form of a signum-function,
cf. [1] and [8]. This static hysteresis modelling, however,
has the main drawback that the hysteresis is zero for a
vanishing piston velocity z =0. A further drawback is given
by frequent switchings of the sign-function that result in the
case of a noisy signal for the piston velocity. A suitable
countermeasure is the approximation of the sign-function by
the following regularised function sign(z) ~ tanh(%), & < 1.
As a refined hysteresis model, in this contribution a gener-
alised Bouc-Wen model is employed. It is able to cover the
most significant hysteresis effects. As this dynamic hysteresis
model is characterised by only one additional differential
equation, it is well suited for implementation in simulations
or real-time applications. Whereas the classical Bouc-Wen
model [9] is not able to describe asymmetric hysteresis
loops, the generalised Bouc-Wen model, proposed in [10],
solves this problem. The generalised Bouc-Wen model for
the clutch force hysteresis can be stated by the following
output equation

Fc[,hys(ng):akO Z+(1_a) k()é ’ (4)

in combination with a first order differential equation for an
additional dimensionless internal state variable &

g(zazaé):Z[Afwé‘n W(Z7Z7§)] (5

Here, a and ko represent stiffness parameters, whereas A
and n denote parameters that determine the scale and the
sharpness of the hysteresis loop. In this paper, the parameter
n is fixed to n = 1. The nonlinear function y(z,%,€) can
be used to specify further shape characteristics. For the
generalised Bouc-Wen model, the shape-control function y
is chosen as follows

v(z,2,6) = PBisign(zE)+ Pasign(zz) + Bssign(z§)
+Bysign(z) + Bssign(&) + Besign(z) , (6)

with six parameters f;, i = 1,...,6, determining the shape
of the curve. Thereby, the hysteresis curve is divided in six
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Fig. 3. Different phases of the hysteresis loop for the generalised Bouc-
‘Wen model.

different phases, which depend on different combinations of
the signs of z, z and £. The separate phases y;, i =1,...,6
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of the shape-control function are depicted in Fig. 3. The
linear relationship between the parameters y; and f3; can be
represented by the following matrix

v 1 1 1 1 1 1][B

v 1 -1 1 -1 1 1]||B

20 N e R Mt Mt N O 1 [
wl| | 1 1 1 =1 =1 =1 | |B]”

vs ~1 -1 1 1 -1 —1||Bs

Ve 1 -1 =1 1 1 —1||Be

With o, A, ky and Pi,....,Bs, the generalised Bouc-Wen
model involves nine unknown parameters, which can be
identified by optimisation techniques. Here, an evolutionary
optimisation routine is employed, cf. [12].

C. Pneumatic Subsystem

The dynamics of the internal pressure follows directly
from a mass flow balance in combination with a polytropic
change of thermodynamic state for the compressed air in the
cylinder chamber. As the supply pressure pg is at a value
of approx. ps =9 bar, the ideal gas equation represents an
accurate description of the thermodynamic behaviour of the
compressed air

p(t)

p(l‘) Ry T(l‘) . )
Here, the density p(z), the gas constant of air R; and
the thermodynamic temperature T(¢) are introduced. The
thermodynamic process is modelled as a polytropic change
of state according to p(r)-p~"(¢t) = const., where n = 1.2
denotes the identified polytropic exponent. The polytropic
exponent is, hence, in the range between n = 1 for an
isothermal process and n = K for an isentropic process. The
relationship between the time derivative of the pressure p(r)
and the time derivative of the density p(¢) results in

p(t) = p=(1) =nRLT (1) p(2). ©)

The mass balance for the cylinder is governed by

P(1)V (1) = () — p(1) Ax (1),

where V (z(¢)) = Vo + Ak (lnax — 2(t)) denotes the total volume
of the cylinder chamber. By inserting (9) in the mass balance
(10), the first-order differential equation for the cylinder
pressure results in

(10)

o aRTO()  (pae)+ po) ()
PO = P) = 0, ZED)

where 7i2(t) denotes the total mass flow of air provided by
the inlet and outlet valves. The internal temperature T'(r)
can be approximated with good accuracy by the constant
temperature 7, of the ambiance. In this way, temperature
measurements can be avoided, and the implementation effort
is significantly reduced. To simplify the control design, the
term u(t) = Rp - Tymp - 1ia(2) is introduced as control input.

, (I

D. Valve Actuation

The main advantage of on/off valves is that they are
more energy efficient than proportional valves. To actuate
this type of valve proportionally, a pulse-width-modulated
signal (PWM) is necessary. The PWM-signal is calculated
by a comparison of the continuous signal with a saw-tooth-
signal. Instead of using the PWM-signal and mathematical
description for the mass flow, an experimental identification
of the mass flow characteristic has been carried out, see [8]
for details. A corresponding approximative inverse can be
derived numerically with high accuracy. A pre-multiplication
with this inverse valve characteristic, see Fig. 5, practically
eliminates the dead zone behaviour as well as linearises the
nonlinear valve characteristic.

III. ADAPTIVE CONTROL DESIGN USING EXTENDED
LINEARISATION TECHNIQUES

In the following, the feedforward and feedback control
design using extended linearisation will be presented. Note
that the lumped disturbance force Fy(¢) is not considered
here but counteracted separately by the estimated effective
pressure from a reduced-order observer, see section IV.
For the extended linearisation, the right hand side of the
nonlinear state equation is written in quasi-linear form with
state-dependent matrices

Fl &) = A((0),20),E(0)xlr) + bO)ur).  (12)
Here, the system matrix A(z,z,&(z)) and the vector b(z)
depend on the measurable state variables piston position
z(t) and piston velocity z(z) as well as on the reconstructed
internal state variable &(¢) of the generalised Bouc-Wen
model

0 1 0
_Csp(Z+ Zsp) Fu(z, é) _Ak
(1) = mz mz m | x(1)

0 npoAr nzAg

V(z) V()
0 (1)
A O o, s = |20
@ p(t)

13)

Please note that the dominant nonlinear terms like the
hysteresis force F.(z(r),&(r)) are included exactly in the
right hand side. Obviously, alternative decompositions (12)
are possible that lead to different state-depending matrices.
In the considered operating range, a position value within
the interval 0 < z(f) < lyqy is guaranteed such that the
singularities are avoided and, hence, are not critical. The
state-dependent representation according to (13) leads to
nonlinear expressions for the control gains that are adapted
to the chosen scheduling variables.
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A. Adaptive LOR Design

The design of the state feedback for the electro-pneumatic
clutch is carried out on the basis of the LQR approach, where
the vector of feedback gains is determined by minimisation
of a quadratic cost function with a combined weighting of the
state variables as well as the control inputs. The control gains
follow from a numerical online-solution of the corresponding
algebraic Riccati equation (ARE). Due to the dependency
of the system matrices on the state variables position z(r),
velocity z(¢), and the internal state variable of the Bouc-Wen
hysteresis model & (¢), the ARE becomes also a function of
these scheduling variables. The starting point for the LQR
design is the time-weighted cost function

1 [ee)
J= 5/ [ETQK—F ruz] % dr (14)
0

which contains the constant weighting matrix Q, the scalar
weight 7, and an additional parameter o. The weighting
matrix Q for the state vector x is chosen as a positive
definite diagonal matrix Q > 0, the scalar input weight as a
constant positive value » = 1. The positive parameter o > 0
defines a stability margin of the closed-loop eigenvalues s;,
i ={1,2,3}, according to

max {Re (s;)} < —a. (15)
1

In the s-plane, hence, all closed-loop eigenvalues s; are
located left to a parallel line at the distance ¢ from the
imaginary axis. In each operating point, characterised by
z(1), z(r) and &(r), the optimal feedback control law can
be determined as the positive definite solution P = P(z,2,&)
of the parameter-dependent ARE

AL (2,2,8)P+PAG(2,2,E) —r 'Pb(z)b" (2)P+Q(z) =0.
(16)
The ARE is solved online using the iterative algorithm pro-
posed by Kleinman [11]. Based on this algorithm, hence, a
symbolic description of a corresponding Lyapunov equation
has been derived that is to be solved in each iteration step.
In the real-time implementation only a fixed number of
iterations are performed. As initialisation the solution of the
previous time step is used. The parameter-dependent state
feedback with kg; = kgi(z,2,&) becomes

upp = —k' (2,2,6) x= ~[krikpokrs] x,  (17)
with the vector of feedback gains
K (2,28)=r"'0" (9)P(z.2,6). (18)

The matrix A, used in the ARE is related to the system
matrix A according to

Ay (2,4,8) =A(z,2,8) +als.

As the system matrix A,(z,2,€) depends continuously on
the three scheduling variables and as a constant weighting
matrix Q as well as a constant input weight r are employed,
the solutions P(z,2,&) of the ARE are continuous functions
as well. The same applies to the vector of feedback gains. As

19)

shown in Fig. 4, the dimensionless internal state variable & (¢)
remains bounded. The favourable stability properties of the
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Fig. 4. Boundedness of the internal state variable of the generalised Bouc-
Wen model in the experiments presented in Sec. V.

adaptive LQR design regarding locally asymptotic stability
of the time-varying system are discussed in [4].

B. Adaptive Feedforward Control Design

For feedforward control design, the position of the clutch
y(t) = z(¢) is considered as the controlled variable. Thus, the
linear output equation is given by

y@O)=[1 0 0]x(t)=c"x(). (20)
The control transfer function can be calculated as
Y(S) T T -1 b()
=c (sI—-A+bk b=——. 21
UFF (S) ( ) N (S)

Obviously, the numerator of the control transfer function
contains no transfer zero. The main idea of the feedforward
control design is the modification of the numerator of the
control transfer function by introducing a polynomial ansatz
for the feedforward control action in the Laplace domain
according to

Urr (s) = [kvo+kvi-s+hva-s* +hv3-s° | Ya(s) . (22)
For its realisation the desired trajectory y,(f) = z4(¢) as
well as the first three time derivatives are available from a
state variable filter. The feedforward gains can be computed
from a comparison of the corresponding coefficients in the
numerator as well as the denominator polynomials of

Y (s) _ bg - [kvo+...—|—kv3-s3}

Yy(s) ap+aj-s+ay-s24s3

according to a; = bg - ky;,i =0,...,n = 3. This leads to the
following feedforward gains depending both on the desired
values z; as well as z; and on the internal state variable &
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of the Bouc-Wen model

kyo = kyo(za,24,§), (23)
kvi = —po Ak +kr2 (24,24, &) (24)
B CSP(ZSp+Zd)_V(Zd) Fcl(zdag)’ (25)
Arnzy
k ,2d;
PR R3(Zd Za 5)’ 26)
k
\%
kys = —mT(Zd). 7
kn

IV. NONLINEAR REDUCED-ORDER OBSERVER

In truck applications, the pressure p(t) is usually not mea-
sured. Unfortunately, it is not possible to design an observer
that estimates both the internal pressure p and the lumped
disturbance force Fy — affecting the equation of motion (3) —
separately. In the following, hence, a nonlinear reduced-order
observer according to [12] is designed for the estimation of
an effective pressure. Using this estimated effective pressure
in the feedback control law, see the block diagram of the
implementation in Fig. 5, steady-state accuracy is achieved as
shown below. The observer design is based on the nonlinear
state space representation (13). The state equations are split
into the differential equation for the pressure yi(¢) = p(t) =
p:(t) + po to be estimated and the differential equations
corresponding to the measurable vector y, (t) = [2(2),2(1)]".
This leads to the state-space representation

i =h00ny,u), 3, =f,01,). (28)

The unknown state variable to be estimated is obtained from

Si=h"-y,+1, (29)

with the observer gain vector hr = [h1,hy]. The state equation
for 1 is given by

0 =®(1,y,.u). (30)

The observer gain vector 4’ and the nonlinear function &
have to be chosen properly, so that the steady-state observer
error e(t) = y; — $1(t) converges to zero. Considering the
steady-state condition

¢=0=y—h" -y, -~y —0,y,,u) 31)

directly leads to the function ® = ®(y;, szu)‘ Aiming at an
asymptotically stable linearised error dynamics, the eigen-
value of the scalar Jacobian

P IP(y1,y,,u) CnAgi Ay

¢ ay1 X V(z) m
yi1=91

(32)

which is evaluated for y; = i, is specified as a real eigen-
value sp < 0. The corresponding observer gain A, results in

(—n-Ax-z+sp-V(z))-m
V(z2)-Ax ’
whereas the observer gain h; could be chosen arbitrarily,

e.g. as h; = 0. Evaluating the function <I>()71,X2,u) with
the estimated pressure $; = p(r), the error dynamics of

hy = (33)
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Fig. 5. Block diagram of the control structure.

the observer — now in presence of an unknown lumped
disturbance force Fy (¢) — becomes

nAiyz  hyAg hy
':'—hT‘—¢(A, ,)z —Fy .
e=yr—ny, Y,Y,U Vi) " e—I-m U
(34)
Solving (34) for p and substituting for s, with (33) yields
nz 1
p=p———F+—Fy . 35
pP=p v vt (35)

This shows clearly that the nonlinear reduced-order observer
provides an estimation of an effective pressure accounting for
the disturbance force Fy. In steady-state, where the piston
velocity vanishes (z = 0), the estimated pressure complies
exactly with the increased pressure level that is necessary to
overcome the lumped disturbance force. The additional term
—%Fy in the general case with 7 # 0 is negligible for
large values of |sg|. The stability of the closed-loop control
system has been investigated thoroughly by simulations.

V. EXPERIMENTAL RESULTS

The following experimental results have been obtained at a

0.04

0.035f

zg in m

0.03f

0.025
0 35

Fig. 6. Desired trajectory for the clutch position.

dedicated test rig for electro-pneumatic clutches at the Chair
of Mechatronics at the University of Rostock. In Fig. 6, the
desired trajectory z,4(¢) for the piston position is depicted.
The desired trajectory starts at z=0.039 m. At this position
value, the clutch is fully closed and, hence, the power of
the combustion engine could be transmitted through the
drive train to the gear box. In the following, a sequence
of desired motions in the opening and closing directions of
the clutch are specified. Here, both intermediate positions
corresponding to a sliding clutch and a maximum position
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value of z=0.026 m, where the clutch is fully open and does
not transmit any torque, are investigated. Fig. 7 shows the

e, in m

tins

(a) Position error using the measured internal pressure

e, in m

0 5 10 15 20 25 30 35
tins

(b) Position error using the measured internal pressure and
the Bouc-Wen hysteresis model
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x107°
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_4 s s s s s s
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(d) Position error using the estimated effective pressure and
the Bouc-Wen hysteresis model

Fig. 7. Tracking error for different control approaches.

obtained tracking errors for four approaches using a sample
time of 7; = 10 ms in the control implementation: Obviously,
the smallest maximum tracking errors of below 2 mm are
obtained with the observer-based control approaches depicted
in (c) and (d). The corresponding steady-state errors are
below 0.2 mm. The extension with the Bouc-Wen model
yields slightly smaller errors in (d). Measured values for the
internal pressure lead to a significant increase in both the
steady-state errors and the tracking errors as depicted in (a)
and (b). However, the errors obtained in (a) can be reduced
by using the Bouc-Wen model in (b). The corresponding root
mean square (RMS) errors for the clutch position egys =
\/% Y| (za(i) —z(i))* are shown in Table 1. As discussed
before, the best results are obtained for the observer-based

adaptive LQR feedback in combination with the hysteresis
compensation.

LQR LQR with BW | LQR with Obs. | LQR with Obs.
and BW
1.31 mm 0.90 mm 0.44 mm 0.39 mm
TABLE I

ROOT MEAN SQUARE ERROR OF THE CLUTCH POSITION

VI. CONCLUSIONS

This paper presents a model-based approach to track-
ing control of an electro-pneumatic clutch used in truck
applications. The control-oriented model accounts for the
dynamic behaviour of the clutch piston as well as the internal
pressure in the cylinder chamber. The tracking control design
is performed by extended linearisation techniques based on a
quasi-linear state-space representation. A combined adaptive
feedforward control and LQR feedback is designed, where
the algebraic Riccati equation is solved in real-time using the
iterative Kleinman-algorithm. The estimation of an effective
pressure makes a pressure measurement unnecessary and
counteracts model uncertainties as well as friction. Addi-
tionally, a generalised Bouc-Wen model is employed for
a compensation of hysteresis in the clutch characteristic.
The control performance of the proposed control structure
is demonstrated by experimental results from an implemen-
tation on a dedicated test rig at the Chair of Mechatronics,
University of Rostock. The obtained maximum steady-state
position errors are below e; = 0.2 mm for the observer-based
control structures.
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