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Position Control of an Electro-Pneumatic Clutch Using Takagi-Sugeno Techniques
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Summary. The paper presents a nonlinear control design for the position of an electro-pneumatic clutch that is based on a nonlinear
mathematical model. Regarding the lower and upper bounds of the nonlinear terms involved, a fuzzy Takagi-Sugeno (TS) description
with four corner models in a polytopic framework can be used for the control design. The feedback control gains are calculated for
each corner model, and the overall adaptive feedback gain vector results from a norm-optimal combination of the individual feedback
actions of these corner models. For an improvement of the tracking behaviour of the clutch, the control structure is extended by a
dynamic feedforward control as well as an observer-based disturbance compensation. Here, a lumped disturbance force is estimated by
a gain-scheduled sliding mode observer. The benefits of the proposed control structure are demonstrated by experimental results from
a dedicated test rig.

1. Introduction and Motivation

Vehicles with an internal combustion engine as the prime mover are typically equipped with a clutch — either manually
or automatically actuated —, which is especially needed during start-up phases. To increase the comfort and to allow
for automated transmissions, feedback-controlled clutch systems as central components are required. In the literature,
different models for the calculation of the transmitted torque can be found, e.g. [7], [8] and [11]. Typically, algebraic
equations for the transmitted torque are of the form

T =ngRyFy, (1)

where n; is the number of friction discs. The equivalent friction radius R, mainly depends on the temperature of the
friction discs as well as the relative angular velocity between the motor and the gear box input shaft. Fy represents the
normal force acting on friction disc, which can be adjusted by an automated clutch actuator. In heavy truck applications
with up to 16 gears, a electro-pneumatic solution is typically installed, and this actuator is position-controlled. The
relationship between the position of the clutch actuator z and the resulting normal force Fy is depicted in Fig. 1b, where z,,
represents the position of the completely closed clutch. Here, the clutch can transmit the maximum torque of the internal
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(a) Test rig for the electro-pneumatic clutch. (b) Experimentally identified normal force.

Figure 1: Test rig at the Chair of Mechatronics, University of Rostock.

combustion engine. Usually, gain-scheduled PD- or PI-controllers extended by suitable feedforward control actions are
employed in industrial solutions. However, more accurate nonlinear control concepts can be found in [1], [6] and [9],
where the nonlinearities in the pneumatic subsystem as well as hysteresis in the nonlinear clutch force characteristic are
properly addressed. In this paper, a TS control approach is presented and applied to a clutch test rig, which is available
at the Chair of Mechatronics, University of Rostock, see Fig. 1a. Control designs based on TS techniques have been
successfully applied to several nonlinear problems, see [4] and [5]. The outline of this paper is as follows: Control-
oriented models for the mechanical and pneumatic subsystem are derived in Sect. 2. Next, based one a quasi-linear
state-space representation, a T'S control approach for the position of the clutch is derived in Sect. 3. Furthermore, a sliding
mode state observer is introduced, see Sect. 4. Besides, the overall control structure is validated in experiments, see
Sect. 5. Finally, the paper concludes with a short summary of this contribution.

2. Modelling of the Clutch Actuator

Pulse-width-modulated on/off valves are used to provide the inlet and outlet air mass flows for the pneumatic chamber of
the actuator. Thereby, the internal pressure in the pneumatic cylinder changes, and finally drives the piston. The nonlinear
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model of the electro-pneumatic clutch can be divided into a mechanical and a pneumatic subsystem. Fig. 2a shows the
mechatronic model of the system. The considered operation range is limited by positive values 0 < z < 7, < ljar. Due to
the wear of the friction pad during operation, the position z, of the fully closed clutch increases slowly.
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Figure 2: Structure of an electro-pneumatic clutch (a) and normalised nonlinear characteristics of the clutch force (b).

Mechanical Subsystem
The acceleration of the piston rod results directly from Newton’s second law

1
2= —[Fu— A (p— po) — esp (zsp+2) — Ful, @

with m as the reduced mass of all the moving components of the pneumatic clutch, Ay as the piston surface and py as the
ambient pressure. Furthermore, a pre-load force z,,c,, of a spring with the stiffness cy), the nonlinear clutch force F; and
a lumped disturbance force Fy; are introduced. Moreover, the nonlinear clutch force

Fep = Fep g+ Fep pys 3)

can be divided in a static part F; ;; — representing the medium curve — and a hysteresis part Fy; sy, A detailed modelling
with a sixth-degree polynomial ansatz function for the medium clutch force is presented in [2], which is also employed in
this paper. The hysteresis part of the clutch force describing the deviation from the medium curve F; (z) is modelled by
the generalised Bouc-Wen model Fi; sy = Fy1 pys(2,& ). Detailed information regarding the implemented Bouc-Wen model
as well as its parametrisation is provided in [1]. The modelling results are depicted in Fig. 2b.

Pneumatic Subsystem

Pressurised air is used for the actuation of the clutch. A control-oriented model for the pneumatic subsystem based
on a mass flow balance in combination with a polytropic change of thermodynamic state for the compressed air in the
pneumatic chamber can be found in [1] and [2]. The resulting differential equation for the internal pressure is given by

. nRyTm pnAgz
P = + y
V(z) V(2)

“4)

with the actual volume of the cylinder chamber V (z) = V + Ay (Lnax — z)- The parameters in (4) are the gas constant of
air Ry, the polytropic exponent 7, and the resulting sum riz of the inlet and outlet mass flows. For a simplification of the
mechatronic model, the internal temperature 7 is parametrised with the constant temperature 7, of the ambiance. To
simplify the control design for the inner loop, the term u(t) = Ry, - T, - 11(t) is introduced as control input.

Valve Actuation

Pulse-width-modulated on/off valves are used to control the inlet and outlet mass flow rz. Compared to proportional
valves, on/off valves are much cheaper and more energy efficient. Instead of using the PWM signal and mathematical
description for the mass flow, an experimentally identification of the mass flow characteristic has been carried out, see
Fig. 3. An corresponding approximative inverse can be derived numerically with high accuracy. A pre-multiplication with
this inverse valve characteristic practically linearises the nonlinear valve characteristic.
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(a) Experimentally identified mass flow map. (b) Numerically inverted mass flow map.

Figure 3: Identified (a) and inverted (b) mass flow map of one selected valve.

3. TS Control Design for the Position of the Clutch

As a basis of the feedback control design, the nonlinear mathematical model — with the state vector x = [z z p]T as well as
the control input u = Ry T i1 — is rewritten as a quasi-linear state-space representation

X =A(z,2) x+b(z) u+e Fpj

0 1 0 0
T —Ay < 0 1
S . —_
= mP m m z |+ 0 u+ | — [Cspzsp_Akpo_Fcl+FU] s )
m
. an(Z) Fn:
0 0 l’lAk f] (Z’Z) O Dis
where the nonlinear terms
. Z
[z =c—F——= (6)

n VO +Ak (lmax - Z) ’

f(2) @)

N Vo + Ak (Inax — Z)

depend on the clutch position as well on the velocity. Note that this quasi-linear representation is still exact and does not
involve any approximation. Considering the lower and upper bounds of the nonlinear terms, the constant system matrices
of the corner models

A} = A(max fi, max f2), Ay = A(max fi,min f2), A3 = A(min fi, max f) and A4 = A(min f;, min f>) ®)
as well as the constant input vectors
by = b(max fi,max f2), by = b(max fi,min f2), by = b(min fi, max f>) and by = b(min f;, min f3) ©)

can be introduced. Given the normalizing conditions w; 1 +w;2 = 1, the ansatz w; ; for the weighting functions with
0<w;;j<1,ie{l,2}and j € {1,2},is as follows

fi(z,2) = w1 max f; +w; o min f; . (10)

The solution leads to the following expressions

w,_yl(Z,Z) = max f; — min f; s
win(z,2) = max f; — fi(z,2) (11)

max f; —min f; ’

which allow for an exact interpolation of the corner systems with the given bounds. After some formula manipulations,
the membership functions of the four corner models result in

hi(z,2) =wii(z,2)w21(2) , h2(z,2) =wii(z,2)waa(z) , h3(z,2) =wia(z,2) wai(z) and ha(z,z) = wia(z,2) waa(z). (12)

Now, the exact quasi-linear state representation (5) can be rewritten as

1=

4
=Y hi(2,2) [A)(2,2) x4+ by (2) u] + e Fps (13)
=1
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Figure 4: Membership functions of the corner models of the polytope.

State-Feedback Design Using Eigenvalue Placement
The state feedback ISIT, 1€{1,2,3,4}, is designed by an eigenvalue placement for each corner system. Therefore, the gain
vector le is calculated by a comparison of the desired characteristic polynomial of the closed-loop system

Ped(s) = (s—5c1)(s—s2)(s—sc3) , with s <0, i€{1,2,3}, (14)
specifying three eigenvalues s.; for the characteristic equation for each corner model
pels) =det (sly— A, + b, k] ) = det(sI3 —A.,;), 1 €{1,2,3,4}, (15)

where [5 is the 3x3 identity matrix and A, the closed-loop system matrix in each corner / of the polytope. Typically,
a parallel-distributed compensator (PDC), see [10] for details, is employed for the feedback control of TS state-space
models

4
urp(z,2) ==Y hi(z,2)kf x , (16)
=1

which requires the use of linear matrix inequalities (LMIs) for the stability proof. Here, an alternative approach is proposed
using the following design condition

[hi(z,2) by k[ ]. (17)

-

[hi(z,2) by] K" (2,2) = b(2) k" (z,2) =
1 ~ 1

M#

~
Il

1

This condition cannot fulfilled exactly but the equation error can be minimized in a least-squares sense. This leads to a
norm-optimal solution based on the pseudo-inverse of b(z) according to

K'(z,2) = (b7 (2) b(2)) ' 07 (2) [hi(z,2) by k] +a(2,2) by k) + h3(2,2) by ks + ha(z,2) byky | (18)

which interpolates between the constant control gain vectors k,T of the corner models. The overall state-dependent feed-
back gains are shown in Fig. 5.
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Figure 5: State-dependent overall feedback gains k7 (z,2).

The controlled system can be stated as

i = (A(z,2) —b(2) k" (z,2)) x + e Fpis, with

Ac(z,2)
4
Az,2) =) hi(z,2)4;
=1
4
b(z) =Y h(z,2)b;. (19)

N
Il
—_

Here, the system matrix of the closed-loop system A.(z,z) turns out to be constant

0 1 0
—c -b —A
A(2,2) =A(z,2) = bk (z,2) = | —2 —= 2K | = const. (20)
m m m
ac3,1 Ac32 dc33
The constant matrix elements read as follows
1 bcgp
ac31 = ; —MSc15c25c3 + Csp (Scl +5c2+503)+ s
k m
M erSea-S503 & 8c2563) 2 (51 4+ 502+ 523) + —o =
ac3n = — (8Sc18 Sc18¢3 + S8 — (s K K _—
c,3,2 Ak cldc2 cldc3 c25¢3 Ak cl c2 3 Akm Ak
b
ac33 = Sc1+ 82+ 83+ e 2D

Given the constant system matrix, the closed-loop stability is guaranteed by the specified eigenvalues in the left s-half-
plane.

Feedforward Control Design
Considering the position of the clutch as controlled state variable

y=z=[100x=c"x, (22)



ENOC 2017, June 25-30, 2017, Budapest, Hungary

the command transfer function results in

Uiﬁ?s) = [~ (A(.2) - (@)K (2.2))]'b(e) = % ' -
=A,

Obviously, the numerator of the command transfer function does not contain any 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+kya >+ ky3 '53] Yy (s) - (24)

A comparison of the coefficients in the numerator as well as the denominator polynomials leads to a; = bg - ky;,i =
{0,...,n =3 }. The corresponding position-dependent feedforward gains results in

_ Sc18c25¢3 mV(Zd)

kvo(za) on

kvi(za) = — L. SdAjns 25c3) mV (za) ;
\%4

kya(zq) = (Sc1+ 52 —;ks’cj) mV (zq) |

These feedforward gains are evaluated with desired values z; for the clutch position. For its implementation, the desired
trajectory y, (1) = z4(r) as well as the first three time derivatives are available from a state variable filter.

Dynamic Disturbance Compensation

To improve the tracking behaviour a disturbance compensation is essential. According to (5), the overall disturbance
force Fpjs = cspzsp — Ak po — Fer + Fy depends on the spring pre-load cy) zsp, the ambient pressure force Ay po, the clutch
force F,;, and a unknown force Fy that takes into account parameter uncertainty as well as unmodelled nonlinear friction.
This resulting disturbance force Fp;s has to be compensated as good as possible to achieve an accurate tracking behaviour.
Therefore, a dynamic disturbance compensation is employed. The corresponding disturbance transfer function from the
disturbance input to the controlled output becomes

FZ:ES&‘) = QT [sI — (A(Z, 2) —b(z) KT (z, Z))]_lg. (26)

G.(s) =

2c

For an ideal disturbance compensation, the condition
!
Y (s) = Gp(s) - Upc(s) + Ge(s) - Fpis(s) =0 27
has to be fulfilled. For this purpose, an ansatz function for the disturbance compensation is made according to
Upc(s) = Gpe(s) - Fpis (s) = [kpco +kpet s+ kpea - 57| Fpis - (23)

Inserting (28) in (27), the condition becomes

0= Fois [Gp(s) - Gpe(s) + Ge(s)].- (29)
#0 0

For a dynamic disturbance compensation, the corresponding ansatz coefficients have to be chosen in such a way that the
first three coefficients of the numerator polynomial become zero. The required time derivatives of the disturbance Fp;, are
calculated by real differentiation.

4. Gain-Scheduled Sliding Mode State Observer

For cost reasons, a sensor for the measurement of the internal pressure p is usually not available in real trucks. As an
alternative, an estimation of this state is envisaged. In the following, a gain-scheduled sliding mode state observer is
designed according to [3] for the estimation of the internal pressure. Furthermore, it has been shown in [9] that both
the pressure and the disturbance force Fyy cannot be observed simultaneously in steady-state phases with Z =0. As a
remedy, an effective cylinder pressure — consisting of the sum of the internal pressure and a correction term addressing
the contribution of the disturbance force Fy — is introduced with

F;
pe:p+i7 (30)
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which leads to the completely observable system representation

0 1 0 0
Fcl(zvzﬁé) —Csp- (Z“r Zsp) 0 _ﬂ 0 Z(t)
5,(t) = mz m| %@+ | ul), with x,() = | 2(1) (3D
0 npo  nz % Pe(t)
V(Z) V(Z) ——
A h(e2) by=b(2)

In a first step, a transformation matrix 7 g is calculated to rearrange the state vector in such a way that the unknown states
— the effective pressure and the piston velocity — are shifted to the first two positions in the observer state vector

010 010
xg=Tgx,, with Tg= |90 11 =1]001 (32)
el 100
Next, the state dependent system matrices have to be recalculated due to the transformed state vector xg
_ﬂ Fcl(zvzaé) —Csp- (Z+ Zsp)
| Ay iap " mz
Ag=TsA,T5' = || = 2 : (33)
28 S0 L8 agl §a22 npo nzg 0
Y& V@i
1 0 0
0
by, ] n T _ T -1
be=Tcbh = |22 =|—| and cc =¢,, T . 34
zs £ 5% |:b52 7Yﬁ(€f)i =S =m =5 ( )
0

Then, the sliding mode observer has the form

A | [ &, bg, 8 l
DU =t u— |1 G=y+1| " |v, 35
a an| |7 {bsz} 82 6= {—J 53

where %, contains the unmeasured states Z and j,, and § = 2 the measured state. 8, and g denote Luenberger type gains,

Ay

9

whereas [ € R?*! is a feedback gain vector. The discontinuous input is given by v = M; sgn(%— z), with a positive constant
gain M. Introducing the definitions
e = [ < ] (36)

De — De
and ey = Z—z, (34) and (35) lead to the following dynamics

el |4 an| e &
& | | dd anl||e 82

With a new error variable e; =¢e; +1 ey, the error dynamics w.r.t. the state variables ¢; and e, can be expressed as

ey + [_ll] v. (37)

&l LOJD. (38)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

|€{| An+lQ§1 1212—(A11+ZQ§1)1_§1+L(a22—g2)
¢y

5 T : T
€y as 922_82_221£

Here, the additional switching input v affects only the last row. By a proper selection of the gain vector g, , the vector
Q]z—(An‘Fng])l—gl+l'(022—82):Q (39)

vanishes. Therefore, in the case of v = 0, the asymptotic stability of the error dynamics (38) can be guaranteed by
choosing the gain vector [ and the scalar gain g as follows

det(s — (Ay, +1ab))) = (s+p1)? (40)
det(sI — (azn — g2 — a5 1)) = (s+ pa) , (41)

where p; > 0 and p, > 0 determine the desired characteristic polynomials of the block diagonal matrices, respectively.
The additional switching input v yields the potential to provide robustness against certain classes of model uncertainty.
Considering chattering that may be caused by the discontinuous components, the tanh function is used in the implemen-
tation instead of the sgn function.
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5. Experimental Results
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Figure 6: Block diagram of the implemented control structure.

The overall control structure — involving feedback control, feedforward control, and observer-based disturbance estimation
as well as disturbance compensation — is shown in Fig. 6. Note that a hysteresis model is employed for a correction of both
the state observer and the disturbance compensation, evaluated with measured values. The pneumatic valve characteristics
are compensated by inverse flow maps. A dSPACE real-time system is used to drive the test rig. The supply pressure
ps for the on-off-valves is available at a level of pg ~ 9-10° Pa. The desired trajectory for the clutch position as well as
its corresponding time derivative are depicted in Fig. 7. The clutch is fully closed at z = z;;, = 0.0385 m. Furthermore,
different scenarios are presented in the desired trajectory: a complete opening and closing of the clutch for e.g. gear
shifting is considered as well as a simulated step-wise start-up of the truck.
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(a) Desired trajectory for the position of the clutch. (b) Corresponding trajectory for the desired velocity.

Figure 7: Desired values for the experimental investigation of the clutch.

The overall control concept has been successfully validated at a test rig at the Chair of Mechatronics, University of
Rostock. The corresponding experimental results for the tracking behaviour with small tracking errors are presented in
Fig. 8. The maximum absolute position error is max(|e|) & 2 mm, which occurs at ¢ = 28 s. For the purpose of a parameter
identification, a pressure sensor is installed at the test rig. As already mentioned in Sect. 4, however, a pressure sensor is
not available in real trucks. Therefore, an estimation of the effective pressure is performed by a sliding mode state and
disturbance observer. The obtained results are depicted in Fig. 9, which indicate an accurate estimation of the internal
chamber pressure.

6. Conclusions

In this paper, a model-based control concept for a electro-pneumatic clutch is presented. First, a control-oriented model is
derived based on physical modelling. Thereby, the main nonlinearities can be attributed to the clutch force characteristics
with hysteresis and to the pneumatical subsystem. The control design is based on an exact Takagi-Sugeno representation,
where the nonlinear control-oriented model is written in a quasi-linear form. Considering the given bounds of the nonlinear
terms, four corner models with constant system matrices and corresponding membership functions are introduced. In
each corner, a linear state feedback is designed. With the help of a pseudo inverse, a norm-optimal adaptive feedback
gain vector can be derived that leads to a constant closed-loop system matrix. The specified eigenvalues guarantee,
hence, asymptotical stability of the controlled system. Furthermore, a model-based feedforward control and a dynamic
disturbance compensation are designed to improve the tracking behaviour regarding a desired trajectory for the clutch
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Figure 8: Comparison of desired and measured values (a) and the corresponding tracking error (b) regarding the clutch
position (experimental results).
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Figure 9: Measured internal pressure and estimated effective pressure (experimental results).

position. Additionally, a sliding mode state observer is designed to estimate an effective pressure in the chamber. Finally,
the overall control structure has been successfully validated on a dedicated test rig available at the Chair of Mechatronics,
University of Rostock.
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