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ABSTRACT-Due to the clutch’s non-linear dynamics, time-delays, external disturbance and parameter uncertainty, the
automated clutch is difficult to control precisely during the launch process for automatic mechanical transmission (AMT)
vehicles. In this paper, an enhanced fuzzy sliding mode controller (EFSMC) is proposed to control the automated clutch.
The sliding and global stability conditions are formulated and analyzed in terms of the Lyapunov full quadratic form. The
chattering phenomenon is handled by using a saturation function to replace the pure sign function and fuzzy logic
adaptation system in the control law. To meet the real-time requirement of the automated clutch, the region-wise linear
technology is adopted to reduce the fuzzy rules of the EFSMC. The simulation results have shown that the proposed
controller can achieve a higher performance with minimum reaching time and smooth control actions. In addition, our data
also show that the controller is effective and robust to the parametric variation and external disturbance.
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NOMENCLATURE

I L i+ currents of the two-phase stator coils
Vas» Vis Ves & VOItages of the two-phase stator coils

J. : moment of inertia of the rotor

kr : coefficient of the equivalent torque of resistance

L : resistance and inductance of the three-phase
stator coils

M : denotes mutual-inductance of three-phase

stator coils

2 : number of poles of the rotor

R : resistance and inductance of the three-phase
stator coils

Ve : voltage of the DC supplying resource

Ao : amplitude of the flux-linkage built by the
permanent magnet

6 : electric angle of the rotor defined as the angle
between d-axis and a-phase axis stator

@, : angular velocity of the rotor

A, : peak value of the triangle signal

*Corresponding author. e-mail: jyang@engineering uiowa.edu

B, : damping coefficient of the rotor
Cnm : damping coefficient of the membrane spring

1. INTRODUCTION

In recent years, the AMT has gained much more attention
(Chen et al., 2000; Shen and Wu, 1999; Hahn and Lee,
2002). The system consists of a manual gear shift device
with an actuator, and a clutch and a gear controlled by an
electronic control unit (ECU). The AMT works with the
actuator which a program controls according to the
vehicle’s driving condition and the driver’s intention.
When compared with automatic transmission (AT) systems,
the AMT offers some advantages in terms of overall
system costs (simpler system) and fuel consumption
(higher mechanical efficiency). Significant fuel savings
of 4~5% on the standard driving cycle are advantageous
given market demands (Montanari and Ronchi, 2004).
As an important subsystem of the AMT, the automated
clutch can be declutched and engaged automatically. The
engagement must be controlled to satisfy different and
sometimes conflicting objectives, such as small friction
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losses, minimum time needed for the engagement and
preservation of driver comfort during the launch process.
A proper normal force to the clutch-driven disk is the key
to satisfy all of these goals. There are two issues in
controlling the clutch properly, one is how to implement
the engagement law, and the other is how to make the
clutch follow the law in a timely manner (Liu et al.,
2002). The controller can be divided into upper level and
lower level, where the upper level is used as the engage-
ment law that includes the description and abstraction of
the system, the identification of the symbol and environ-
ment as well as the controlling law’s online studying and
adjusting the lower level, mainly discussed in this paper,
is used to enforce the clutch to follow the engaging law.
But tracking control involving the automated clutch of
AMT has several difficulties owing to clutch’s non-linear
dynamics, time-delays, parameter uncertainty and exter-
nal disturbance (Gaillard and Singh, 2000).

Several control strategies have been developed for
controlling the motion of the automated clutch of AMT
driven by electropneumatic (Tanaka and Wada, 1995),
electrohydrautic (Horn et al., 2003; Glielmo et al., 2006)
or electromechanical approach (Zhang et al., 2002), in
which H” control theory (Hibino et al., 1996), the fuzzy
control (Hayashi ef al., 1993) and optimal contro} (David
and Natarajan, 2005) are applied, respectively. James and
Loh (Slicker and Loh, 1996) have presented the design of
a vehicle launch control system for AMT. Zanast (Zanasi
and Visconti, 2001) has discussed dynamic modeling and
engagement control for the automotive dry clutch. Garofalo
and Glielmo (Garofalo and Glielmo, 2001; Glielmo and
Vasca, 2000) have considered the control of the dry
clutch engagement process for the automotive application
in which the slip control technique and linear quadratic
state feedback controller are applied to solve a finite time
optimal control problem. These control algorithms have
computational efficiency and are easy to implement.

This paper mainly discusses trajectory tracking of the
clutch position using a brushless DC motor as the actuator
during the launch process. Compared with hydraulic servo
systems (Montanari and Ronchi, 2004), the brushless DC
motor driving system has several advantages such as
higher efficiency and saving space (Lee and Youn, 2004).
To obtain the optimum operating control of the auto-
mated clutch of AMT, it is necessary to investigate the
automated clutch system with an advanced control law.
Fuzzy sliding mode control (FSMC) has been applied in
control engineering (Ha ez al., 1999; Kaynak et al., 2001;
Yu et al., 2003) as a robust and precise algorithm.
However, an inevitable chattering from the switch of the
control structure exists, and this will cause torque ripple.
Furthermore, the expensive computing requirement of
the complicated algorithm in FSMC may also limit its
on-line application to the automated clutch. This paper

proposes EFSMC to track the desired trajectory. In order
to control the automated clutch in real-time, the region-
wise linear technique is adopted to reduce the number of
the fuzzy rules for the fuzzy logic adaptive controller.
The simulation results will demonstrate the advantages of
the enhanced fuzzy sliding mode control system.

The organization of this paper is as follows. In Section
2, the automated clutch system and dynamics analysis are
discussed. The conventional sliding mode controller
(CSMC) is designed in Section 3. An enhanced fuzzy
sliding mode controller is proposed in Section 4. The
numerical simulation results are compared for the auto-
mated clutch system with CSMC and EFSMC in Section
5. Finally, several conclusions are drawn in Section 6.

2. AUTOMATED CLUTCH SYSTEM AND
DYNAMIC ANALYSIS

An accurate system model is the key for the controller
design and dynamic analysis of the automated clutch.
Although the physically full-order model of the clutch
system can be theoretically derived to demonstrate its
validity, it is not practically suitable for the controller
design due to its complexity. In this paper, the
J4001050917016 transmission (Transmission of AUTO.,
2005) used in a JNJ7080A vehicle is adopted and a
reduced model is therefore derived intentionally for the
design of the position controller.

The simplified schematic of the clutch control system
is depicted in Figure 1. The clutch consists of two disks
connected to the engine shaft and to the gear-box shaft in
the driveline. It is possible to control the clutch position
using a mechanical actuator that is driven by a brushless
DC motor. In this way, the torque transmitted from the
engine to the wheels can be modulated and the shift
change will be available during the disengagement phase
where the clutch system includes two parts: the brushless
DC motor and the clutch with the mechanical actuator.

Controller

Brushless DC motor

Mech. actuator

Figure. 1 Automated clutch system scheme.
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2.1. Modeling of Brushless DC Motor

Physically, a brushless DC motor has the same structure
as a synchronous machine, which has high torque gene-
ration with a low speed. In this research, a brushless DC
motor is adopted to act as the electronic servo actuator.
The sine induction electromotive force may be generated
by the motor, and the three coils of the stator are identical
and distributed equally around at an angle of 120 degrees.
Thus, the voltage equations of the coils of the stator can
be written in a matrix form as follows (Chen and Tang,
1999; Wu ez al., 2005).

v. | [R 0 0|

as as

L-M 0 0

v |=|0 R O|li, |+| 0 L-M 0
v, 0 0 R i, 0 0 L-M
1
4 i, sin(é,) )
p iy, (@A, | sin(@, —27/3)
i sin(6, +27/3)

The dynamic voltage equation of equilibrium for the
brushless DC motor with an external torque can be
expressed in terms of the rotor angular velocity (Faiz et
al., 1996).

Je(gJﬂ=T;_Bm[£]wr_TL
p) di p

where T; is the resistant torque of the rotor. 7, is the
electromagnetism torque of the motor and can be defined
by

@

T = g—/lm[ias Sin@, +i,, sin(@, —27/3)+i, sin(6, +277/3)]
3)

The general brushless DC motor driving system mainly
consists of seven different parts: a brushless DC motor
coupled with an actuator, a ramp comparison, a current-
controlled PWM voltage source inverter (VSI), a unit
vector, a coordinate translator, a current control loop and
a clutch position control loop. The brushless DC motor
used in this drive system is a three-phase four pole
79.2W, 12V, 5A type.
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Figure 2. Load-deflection curve for the membrane spring
clutch.

2.2. The Dynamic Model of Clutch with the Mechanical
Actuator

The lever of the clutch acts as a proportion of force/
torque. The equivalent load torque T, of the motor’s rotor
relates to the membrane spring force and the displace-
ment x, as

4)

where F,(x) is the approximate expression of the
membrane mechanical performance.

The load-deflection curve for the membrane spring of
the clutch is plotted in Figure 2, which was obtained from
the experiment data. During numerical applications this
nonlinear function can be approximated by a 4th order
polynomial in terms of x displacement as

T, =k, [F,(x)—c,X]

F (x)=-2.71x* +59.5x' —~444.4x* +1218.4x+87.5 )

2.3. Simplified Model and State Variable Representation
In the PWM circuit of the brushless DC motor, if the
phase’s circuit signal V,=A,sin(«x), then the phase voltage
v, in equation (1) can be written approximately as

Q)

Voc A sin(@1)
24,

vll& =
where A, denotes the peak value of the triangle signal,

Simplified Brushless DC motor model

TLl
Enhanced fuzzy TR 1
Xy L 1 p e p ol 2
sliding mode - ' it ) ..>+®> — z
- controller (L-ADs+R |75 ) 2Js5+B, i r
M

o o e o - e o - ot o )

Figure 3. Block diagram of the automated clutch using fuzzy sliding mode controller.
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which generates the PWM signal by comparing with V.
A constant gain for the simplified model of the PWM
circuit can be defined as

PR ™
noo24,

The decoupling-control technique (Phakamach et al.,
2002; Lin et al., 2001) is introduced in this paper; the
equation (1), (2) and (7) is transformed by the Laplace
transform. Thus, the circuit loop can be simplified to be a
single-input-single output system, as shown in Figure 3.
The current compensator G is used to follow the desired
current quickly and efficiently.

If the state variable vector is expressed as X =[x,)é,)’c']T
=[x1,%2,x;]", then the mathematic model of the system
can be written in the form of a state space

X =F(X)+GUM)+ f,1 ®)
where
01 01x 0 0
F(X)=l0 0 I |lx|, G=|0], U(;):,';, I=|0}. (8a)
0 -a, -a; || x, b 1
212
g =3B RECI3P A, B (GHR (g
8J_(L— M) J, L-M
=3p/1mdelkA , fL=_&TL_M' (8¢)
4J,(L- M) J, J(L-M)

3. DESIGN OF THE CSMC

This section is a brief review of sliding mode control
system. For the automated clutch driven by a brushless
DC motor to have a desired error dynamics with a zero
steady state error in equation (8), we consider the non-
linear, single-input, single-output (SISO) motor-mechanism
coupled system

(=X D+gX,.0U0+ f(X,0) ®)

where U(f) is the control input vector i, , f(X.f), g (X.)
and f(X,r) are approximated by using the estimated
functions f(X,t)=—da,x,—asx; , §(X,t)=b and

7 _ kg _k,(R+G)T;
gt Je-m
by known functions AX,t), 8X,0) and Ffu(X.1)

obtained by experiment. Therefore, we can rewrite these
functions as follows:

respectively, and bounded

FX.0)=F(X,0+ F(X,0) (10a)
g(X,0=g(X,0+&(X,0 (10b)
F(X,D = F (X, 0+ [,(X,1) (10c)

The control problem will be to find a control law so that

the state X can track the desired trajectories X, in the
presence of the uncertainties. That means that it is
required to drive the tracking error asymptotically to zero
for any arbitrary initial conditions and uncertainties. Sup-
posing the tracking error vector has the following form

E=X-X,=[e, ¢, é]T=[el,ez,es]T (1n
where
X, =[x, %, %1 (12)

A sliding surface s(?) in the state space R’ is defined by
the scalar function

s(X,0)=Ce,+C,e,+e;=0 (13)

where C, and C, are constants of sliding mode. The
convergence rate of the sliding trajectory depends on the
coefficients C, and C,. These coefficients are determined
by the Hurwitz condition and pole assignment such that
$(X,t) has the exponential stability of the sliding
dynamics.

The tracking problem will be to find a control law U(r)
so that the state X remains on the surface s(X,7)=0 for
all > 0. The control law U(¢) consists of the equivalent
sliding component U,,(t), which forces the system state
to slide on the sliding surface, and the hitting control
U,(t) that drives the states toward the sliding surface.
The control law can be chosen from (Yu et al., 1998):

U=U,+U, (14)

3.1. Sliding Mode Control Law Design

From Equation (14), the first step is to determine the
equivalent control law U, which keeps the state of the
system on the sliding surface. The equivalent control law
is obtained by the following equation:

=0- (15)

Assuming all uncertainty factors are zero, then we have

C,e2+Cze3+f+§Ueq+fL_35d -0 (16)
Solving Equation (16) yields
U, =-8"(Ce,+Coey+ f+ 1, - %)) 17

3.2. Hitting Control Law Design
A Lyapunov function candidate is chosen as follows:

V=%s3(X,r) (18)

It is shown that if there exists a positive constant 77, such
that

. 1d, ,
V=57t(s (X,0)<-nls|<0 (19)

then the state trajectories hit the sliding surface s. In order
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to satisfy the hitting condition of Equation (19) in the
presence of uncertainties, the hitting control law is
chosen as:

U, =-§""(Ksgn(s)),(K >0) » (20)
where
1 if s>0
sgn(s)=4 0 if s=0 @n
-1 if s<0

Equation (19) will be

V=s5i=s(Ce,+Coe,+ f+gU+ f, - %)< -n]s| < 0- (22)
Equation (22) can be represented as

[Ce,+Che,+ f+ 1, =X, Isgn(s)+ gUsgn(s) < -1 (23)
Substituting Equations (14), (17) and (20) into (23) yields

[Ce, +Coe, + f + £, — %, Isgn(s) “fﬁ‘

- s @4)
(Ce,+Ce+ f+f; —')'c;,)sgn(s)—gK -7
The optimal value of K will be
Ir., . =
Kz=[&(f + ], +nsen(s) -
g (25

2(Ce,+Coey+ [+, =) Jsen(s)

To alleviate the chattering phenomenon, the quasi-linear
mode controller (Slotine and Li, 1991), which replaces
the discontinuous control laws of Equation (20), is
adopted. The U, in Equation (20) is replaced by

U =g (K sat(ijj 26)
£

where £>0 is the width of boundary, and the function of
sat(s/€) is defined as

1 if s>e¢,
sar(ij= S if _g<s<e @
£ £
-1 if s<-e&.

This leads to tracking within a guaranteed precision ¢,
while allowing the alleviation of the chattering pheno-
menon.

4. DESIGN OF THE EFSMC

In the general sliding mode control, the switching
feedback gain K in Equation (26) is a constant, which can
influence the performance of the sliding mode controller.
Figure 4 shows the effects of the switching control gain K

s(x,6)=0

Figure 4. Effects of the switching control gain K on the
control performance.

on the control performance (Abdelhameed, 2005). If K is
large, the system states reach the sliding surface quickly,
but a considerable amount of overshoot is noticeable. In
addition, the chattering would occur as depicted in curve
“A”. If K is small, it takes a longer time to reach the
sliding surface. The sliding line may be shown in curve
“B” and the chattering phenomenon is weakened. The
curve “C” represents the desired curve to be attained.
Therefore, a fuzzy logic adaptation system (FLAS) is
adopted here, in which a fuzzy inference mechanism is
used to estimate the switching feedback gain K. The
sliding surfaces s and s are considered as the inputs of
the fuzzy adaptation system. Compared with the conven-
tional estimator, the fuzzy inference mechanism uses
prior expert knowledge to accomplish the control object
more efficiently.

4.1. Region-Wise Linear Fuzzy Logic Adaptation System
(RWLFLAS)

One key aspect involved in the design of the FLAS is the
complexity of the fuzzy logic controllers, which
increases as the number of fuzzy if-then rules increases.
The number of rules increases exponentially as the
number of input variables of fuzzy controller increases. If
I' is the number of fuzzy sets for s and s, the number of
the complete rule bases is equal to I', X I'; . In order to
reduce the number of fuzzy control rules in the FLAS, the
region-wise linear technique (Fung and Shaw, 2000) is
adopted. Therefore, the EFSMC is proposed here, in
which a region-wise linear fuzzy inference mechanism is
used to decrease the complexity of the FLAS.

Figure 5 shows a block diagram of the proposed
enhanced fuzzy logic adaptive sliding mode controller.
The RWLFLAS is proposed to adapt the switching gain
K in order to achieve desired tracking while minimizing
the reaching time, chattering of the control action and the
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Region-wise linear fuzzy
logic adaptation system

Disturbances

K (1)

U

Dynamics of automated
clutch system

Sliding mode surfaces

s(r) & $(r) of Eq.(13)

___________________________________

Figure 5. Block diagram of the enhanced fuzzy sliding mode controller.

computational burden of ECU, all without causing
overshoot or instability. The RWLFLAS balances the
chattering and the error in the system and tunes the
switching feedback control gain K in such a way to
achieve best tracking. Replacing K by K; in Equation
(26), the following control law can be obtained

U(t)=Ueq—§_l(Kfsat(§)),

where K is adjusted by the RWLFLAS.

(28)

4.2. Design of the RWLFLAS

The RWLFLAS consists of three modules as depicted in
Figure 6: fuzzification, inference engine and defuzzi-
fication. The main goal for the RWLFLAS is to obtain a
gain change Ak; so that the switching feedback control
gain K, varies with the automated clutch configuration.
Since the output K; is in its corresponding universe of
discourse, the output change Ak, of RWLFLAS could

then be transferred by multiplying a scaling factor GK
(Fung et al., 1999). And AK, can be given by

AK;=GK*Ak; (29)
The actual output is defined as
Kim)=K/(n—1)+AK; (30)

where #n is the number of iterations.

The signals s and § should be transferred to their
corresponding universes of discourses by multiplying
scaling factors GS and GDS respectively as

S = s*GS, S=s*GDS (31)

To achieve the control objective, a scaling factor tuner
(SFT) is introduced to tune the scaling factor GK The
output of the SFT is determined by the following
strategies: (1) when the state of the represented point is
near or approaching the sliding surface, a small control
signal is required. Hence, we reduce the value of scaling

RWLFLAS

[T T T T Y [rEmmmssmsmsmmms s e 3

| pmmmmmm ooy H ) ' )

Ky 1y ] H 1 ' 1

Gs it ' o : :

B s— s P Fuzzy rule ' )

§ i E S} ; ; t | Tf..and..then ; 5

l | ™ ' ¢ 1| I.and.then i ;
. :| P ! || Ak AK

' M t : i - 1 1 !

11 Region-wise linear ; I | If..and...then ' ] K 4

11 fuzzy logic system | /{X 4 L ;

' ; L o l/L P :

! | | Inference i1 | Defuzzification | |

E Fuzzification module P module P module :

: I [ 1

Figure 6. Structure of the RWLFLAS.
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> S
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Figure 7. Membership functions of S, $ and Ak,

factor; (2) when the state of the represented point is far
from the sliding surface, the value of scaling factor must
be enlarged so as to make the state approach toward the
sliding surface faster. The SFT is given by

{IF ls|2 s,

IF |s|<s,,

— 4 %,k
THEN GK =aq, e]k 32)
THEN GK =b, *e¢*
where a,, b, k,; and k, are the constants, and e, is the
error of the actual and desired trajectories. s. is a positive
switch constant that is determined according to the
sliding surface.

In order to reduce the number of fuzzy control rules in
the FLAS, the inputs S and § are linearized using the
region-wise linear technique. The conventional FLAS
membership functions of inputs S, S and output Ak; are
defined in Figure 7. There is no universal method to
determine their values. Therefore, simple trial and error is
used in practice and the discourses are all assigned to be
[-4, 4]. The significance of the universe of discourse lies
in the fact that the input variables belonging to each
universe of discourse are mapped from measured values
with corresponding scaling factors, respectively. The

Table 1. Linguistic rules based on the FLAS.
S
NB NM Z PM PB
S NB PH PB PM PS Z
NM PB PM PS Z NS
Z PM PS Z NS NM
PM PS Z NS NM NB
PB Z NS NM NB NH
The linguistic control rules are defined as
N: Negative, Z: Zero, P: Positive, NH: Negative Huge, NB:
Negative Big, NM: Negative Medium, NS: Negative Small,
PS: Positive Small, PM: Positive Medium, PB: Positive Big,
PH: Positive Huge
For the purpose of illustration, a few control rules in Table 1

are described below:
IF S is PB and S is PB, THEN Ak, is NH

Ay

fuzzy logic system rules are shown in Table 1.

IF S is PB and § is PB, THEN Ak;is NH. This control
rule states that if § and § have large positive values,
which is equivalent to ss being largely positive, then a
large negative change of the control input is required to
decrease ss quickly.

IF S is PB and S is NB THEN Ak; is Z or IF v is NB
and S is PB THEN Ak, is Z

This control rule implies a situation when ss is largely
negative, which is the desired situation, and there is no
need to change the control input.

JIF S is NB and S is NB THEN Ak, is PH

This control rule states that if S and S have large
negative values, which is equivalent to that ss being
largely positive, then, a large positive change of the
control input is required to decrease ss quickly.

From Table 1, the fuzzy control rule bases for the
fuzzy logic controller are symmetric, and the output
variable of the controller depends on the negative weight
sum of two input variables (Yu et al., 1998). Therefore,
we defined

§'=5+S (33)

Let the input and output fuzzy variables of the
RWLFLAS have nine linguist labels that are denoted by
PH, PB, PM, PS, Z, NS, NM, NB and NH. The
relationships between S, S and S are list in Table 2. The
rule bases for the RWLFLAS are depicted in Table 3.
Membership functions of §* and Ak, are shown in Figure
8. In order to implement this fuzzy controller in the ECU

Table 2. Relationships between S, S and S.
S
NB NM Z PM PB
NB NH NB NM NS Z
NM NB NM NS Z PS
Z NM NS V4 PS PM

PM NS Z PS PM PB
PB z PS PM PB PH

5
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Table 3. Rule base for the Region-wise linear fuzzy logic
system.

S PH PB PM PS Z NS NM NB NH

Ak NH NB NM NS Z PS PM PB PH

NH NB NM NS Z PS PM PB PH

‘S'

-8 -6 -4 -2 0 2 4 6 8
NH NB NM NS Z PS PM PB PH

> Ak,
-4 -3 -2 -1 0 1 2 3 4

Figure 8. Membership functions of S” and Ak;.

in real-time, the fuzzy inference mechanism will be
simplified to build a decision look-up table by the
mapping process.

The input for the defuzzification process is a fuzzy set
(the aggregate out fuzzy set) and the output is a single
crisp number. This output represents the output of the
RWLFLAS. In this paper, a center average defuzzi-
fication, a Mamdani implication in the rule base and a
product inference engine are used in designed defuzzi-
fication module. The output of the RWLFLAS can be
written as:

= Do ()
7 Ea— :
Zi:l Hj=1 'uu(S )
where r is the number of rules, £ is the number of inputs,

a=[a, ..., &,..., &]" is the vector of the centers of the
membership functions of Ak,

(34

4.3. Stability Analysis for the EFSMC

In this section, the EFSMC system is checked for stabi-
lity and robustness with regard to parameter fluctuations
of the original system (8), in which the switching
feedback gain can be estimated by adopting the RWLFLAS.
However, the switching gain is a constant for the CSMC,
and the reachable condition has to be met as follows

K =max {i[g(f+ﬂ +1sgn(s))
g (35)

—8(Ce, +Coey + J} + J}L X, ):| Sgn(s)}
where { is a positive constant.

For the EFSMC, the switching gain can be adjusted
according to the input of RWLFLAS §°; therefore, the

Lyapunov function V has to be met, substitute equation
(13), (28) into (19)

V=ss=s(Ce,+Cye, +¥-X,)

=~{j+ﬁ_£:(clez +Czes+J}+J;L_3"d)
g

g K
-1 2=
: fsat(gﬂ ns|

then, the output of RWLFLAS Ak,

(36)

sat{s/e) gl - - g A
Akf ZT{E{I‘-}'ﬂ‘_E(C162+Czez+f+ﬂ_xd)}
37

sgn(s)+f7—Kf(n—1)}

Ak; can satisfy the condition (36) by adjusting the
parameters of GU, which satisfy the Lyapunov function
V<ss<0.

5. NUMERICAL SIMULATION

To illustrate the effectiveness and robustness of the
proposed controller, the numerical simulation of launch
control has been carried out on the automated clutch. In
order to compare the performance of the proposed
controller with that of the CSMC, the system parameters,
the coefficient of the hyperplane and external distur-
bances are chosen to be the same. The vehicle launch of
automated clutch is driven according to the following
desired trajectory, which is obtained from the experiment
data (Liu and Zhang, 2002).

x=8x10-1.633x102 2, (x,20) (38)

With a nonlinear dynamic system for the automated
clutch, the performance measures such as reaching time ¢,
are recommended (Lin et al., 2001). Furthermore, the
computational time of each iterative step for EFSMC,
FSMC and CSMC is introduced during the simulation.

According to the Hurwitz polynomial, suppose the
eigenroot of the sliding mode is [-979.6, —20.4], then
C=2x10°, C,=1x10°. In addition, the gains of the
conventional sliding mode control law are obtained by
using £=0.01 and K=5x10", and the parameters of SFT
are given by s=10, a=2.0x10°, b=10, k,=0.9 and
k,=0.9.

The parameters of the automated clutch are chosen in
numerical simulations as follows:

p=4, R=021Q, L-M=1.49x10" H, A,=0.105Vs/rad,
J=1913x10* kg.m’ B,=0.1Nm/s, K,=12.5, G=10,
Vpe=12V, A=6.0V, k=4.552x107, k;=0.02, cm=0.1N/s.

The simulation time is 0.8s. The sampling time step
size for simulation is 0.4 ms. The objective is to control
the clutch to move from the initial position to the end.
Hence, the vehicle launch can be analyzed in this investi-
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gation adopting the CSMC and EFSMC methods respec-
tively.

Considering the worst working condition of the auto-
mated clutch, many uncertain states will occur during the
running period of vehicle when the automated clutch of
the AMT vehicle works in the worst condition. For
example, the clutch is being detached and the deduction
of ECU is obtained by judging the input signals, which
requires the clutch to engage immediately, or the initial
position of the clutch is changed due to installation error
and there is a longer time wear and tear during the
running period. To improve the safety of the vehicle and
to reflect driver’s intention quickly, it is desirable for the
control system to have the capacity for fast recoveries
from the abnormal instances. Therefore, in order to
reflect the actual work state of automated clutch, the
external disturbance force is chosen as fr=—S50N~50N;
the parameters of automated clutch, a, a; and b can
fluctuate in £10% randomly. The initial position of clutch
is assumed to be 9 mm.

The dynamic responses obtained by employing the
CSMC and EFSMC to the automated clutch have been
shown in Figures 9 and 10, which shows the tracking
performance, tracking errors, controlling actions and slid-
ing surfaces, respectively. Figures 9(c) and 10(c) show

x (1), x,(r) [mm]

0 01 02 03 04 05 06 07 08
t [sec]

©

that the control input current i, has one jerk in the
inflexion of the tracking trajectory at the exact moment
0.7s.

A faster tracking response can be observed by
employing the proposed EFSMC. The sliding surface s
can be decreased rapidly as shown in Figure 10(d).
During the sliding phases, the actual trajectory response
of EFSMC approaches the desired trajectory xz). The
chattering phenomenon of the control response i, can be
observed both in Figure 9(c) and Figure 10(c), and a
noticeable increase of the control action i, in Figure 10
(c) is observed during the reaching phase. A faster
tracking response is observed by employing the proposed
EFSMC and the reaching times ¢, for CSMC and EFSMC
are 0.18s and 0.06s, respectively. The reaching time is
decreased by 66.7%. After the reaching time ¢,, the actual
trajectory response x,() is almost identical to the desired
command x,(7). However, the computational time of each
iterative step for FSMC, EFSMC and CSMC are 0.547
ms, 0.379 ms and 0.215 ms, respectively (including the
model of automated clutch) during the process of
simulation. Compared with the FSMC, the computational
time of each iterative step for EFSMC has been shortened
by 30.7%, which can satisfy the real-time requirement of
the automated clutch system of AMT.

s H
[ 0.1 0.2 03 05 0.6 07 o8

04
t [sec]

@

Figure 9. Response trajectories of CSMC (a) clutch position trajectory x,( f) and x,() (b) error e(#) (c) control input i (1)

(d) sliding mode surface s(f).
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Figure 10. Response trajectories of EFSMC (a) clutch position trajectory x,(f) and x,(#) (b) error e(r) (c) control input

i;(t) (d) sliding mode surface s(?).
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Figure 11. Outputs of speed and torque adopting EFSMC and CSMC, respectively.

The output rotate speed and torque of the automated
clutch adopting EFSMC and CSMC are shown in Figure
11. The rotate speed of the automated clutch can be
increased more flatly by using the proposed EFSMC than
by using CSMC as shown in Figure 11(a), which can
improve the passenger comfort and lessen friction loss.
Correspondingly, the output torque of the automated
clutch system transmitted from the engine to the cluich is

also more blandly than by adopting the EFSMC during
the launch process. Therefore, the AMT vehicle can be
rapidly launched which reflects the intention of driver
and decrease the impact by adopting the EFSMC.

6. CONCLUSIONS

This paper has proposed an enhanced sliding mode cont-
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roller and applied the controller to the position control of
the automated clatch for AMT vehicle launch using a
brushless DC motor drive. A complete mathematical
model of the automated clutch with brushless DC motor
driving was developed. The region-wise linear technology
was used to decrease the fuzzy rules of FLAS; the speed
of fuzzy inference was improved and the computational
time was reduced. The simulation results demonstrate the
effectiveness and robustness of the proposed controller.
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