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Abstract

A compound control method of sliding-model variable structure and fractional order
PI"'D“(SMC-FOPID) is proposed based on such factors as strong nonlinearity, time-varying
parameters, disturbance, time delay, as well as the rapidity of a working clutch system in the
process of automated manual transmission (AMT) clutch control. The self-tuning of the
composite weight coefficient is realized by the fuzzy inference algorithm with single input and
output. The coordinated control of the SMC-FOPID is realized through the real-time
adjustment of the composite weight coefficient. The control performances of proportional-
integral-derivative (PID), fractional order PI'D* (FOPID), sliding-model variable structure
control (SMC), and SMC-FOPID were compared based on the performance index integral of
time multiplied by absolute value of error (ITAE) to study the position tracking of an AMT
clutch in the working process. The simulation result showed that the SMC-FOPID control
method had higher synthetic control performance compared with the PID, FOPID, and SMC
control methods. The feasibility and superiority of the position tracking of an AMT clutch
with an SMC-FOPID controller were verified.

Keywords: Sliding-model variable structure, Fractional order PI‘D*, Compound control,
AMT, Clutch

1. Introduction

The automatic control of an automated manual transmission (AMT) clutch requires
the solution to and the tracking of the rule of the clutch engagement through reasonable
control by the clutch actuator [1, 2].

The control method of the sliding-mode variable structure of the clutch was
presented in the literature [1-6]. The control characteristics of the clutch were improved
by the robustness of the control method against system disturbance and parameter
changes. The dynamic sliding-mode control [7, 8] and fuzzy sliding-mode control [9]
were proposed to mitigate the chattering phenomenon that occurs in traditional sliding-
mode controllers and to improve system robustness. However, the actual system has the
inevitable problems of spatial lag and time delay because of the switching device. As a
result, the sliding-mode motion does not exactly occur on the ideal switching plane and
easily causes the severe chattering of the system [10].
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The jitter in the torque transmission in the clutch engagement process usually occurs
in the clutch system, resulting in impact attributed to vehicle gear shifting and the
increase of the sliding friction of clutch.

The fuzzy proportional-integral-derivative (PID) control method of the clutch was
proposed in the literature [11-13]. This method can effectively overcome the
uncertainties of the clutch system and the effect of time-varying parameters while
avoiding the chattering caused by sliding mode control. However, the three-dimensional
fuzzy PID controller can degrade the dynamic performance of the system [14].

The compound control method (SMC-FOPID) of SMC and FOPID was proposed
based on the consideration of the strong nonlinearity, time-varying parameters,
disturbance, time delay, and other factors in automatic clutch control, as well as the
rapidity of the working clutch system. The rapidity and robustness of the position
tracking of AMT clutch were ensured with the SMC. The high-frequency chattering
near the origin of the sliding-mode plane was controlled by the FOPID. The position
tracking characterized by non-overshooting and zero static error was finally achieved. A
fuzzy inference mechanism with both single input and output was designed to self-tune
the composite weighting factor in real-time to realize the coordinated control of SMC
and FOPID.

2. Mathematical Modeling of the Clutch System

2.1. Clutch structure and transmission relationship

The schematic diagram for the automatic clutch system studied in this article is
shown in Figure 1. The system is composed of a drive system (DC motor, reduction
gear mechanism, and lever mechanism) and clutch (diaphragm spring, pressure plate,
clutch plate, and flywheel).
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Figure 1. Schematic diagram of AMT clutch system
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1. Output shaft gear of motor 2. First large reduction gear 3. Second small reduction
gear 4. Second large reduction gear 5. Crankshaft 6. Drive plate hub 7. Flywheel 8.
Clutch plate 9. Friction pad on the pressure plate side 10. Cushion spring 11. Friction
pad on the flywheel side 12. Pressure plate 13. Diaphragm spring 14. Main shaft 15.
Release bearing 16. Release lever 17. Push rod

As shown in Figure 1, when the DC motor rotates clockwise, the reduction gear
mechanism and lever mechanism are driven to cause the right shift of the release
bearing. Clutch engagement is realized through the diaphragm spring and pressure
plate. When the DC motor rotates counter-clockwise, clutch separation is realized.

The relationship between the displacement x of the clutch release bearing and
rotation angle of DC motor in Figure 1 is expressed as

x=f(0)~1,n W)

Il|2|3
where 6., —angular displacement of DC motor

I, 1, —reduction ratio of first to second reduction gear mechanisms

.0 : . : :
I, = =" — reduction ratio of the second reduction gear to the clutch fork determined
3

by a lever mechanism composed of a push rod and release lever. @, can be obtained using the
kinematic constraint equation determined by the lever mechanism.

_R+ [p2 2 2
6, = 2atan( BxvB +A'-C )
A+C
where A=2l,(I, —1,cos8,), B=2llsing, C=17—1>—17—1; +2l1,cosé,
I, _ 1, —the size of a lever mechanism shown in Figure 1

2.2. Relationship between the separating force of clutch and the displacement of release
bearing

The force exerted by the diaphragm spring on the release bearing in the moving
process is translated into the load of the clutch drive motor with strong nonlinearity.
This force is the separating force Fy, (x) of the clutch. The relationship between the
force and displacement x of the release bearing is determined through the experiment,
as shown in Figure 2.
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Figure 2. Separation characteristics curve of clutch
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The expression fitted by the fourth-degree polynomial is as follows:
Foo (x) =-0.0586x*+3.7309x°-71.2159%” +494.795x +1.235 2

2.3. Model of clutch system

The dynamic equation of the motor can be obtained based on the torque equation and
voltage equation of the DC motor.

d’¢, 1d%, 1 dg, 1 1dT, 1

h, 10%, __ 1 o idn 1 ®
dt T, dt? T,T, dt  T.T.c, J, dt T,
1 1
where ‘Jeq =J +j‘]t1+ .. 2 ‘]t2 +- 2. 2.2 mb|42
Il I]_ |2 Il |2 I3
TL = ilizig[Fpp(X) - ka]I4
—_
Ra
J..R
T — eq’ a
m C 2

m

where €, —motor constant
T, — electrical time constant of DC motor

T,, — electromechanical time constant of DC motor
U — Voltage of DC motor
T, — Equivalent load torque of DC motor output shaft

Jq— Equivalent to the moment of inertia of DC motor rotor

R, — Total resistance of the armature circuit of DC motor

L — Inductance of the armature circuit of DC motor

J — Moments of inertia of DC motor rotor and output shaft gear
J,, — Moment of inertia of first reduction gear

J,— Equivalent moments of inertia of second reduction gear and lever mechanism
k, — Damping coefficient of diaphragm spring
m, — Mass of release bearing
Formula (1) is substituted into Formula (3) to obtain the dynamic equation for the

relationship among the displacement of clutch release bearing, motor control voltage,
and load torque of release bearing is obtained as follows:

1 . 1 . 1 l, 1 1, dT, 1 l,
X=—"HIX— X+ —2u —
T T,T, T,T.C. ii,l; Jeq L, dt  T,J,, iji,i,

a a m-m a-eq

. @
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The definitions of the clutch system state variable X, control input vector U, and external
load vector W are given by

X = [% %, KT = [X, X, X, ]

U =[u]
dT,
W=[—"2%TT
The state equation of the system can be expressed as follows:
X = AX +BU + DW (5)
where
.
0 1 0 1 I T 0 0 —Ji - 'I4k
L
A=|0 0 1| B=[0 O - D= e 12
1 1 TaTmCm I1|2kl 0 O _L |4
_ﬁ _i ToJ bk

3. Design of Controller

The essence of a clutch control system is the position servo system. The curve of the target
position of the system is determined according to the intention of the driver, working state of
engine, ride comfort, and other factors by the transmission control unit (TCU) [15]. The servo
system has to realize the position control of the clutch and overcome the effects of a series of
factors, such as the nonlinearity of the clutch system, time delay, external disturbance, and
parameter perturbation. The scheme of compound control of SMC-FOPID is thus proposed in
this article. The rapid tracking of the clutch position and robustness was realized by the SMC.
The FOPID determined the accuracy of control and overcame the chattering problem in
sliding-mode control. The structure of the compound control system is shown in Figure 3,
where a is the composite weight coefficient.

FOPID l-a N
release bearing + Voltage PWM
target position + controller
SMC

release bearing release actuator DC
actual position | bearing [~ mechanism [*| motor

Figure 3. Structural diagram of the compound control system

3.1. Controller of sliding-mode variable structure

The design of the controller of the sliding-mode variable structure includes the selection of
the switching hyperplane and control law design. A reasonable switching hyperplane can
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guarantee that the system will achieve the switching hyperplane rapidly and steadily in the
non-sliding mode region. The control law design aims to obtain the control input that
generates the sliding mode near the switching plane. As a result, the state quantity X of the
system can track the predetermined trajectory r in real-time.

The switching function is set in this article as

s=CE=cpge +cCe, +¢ (6)

where E=[e, e, ] isthe tracking error vector of the system. e, e,, e, is defined as
follows:

g =e=r-—x
e, =6=F—X
g =E=F—X

Constant coefficient vector C=[c, C,, 1] is the gain coefficient of the switching
plane, which can be determined by the pole placement method.

The exponential approach law is given by
s=—e&sgn(s) —ks (>0, k>0) ©)

where the constant approach term —&sgn(s) can ensure that any position in the system

space can reach the switching plane in finite time. The exponential approach term —ks can
shorten the approach time.

The following can be obtained by Formulas (4), (6), and (7):
$=C6 +C,6, +€;, =Ce, +C,e, +(I"—X;)
1 . 1 l, 1 1, dT, 1 1,

X—= —— U+ — + —
T,T, T,T.Cp L,y Jeq i, dt TaJeq (AN

a m™=m

a1
=C162 +0263+r +T—X+

a

=—&sgn(s) —ks

The control voltage of sliding mode is given by

u=T,T.C, hlaly Ce, +C,e + T +i X+ + b X+ &sgn(s) + ks
l, T T.T

T [ALLTL] ®

a a' m

Ly, dt T3

eq aveq

3.2. FOPID controller

Strictly speaking, the actual system is of fractional order. Control effect can be
improved using the fractional order controller [16]. Compared with the integer order
calculus, fractional calculus is genetic and is characterized by infinite dimensionality
and nonlinearity. This feature endows the system rich dynamic characteristics and
better robustness [17]. Therefore, the FOPID [18, 19] controller is introduced in this
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article to reduce the chattering of system output caused by &sgn(s) in the sliding-mode

controller.
The transfer function of the FOPID controller has the following form:

G.(8) =K, +K;s7 + Kps” ©)

A feasible parameter tuning method for engineering purposes has not yet been
formulated [20]. The parameters are optimized with the integral of time multiplied by
absolute value of error (ITAE) performance index as the fitness evaluation function.

Laplace operator s” of the FOPID controller was fitted by the Oustaloup recursive
approximation [21], which realizes the approximation to the finite high-order integer of
fractional calculus.

Suppose that the frequency band of filtering in the fitting is (@, ~ @,). ®,m, =1 is

chosen to construct the transfer function of the filter

(10)

The pole-zero and gain of the filter are given by
J+N+0.5(1+y) j+N+0.5(1-y)

_r
2N+1 2N+1 2 N .
o, :%(&J o :%(&J K :(%J Hﬁ

@, @, @, ) =N

where y is the order of the fractional calculus, y >0is the differential operation, » <0

is the integral operation, and 2N +1is the order of a high-order system.

Based on the fractional order parameters and the fitted high-order integer order
system, the simulation model constructed using MATLAB/Simulink is shown in Figure
4,

kp
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Figure 4. Simulation model of the fractional order PI*D*

3.3. Composite weight coefficient

The adjustment of the composite weight coefficient is very important for the
performance optimization of the controller. The conventional compound control often
influences the control effect because of the improper selection of the switching point
[22] .The weight coefficient was adjusted using the fuzzy inference algorithm in this
article. When the position deviation of the system is large, the sliding mode controller
serves the leading function, which guarantees the rapidity and robustness of system
response. When the position deviation of the system is small, the FOPID control serves
the leading function and executes the position control characterized by non-
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overshooting and no static error. The high-frequency chattering in the sliding-mode
control system is eliminated near the switching plane.

The input is the absolute value of the position deviation of release bearing |e|

(Os|e|sl). The output is the value of weight coefficient &« (O<a <D . The fuzzy

language variable corresponding to the input, and the output is B (large), M (medium),
or S (small). The Gaussian function is adopted as the membership function. The fuzzy
variable of weight coefficient is calculated using the gravity method. The fuzzy rule is
defined as follows:

R1: If |e| is B, then ¢ is B;
R2: If |e| is M, then r is M;
R3: If |e| is S, then ¢ is S;

4. Simulation and Analysis of Results

According to the system structure shown in Figure 3, the simulation model was
established using MATLAB/ Simulink. The simulation parameters of the system are as
follows:

The main parameters of the clutch system are R =0.347Q, L=6x10"H, c, =0.026,
i,=59/9 , i,=63/11, I,=30mm , 1,=173.4mm , |,=14536mm , |,=87.82mm ,
and J, =4.2x10*Nms?

s =50000e, +2200e, +e, is taken as the switching function of sliding-mode
controller. The approach law is $§ =—300sgn(s) —10s.

The FOPID controller is G,(s) =400+ 50s%%°+2s%°° The order of approximation

transfer function of Laplace operator s”is 2N +1=5, the sampling period is 1ms.

4.1. Comparative analysis of step signal of position

The automatic clutch control system is actually a position servo control system.
Based on the unit step signal and five-time unit step signal of the positions of release
bearing, the curves of position tracking of clutch were obtained using the PID, FOPID,
SMC, and SMC-FOPID controllers, respectively, along with the change curves of ITAE
value, as shown in Figures 5 and 6.

12 , , 0.04
| |
L I
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I 1 1 0.03| " FOPID
_08 '. —Unit step position signal | | : --SMC L
o} --PID w —SMC-FOPID o
£ 06)if - FOPID - ff : SaE S
Py --SMC | E
: —SMC-FOPID
0.2 1 1
| | 4
| |
| !
% 1 2 3 4 5 % 2 3 5
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Figure 5. Unit step signal response of the position of release bearing
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Figure 6. 5 Times unit step signal response of the position of release bearing

Figure 5 shows that no overshoot of the position of clutch was obtained by each
control method under the tuned parameters. However, compared with the PID and
FOPID control methods, the SMC and SMC-FOPID control methods have the capability
for fast-position tracking. The rise time is about approximately 0.1 s. With increasing
time, the ITAE value increases because pulse width modulation (PWM) is adopted in
the control voltage of the DC motor in the simulation model, thus resulting in jitter in
the actual position of the clutch. Compared with SMC control, the ITAEs by PID,
FOPID, and SMC-FOPID control increase slowly, showing that the PID, FOPID, and
SMC-FOPID control methods have good inhibitory effect on the position jitter during
position tracking of the clutch, thus presenting good position stability.

Figure 6 shows that when the amplitude of the step signal of position increases, the
actual release bearing displacement x of the clutch for each control method exhibits an
overshot. However, a small difference exists in the overshoot amplitude. The ITAE
value by SMC-FOPID changes slightly over time, which indicates that the SMC-FOPID
control method has good position stability.

4.2. Comparative analysis of robustness in case of the change of load

The five-time unit step signal of the position is illustrated as an example. When the
system is stable, an impact load is applied to the system with amplitude of 0.2 Nm
during the period of 2.5 s to 3 s. The corresponding curves of position tracking and
ITAE values are shown in Figure 7.

Figure 7 shows that the SMC-FOPID control method presents better performance,
regardless of the amplitude of position change caused by load changes or ITAE values.
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Figure 7. Position response of release bearing when the load interference
signal is applied
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4.3. Comparative analysis of robustness in case of the changes of the parameters of
system structure

In Figure 8, the curves of position tracking and ITAE value are compared under SMC
and SMC-PID control methods when the resistance of the drive motor of the clutch
changes. The changes in resistance were selected as 1.2 times Ra and 1.4 times Ra.

The simulation result shows that the SMC-PID control method has a small overshoot
for the same change in resistance. With increasing resistance, the change curves of
ITAE value under the SMC-PID control method coincide fundamentally. The parameter
Ra value has a slight influence on the ITAE value. The amplitude of the ITAE value
becomes larger with increasing Ra. Therefore, the SMC-PID control method presents
better robustness compared with SMC when the parameters of system structure change.

6 , 0.25 :
_ ; =-SMC-Ra
N e — 0.2F|*=*SMC-1.2Ra
4 :gt\e/lpcp_lgs;tlon signal | | —-SMC-1.4Ra
€ W 0.15/-|--SMC-FOPID-Ra
E IR VEEUAN, < SMC-FOPID-1.2Ra
< 5 i -1.4Ra = 0.1L--SMC-FOPID-1.4Ra
---SMC-FOPID-Ra
SMC-FOPID-1.2Ra 005 e
o -~ SMC-FOPID-L4Ra I ...__-_-,‘g:';r: :
0 1 2 3 4 5 o ,
Time (s) 0 1 2 3 4 5

Time (s)

Figure 8. Position response of release bearing under the change of resistance
parameter of motor

4.4. Comparative analysis of the position tracking when vehicle starting

The effect of parameter change on the position tracking of the clutch when the
vehicle is in a state of slow or fast starting is discussed next.

According to the literature [8], the target displacement curves of the release bearing
for slow and the fast starting of the vehicle with constant engine rotating speed are
shown in Figures 9 and 10. The fast separation process of the clutch occurs before 1 s,
and clutch engagement occurs after 1s, and both comprise the starting process of a
vehicle.

The simulation result shows that overshoot occurs when the rapid target position
tracking of the clutch is realized by two control methods. With increasing motor
resistance, the overshoot and ITAE values increase. However, the position overshoot
and ITAE value are small relative to SMC by the SMC-FOPID control under the same
resistance parameters.
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Figure 9. Position tracking of release bearing under the slow starting of
vehicle
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Figure 10. Position tracking of release bearing under the fast starting of
vehicle

5. Conclusion

The compound control method of SMC-FOPID was studied in this article. The
composite weight coefficient was self-tuned by the fuzzy controller. The position
tracking control of the clutch control system was realized by the reasonable selection of
parameters. The SMC-FOPID compound control method was found to have the
characteristics of quick response, strong anti-interference capability, good stability, and
strong robustness in the position tracking of clutch compared with the PID, FOPID, and
SMC control methods. Moreover, SMC-FOPID was found to be insensitive to
parameter changes.
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