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1. Introdution

A nonlinear friction often worsens the performance of the servo
control system. Specially, in the low velocity range, the effects of
the friction on the performance of the servo system are greater than
moderate or steady state velocity range. The classica friction
model cannot capture the characteristics such as the Streibeck effect,
stick-dlip, pre-diding hysteretic motion, break-away force, which
play asignificant rolein application on high precise motion control.

LuGre friction model, proposed by Canudas de Wit et a %, can
capture both dynamic friction of low velocity and steady state
friction characteristic. As the LuGre friction model has the simple
and nice structure mathematically, then many researchers have
chosen it as a standard friction model to control the frictional servo
mechanical system such as the robots, X-Y table, electro-
mechanical actuator, tire/road friction and machine tools. However,
since the state variable representing the bristle deformations of the
LuGre friction model cannot be measured directly, the estimation
process for it must be presented to obtain more precise information
on the friction dynamics

The recurrent FNN (RFNN)? naturally involves dynamic
elements in the form of feedback connections used as internal
memories. Thus, the RFNN is a dynamic mapping and
demonstrates good control performance in the presence of
uncertainty such as parameter variations of the system, external
load, unmodeled dynamics compared to the feedforward FNN.

In this paper, we propose the composite friction control system,
which consists of the backstepping sliding mode controller (BSMC),
the robust dynamic friction state observer, the RFNN and the error
estimator. The electro-mechanical servo system assembled with
ball-screw and DC servo motor is chosen to demonstrate the good
performance of the proposed control scheme through the ssimulation
and experiment.

2. Design backstepping SMC and friction state observer

The dynamic model for the mechanical system in the presence
of frictionis

Jo+0,0+T¢ +Ty =u )
The deflection of the elastic bristleis

z7=0-10)z 2
where
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where T.is Coulomb friction, Tgis stiction level, és is Stribeck

angular velocity. The dynamic friction term excluding viscous
friction torque is described by
T¢ =0gz+042 (5)

T can berewritten by

Ti =@(0)z+0,0 (6)
where the auxiliary function @(6) is defined asfollows:

@(0) =00~ 011 (6) ©)
Let us substitute Eqg. (6) into Eq. (1), the previous dynamic model is

written by
J0+030+T,+Ty =u ®)
where o3 =01 +0,, T,=®(0)z.

Now, let us Eq. (19) represent state equations as follows:

Xl = 9 = X2 (9)
Xz = [—0'3)(2 _TZ + U]/J (10)

The new states are defined as follows in order to design the
backstepping controller:

Zy=Xg—X=%Xg —% (10)
Zp =Xt (11)

where x4 is the desired command input. From Eq. (10), the
derivative of z; can be described as

lekd —Z+a (12)
where o =-Kk,2; — X4 . The Lyapunov function is defined as

1,

V,==7 13
1=54 (13)
Define the second Lyapunov function as follows:
15
V2 :Vl +EZZ (14)

Define the Lyapunov function as the following nonnegative
function:

V3=V, + % Js? (15)

Since, however, the state variable z cannot be measured directly, we
suggest the exponential stable observer with tunable transient
performance to estimate z

2=q+is+ kszy (16)
o1
and Qisan auxiliary variable and satisfy the following equation:

. 1 (o)
q :—[—O'Oq—o'z)(Z -J—s+ URFNR +¢S—0'0k3zl
o1 o1

~I((1-kP)zg — (kg +kp)Zp +%g) ~Tg Ul —kg2y (17)
The control input is

Urenr = JI(L-kZ)zy — (Ky + ko) Zp + %g ]+ 03Xo
+,Bsgn(s)+'I:Z+'I:d +U (18)
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where U is estimate of uncertai nty estimation errorU (= Ty —fd) .

Let us define the Lyapunov function as follows:

Vy =Vg + 20,72 + 102 (19)
2 2n

where U =U —U . Thetime derivative of Eq. (19) is
V, =V, +qﬁ—ﬂs+6]+olﬁ+laa
n

= k22 —k,23 —ﬁ|s|—0022—‘z“J+J(s—1lj) (20)
n

The adaptive robust estimation law for the estimate of uncertainty
approximation error is chosen by

U=n-s (1)
Then, Eq. (61) can be written by

<-0p7?2-7U =-Z2"MZ <0 (22)
Since V, <0, then,zy -0, z, -0, s—»0, Z—»0 and

U—>0 as t—>o by Barbaat lemma?® Tgis the output of
RFNN as shown in Fig. 1.
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Fig. 1 Structure of the proposed RFNN
3. Results of the simulation and experiments
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(a) Tracking performances

(c) Estimation results of the friction state of BSMC+OB+RFNN
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Fig. 3 Simulation of the BSMC+OB & BSMC+OB RFNN
system: robust case

Fig. 4 Experimental results: tracking performance
For the servo system with the dynamic friction, simulation and
experimental results are presented in Fig. 2 and Fig. 3. It is shown
that the proposed method has the robustness and good estimation of
thefrictionstate...

fo 4. Conclusion

<+ The backstepping and SMC with RFNN is designed to control
the| dynamic friction, \whase state is estimated the friction state
“observer, | The proposed control scheme shows a good tracking
performance and robustness to the unknown uncertainty.
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