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Abstract. Variable structure control is a recognized method to stabilize
mechanical systems with friction. Friction produces non linear phenomena,
such as tracking errors, limit cycles, and undesired stick-slip motion, de-
grading the performance of the closed-loop system. The main drawback of
variable structure control is the presence of chattering, which is not suit-
able in mechanical systems. In this paper, we design a variable structure
controller complemented with Linear-in-the-Parameter neural nets to at-
tenuate chattering. Experimental validation applied to a three degree of
freedom robot mechanical manipulator is shown to support the results.

1 Introduction

Friction is the resistance to motion, during sliding or rolling, that is experi-
enced whenever one solid body moves tangentially over another with
which it is in contact. Friction is undesirable in mechanical systems be-
cause can lead to tracking errors, limit cycles, and undesired stick-slip mo-
tion (cf. [1]). Control strategies for friction compensation have been pro-
posed in [1]-[7], among others. In these papers the authors propose friction
model based controllers to mitigate the friction effects. It is well-known
that the phenomenon of friction is not yet completely understood and it is
hard to model [8], therefore stabilization of mechanical systems through a
feedback law with an imprecise friction compensation term may result in a
considerable degree of uncertainty, thus not producing the expected mo-
tion. If the uncertainties are bounded, discontinuous robust control meth-
ods ([8]) provide simple and straightforward solutions to the friction com-
pensation design, however, the system exhibits an infinitely fast switching

of the input control called chattering ([9]) inducing fatigue in mechanical
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parts and the system could be damaged in a short time. For instance, in [8]
and [10], friction compensator design involves chattering behavior where
the chattering controller deals with the friction model uncertainties, which
is a desired property in friction compensation.

This paper is intended to provide a solution to mechanical problems due
to chattering without losing robustness properties given by variable struc-
ture controllers [11]. Neural nets have been used extensively in feedback
control (see, for instance, [12]-[15]). Also, adaptive control theory has
evolved as a powerful methodology for designing nonlinear feedback con-
trollers for systems with uncertainties [16]. Using the advantage of chatter-
ing control to deal with uncertainty in the friction model ([8] and [10]), and
utilizing a linear-in-the-parameter (LIP) neural net, a chattering friction
compensation design is proposed, where a dynamic adaptation law for the
parameters of the LIP neural nets is designed to attenuate the amplitude of
the chattering once the control objective is achieved. In this way, chatter-
ing appears only when it is needed.

To the best knowledge of the authors, the chattering attenuation problem
for the class of Variable Structure Control (VSC) introduced in this paper
has not been reported. On the other hand, few results have appeared in re-
search papers dealing with the chattering problem for sliding mode control:
Parra-Vega et al. [17], for example, showed that adaptive and non-adaptive
cases of variable structure robot control undergo chattering attenuation.
Bartolini et al. [18] demonstrated that it is possible to eliminate chattering
by generating a second-order sliding mode control using the first derivative
of the control law as a control input instead of the actual control law. An-
other alternative used in control applications is to replace the signum func-
tion with a smooth approximation (e.g. tanh, sigmoid function, among oth-
ers).

This paper is organized as follows: Section 2 presents the problem
statement along with the dynamic model of mechanical manipulators and
the previous result on chattering control developed by Orlov et al. [8]; Sec-
tion 3 presents the neural nets chattering controller applied to a n-degrees-
of-freedom robot manipulator where it is assumed that joint positions are
the only information available for feedback, along with its stability analy-
sis; Section 4 provides experimental results made for a three degrees of
freedom mechanical manipulator using the neural nets chattering controller
described in Section 3; and Section 5 presents some conclusions.

The following notations will be adopted throughout this paper. A, (4)

and A, (4) denote the minimum and maximum eigenvalues of a symmet-

ric positive definite matrix 4eR™", respectively, and |x|=+/x"x repre-

sents the Euclidean norm of vector xe R”.
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2 Problem Statement

In the present paper we study controlled n-link mechanical manipulators
described by interconnected second-order differential equations of the
form [8]:

M(q)j +Cla.q)q +Gla)+ F(g)=7 (1)
where ¢ e R" is the position vector, 7€ R" is the control input, M(q),

C(¢,9), G(g) are smooth functions of appropriate dimensions,
M(q)=M"(g9)>0,

F(q)=Kyg+K ;sgn(q) )

sgn(q) = [sgn(q'1 ), sgn(q2 ), . .,sgn(qn )]T 3)
1 if z>0

sgn(z)=4[-11] if z=0 vzeR 4)
-1 if z<0

and K, =diagik,} and K, =diagi{k,} are positive definite and diagonal
matrices. Throughout, the precise meaning of solutions of the system (1)
with discontinuous functions F(¢) and z(g,¢) are defined in Filippov’s

sense [8].
From the physical point of view, the position g represents the general-

ized coordinates, the control input 7 is the vector of external torques,
M(q) is the inertia matrix, C(g,¢)g is the vector of Coriolis and centripetal

torques, G(g) is the vector of gravitational forces, F(g) represents the fric-
tion torques, where ky, and k;,i=12,...,n are the constant coefficients of

viscous and Coulomb frictions, respectively. Because frictions are uncou-
pled among joints, we have assumed that the matrices K, and K, are di-

agonal.
Consider the following control law:

rzG(q)—Kd)'c—er—Ka sgn(e) )



232 Ricardo Guerra, Luis T. Aguilar, and Leonardo Acho

x=-Lx+K e (6)

where LeR™" is a symmetric positive definite matrix, K, e R™" is a

nxn

symmetric positive semi-definite matrix, K, = diagik, } € R™" is a diago-

nal positive definite matrix, K, =diagik,} € R™" is a diagonal matrix
such that K, > K ,, and e=q—gq, represents the position error with respect

to the constant desired position ¢,. Equation (6) is a first-order linear
compensator used to replace the velocity feedback (cf. [19]).

The control law (5)-(6), that belongs to the variable structure control-
lers family, is called a chattering controller because it generates no sliding
mode, except at the origin, while exhibiting an infinite number of switches
in a finite time interval ([8]).

Theorem 1 ([8]). Let the friction manipulator (1)-(4) be driven by the
switched position feedback controller (5)-(6) with the assumptions given
above. Then, the closed loop system (1)-(6) is globally asymptotically sta-
ble at the equilibrium point (q,e,x) =0.

The switched term in (5), represented by K, sgn(e), can be interpreted
as LIP neural nets with dendrite weights equal to one, and with firing
thresholds (the so called ‘bias’ terms) equal to zero. The cell inputs are the
components of the vector e. The outputs are the components of the
switched term. Because the dendrite weights are positive the neural nets
correspond to excitatory synapses. Here, the activation functions are the so
called symmetric hard limit. Representing the activation function by o(-)
we have:

yi=kg sgn(e; )= kaia(ei); i=12,..,n (7)

where y,are the outputs of the LIP neural nets.
The problem to tackle is to find a training rule for each k, such that the

closed-loop system be globally asymptotically stable at the equilibrium
point (¢,e,x)=0 with the property that each kai converges to zero as the

system approaches the equilibrium point.
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3 Neural Nets Chattering Controller

Considering the following control law:

T= G(q)—Kd)'c—er—é(t)Kasign(e) ®)

x=-Lx+K e 9

8 =—alog(l+5)+k sl & (10)
log

where «,k, e R" and S5(r)e R is the adaptive term that will regulate the
amplitude of the chattering term. In fact, the above controller is a LIP neu-
ral net with dynamic training implemented with a point of view similar to
[14] and [15].

Again, Le R™" is a symmetric positive definite matrix, K, e R™" is a
symmetric positive semi-definite matrix, K, = diag{k, } € R is a diago-

nxn

nal positive definite matrix, K, =diag{k, } € R™ is a diagonal matrix

such that K, > K ,, and e=q—gq, represents the position error with respect

to the constant desired position g, .

Lemma 1 [20]: Suppose the ordinary differential equation in (10) has ini-
tial condition 5(t)) 20, then 6(t) 20 forall t>1,.

Our main result follows.

Theorem 2. Let the friction manipulator (1)-(4) be driven by the switched
position feedback controller (8)-(10) with the assumptions given above.
Suppose that K, = K, with f<land 0<5(t)< f+1 forall t>t,. Then,
the closed-loop system (1)-(4) and (8)-(10) is globally asymptotically sta-
ble at the equilibrium point (¢,e,x,0) = (é,e,x,0) =0 if 6(t)>0 and

X KK, —1K,LL
0 <k, <——Awin| | 2 . (11)
B+l ——(k,LL)  LLL
2
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Remark 1: Because 6 =0 is an equilibrium point of the closed-loop sys-
tem (1)-(4) and (8)-(10), the chattering amplitude vanishes as t — » .

Proof. To this end, we follow the same line of reasoning given in [8].
Let us introduce the Lyapunov candidate function
V(g.e,x,8)= %qT M(q)g + %eT K e+ %(Kde - Lx) (K je - Lx)

(12)
kg le| + ...+ Ky Je,] + (1+ S)log(1+5) .

This Lyapunov function is similar to the one proposed in [8] but the last
term involves the dynamic adaptation law. This last term was also utilized
in [20]. The time derivative of (12), along the trajectories of the closed
loop system (1)-(4) and (8)-(10) yields:

V(q',e,x,5) = chM(q)éi + %qTM(q)q + eTer' + q’TKa sgn(e) (13)
+(K e — Lx)' (K 46 — Lx)+ S(log(1 + 5)+1).

Employing the well-known property qT[%M(q)—C(q,q)]q:O, for all

g € R", and substituting the control law (8) into (13) we have

V(q,e,x,ﬁ) = — qTK,,q - c]TKf sgn(q)— eTKd)'c - qTKa (5 — l)sgn(e)
+ (K e— Lx) (K4 — Li)+ 6(log(l1 +8)+1).
(14)

From (9), the above equation is simplified to

V(('}7eax75) = = qTKbq - qTKf Sgn(‘?)_ qTKa (5 - I)Sgn(e) (15)
— (K e - Lx)" L(K je — Lx)+ &(log(1+ 5)+1).

Invoking (10), the above equation is reduced to
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V(q,e,x,5) = —qTKbQ—qTKfsgn(q) iTK (5 l)sgn()
(Ko~ Lx) L(K e~ Lx)+ k, (1 + 5)e[’
—alog(l+ 5)log(1+5)+1)

-4"K,q—-4"K ;sgn(d)- 4" K, (5 - 1)sgn(e)

1
{e}T K, LK, —EKdLL {1
- %(KdLL)T LLL |F

+k, (l + 5X|e|| - alog(l + 5)(log(l +6)+1)

< —4"Kyq—q" K sen(q) -4 K, (6 ~1)senle)
- (/Imin (Q)_ kr (1 + §)X|e"2 - ﬂmin (menz
—alog(l+ 5)log(1+5)+1)
where
K, LK, - leLL
0=| | 2 (16)

—E(KdLL)T LLL

From (11) we forward to

Vped) < - qTKbq 'K senli) ="K (6~ Dsgne)
Aanin (@) — rlogf(1 + 5)(1og(1 +6)+1)
V(q',e,x,é') < —é'Kpe-é Kf sgn(e)— ¢"K (6 —1)sgn(e)
— Anin (me”2 - alog(l + 5)(10g(1 + é') + 1) .

By virtue of
—eK, sgn(e)—e"K (5 —1)sgn(e)

<Y lel-k, +[50)-1k,)
i=1

and taking into account that 0 < 5(¢) < f+1 forall #>¢,, we have
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Pld.e58) < —&Kpém hm(@ff

(17)
—alog(l+ ) logl+8)+1) <0

Since V(q,e,x,5) is positive definite and V(q',e,x,é') is a negative semi-
definite decreasing function, it follows that the equilibrium point
(¢,e,x,8) = (é,e,x,6) =0 of the closed-loop system (1)-(4) and (8)-(10) is
uniformly stable, i.e., x(¢),e(r),é(t),0(t) e L. From (17), we can easily
show that the squares of x,é,0 are integrable with respect to time 7; i.e.,
x(1),é(t),5(¢) € L, . Next, Barbalat’s lemma implies that é(7) > 0,x(z) > 0
and 6(#)—0. If x(r) >0 thenx(r) >0, and from (9), it follows that
e(t) — 0. This concludes our proof. [ ]

4 Application to an Industrial Robot Manipulator

4.1 Experimental Setup

The experimental setup designed in the research laboratory of CITEDI-
IPN involves a three degrees-of-freedom (3-DOF) industrial robot manipu-
lator manufactured be Amatrol, it is shown in Figure 1. This mechanical
system presents Coulomb friction [8]. The base of the mechanical robot
has a horizontal revolute joint, g,, whereas two links have vertical revolute
joints g, and ¢q,. The nominal parameter values of the mechanical
manipulator are summarized in Table 1. A worm gear set, a helicon gear
set and a roller chain are used for torque transmission to joints q,, ¢, and g,,
respectively; there is a DC gear motor for each joint with a reduction ratio
of 19.7:1 for g, and g, and 127.8:1 for g,. The ISA Bus servo I/O card from
the company Servo To Go is employed for the real time control system and
it mainly consists of eight channels of 16-bit D/A outputs, 32 bits of I/O,
and an interval timer capable of interrupting the PC. The controller is im-
plemented using C++ programming language running on a 486 PC. Posi-
tion measurements of each articulation of the robot are obtained using the
quadrature encoder channel available on each DC gear-motor, connected to
the I/O card, and programmed to provide the encoder signal processing
every millisecond; the resolution of the encoders is 52 x 10 rad, 62 x 10*
rad and 34 x 10" rad for ¢, g, and ¢, respectively. Along
with this, a digital oscilloscope is used to store the control signal. Linear
power amplifiers are installed en each servomotor which apply a variable
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torque to each joint. These amplifiers accept control inputs from the D/A
converter in the range of +10 volts. See Figure 2 for the hardware setup
configuration. The dynamic model of the robot in the form of (1) is given
in [8]. However, for control implementation, we only require G(q).

Table 1. Nominal parameter values fo the mechanical manipulator

Description No'ﬁmo Value l{;n
Lenght of link 1 h 0297 m
Lenght of link 2 1, 0297 m
Mass of link 1 m 0.38 Kg
Mass of link 2 my 034 Kg
Gravity g 98  m/s
acceleration

4.2. Experimental Results

The regulator performance was studied experimentally. The experiment
was performed with the 3-DOF robot manipulator required to move in
space from the origin ¢,(0)=g,(0)=¢;(0)=0 to the desired position

4u1 =447 =443 = 7/2 [rad]. The initial velocities ¢(0)e R® and 5(0) were
set to zero, respectively.

The control goal was achieved by implementing the control (8)-(10)
where ([8])

0
G(‘I): g| myly cos g, +myl, cos g, +myl, COS(% + 612) )
myl, COS(‘Iz + q3)

and the controller gains selected as follows:

K, = diag{l540,40}, K, = diag{5,5,5},
K, =diag3,3,3}, L =diag{10,10,10},

and K, =2 and a=8. The physical constant parameters, m;,/;,i=1,2 are

1271

given in table 1.
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Fig. 1. Schematic diagram of the robot.
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Fig. 2. Hardware setup.

The resulting joint positions and input torques are depicted in Figures 3
and 4, respectively. Figure 3 shows that joint positions converge to the de-
sired position for the closed loop system [(1), (8)-(10)], whereas the fast
switching due to LIP terms vanishes as ¢ tends to o (see Figure 4). Also,
from Figure 3, a finite time convergence of the articulated positions to
their desired positions is appreciated in about 3.2 seconds. The applied
control inputs present chattering that is attenuated in about 8 seconds (see
Figure 4). This chattering attenuation is good in mechanical systems, and
was the main objective of the present paper. Finally, Figure 5 presents the
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time evolution of &(¢). It should be noted that the dynamic of 5(¢) (10) is
slower (smooth and slow variation) than [(1)-(4), (7), (8)].

5 Conclusions

We have developed a variable structure controller with chattering attenua-
tion for robot manipulators in the presence of friction. The manipulator is
governed by a second order differential equation with a right-hand discon-
tinuous side admitting discontinuous terms to account for friction phenom-
ena. The proposed controller uses Linear-in-the-Parameter Neural nets to
attenuate the chattering signal inherent to variable structure systems with-
out losing the robustness of the function framework. Effectiveness of the
design is supported by the experiments made for a three degrees-of-
freedom robot manipulator with frictional joints.
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Fig. 3. Joint Positions.
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Fig. 5. Time evolution of ().

References

Canudas de Wit C., Olsson H., Astrom K.J ., and Lischinsky P., A new
model for control of systems with friction. IEEE Trans. Aut. Ctrl.,
40(3):419-425, 1995.

Friedland B. and Park Y., On adaptive friction compensation. /EEE
Trans. Aut. Ctrl., 37(10):1609-1612, 1992.

Huang J.-T., An adaptive compensator for a class of linearly param-
eterized systems. IEEE Trans. Aut. Ctrl., 47(3):483-486, 2002.
Swevers J., Al-Bender F., Ganseman C. G., and Prajogo T., An inte-
grated friction model structure with improved presliding behavior for
accurate friction compensation. I[EEE Trans. Aut. Ctrl., 45(4):675-686,
2000.

Kelly R., Santibafiez V., and Gonzélez E., Adaptive friction compensa-
tion in mechanisms using Dahl model. In Proc. Instn. Mech. Engrs.,
218 Part I: J. Systems and Control Engineering, 53-57, 2004.

Cho S. and Ha 1., A learning approach to tracking in mechanical sys-
tems with friction. IEEE Trans. Aut. Ctrl., 45(1):111-116, 2000.
Dupont P. E. and Dunlap E. P., Friction modeling and PD compensa-
tion at very low velocities. Trans. of the ASME, 117(3): 8-14, 1995.
Orlov Y., Alvarez J., Acho L., and Aguilar L., Global position regula-
tion of friction manipulators via switched chattering control. Int. J. of
Control, 76(14):1446-1452, 2003.

Fridman L. and Levant A. Higher order sliding modes as a natural phe-
nomenon in control theory. In Garafalo and Glielmo (Eds.) Robust
Control via Variable Structure and Lyapunov Techniques, Lectures



Chattering Attenuation Using Linear-in-the-Parameter Neural Nets 241

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

notes in control and information science, 217, (Berlin: Springer, 1996),
pp- 107-133.

Orlov Y., Aguilar L., and Cadiou J.C. Switched chattering control vs.
back-lash/friction phenomena in electrical servomotors. Int. J. of Con-
trol, 76(9/10): 959-967, 2003.

Utkin V. L, Sliding modes in control optimization. Springer-Verlag,
Berlin, Germany, 1992.

Rastko R. and Lewis F., Neural-network approximation of piewise
continuous functions: Application to friction compensation. IEEE
Trans. Neural Networks, 13(3):745-751, 2002.

Lewis F., Jagannathan S., and Yesildirek A., Neural network control of
robot manipulators and nonlinear systems. Taylor and Francis, UK,
1999.

Polycarpou M. M., Stable adaptive neural control scheme for nonlinear
systems. IEEE Trans. Aut. Ctrl., 41(3):447-451, 1996.

Chen F. and Liu C., Adaptively controlling nonlinear continuous-time
systems using multilayer neural networks, IEEE Trans. Aut. Ctrl.,
39(6):1306-1310, 1994.

Spooner J. T., Maggiore M., Ordéiiez R., and Passino K. Stable adap-
tive control and estimation for nonlinear systems. Wiley Interscience,
NY, 2002.

Parra-Vega V., Liu Y-H., and Arimoto S., Variable structure robot
control undergoing chattering attenuation: adaptive and nonadaptive
cases, in Proc. Int. Conf. in Robotics and Automation, pp. 1824-1829,
1994.

Bartolini G., Ferrara A., and Usai E., Chattering avoidance by second-
order sliding mode control, IEEE Trans. Automat. Contr., vol. 43, no.
2, pp. 241-246, 1998.

Berghuis H. and Nijmeijer H., Global regulation of robots using only
position measurements. Systems and Control Letters, 21:289-293,
1993.

Hench J. J., On a class of adaptive suboptimal Riccati-based control-
lers. In Proc. American Control Conference, San Diego, CA, USA,
1999.





