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Abstract

This short note points out an improvement on tHeusb stability analysis for electrically driven
robots given in the paper. In the paper, the augitesents a FAT-based direct adaptive control
scheme for electrically driven robots in presentaéanlinearities associated with actuator input
constraints. However, he offers not suitable sitgb@nalysis for the closed-loop system. In other
words, it does not consider the role of saturafiemction in both control design and stability
analysis.

Keywords
Model Free, Robust Control, Robot Manipulator

1. Introduction

As pointed out in the paper [1], the FAT-based &dagontrol scheme has a simpler structure and
less computational burden compared with neuro-fuzaytrol approaches to design a model-free
controller. These advantages have been previousltioned in [2-5]. The considerable point is
that the respectable author does not give suitstialgility analysis for the overall control system.
The stability analysis is in a decentralized fornithaut considering the role of actuator
nonlinearities. The objective of this paper is todify the previous results on the robust stability
analysis of the work proposed by [1]. The overdédsed-loop system composed by full actuated
robotic manipulator for both n degrees of freedaml #he proposed controller is proved to be
robust, and BIBO stable, while the joint positiaglbcity tracking errors are asymptotically stable
in agreement with Lyapunov’s direct method.

This paper is organized as follows. Section 2 lyigiesents modeling of the robotic system
including the permanent magnet DC motors subjetiiedctuator saturation. In Section 3, direct
adaptive controller proposed by [1] is reviewed sidaring to actuator input constraint. The
stability analysis is also presented in this sectknally, concluding remarks are drawn in section
4. In what follows, we shall use the following nixta. We denote byx| the Euclidean norm of a

vectorxOO". We use the notation() and A () to indicate the smallest and largest Eigen values,

respectively, of a positive definite bounded matki¥e say thatx((:[0,T] - O" is in L,[0,T] if

]
[IX[*dt <o, x(0) is in L,[0,0) if Y| <eo for alltO[0,e0).
0
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2. Dynamic Modeling
Consider an n-link manipulator driven by gearedm@erent magnet DC motors with voltages being

inputs to amplifiers as [1].

D(a)d +C(a,q)a +G(q) = 1)
Jl§+Brig+rr =1, (2)
RI, +Li, +kyr g =v(t) 3)

Where, the parameters are defined exactly sinol#né research [1]. Following the same procedure
as [1], we define a second-order nonlinear diffeaénequation of integrated actuator and
manipulator, called "available model” as

g=ft)+v(t) (4)

where the presented variables and v(t)are the i th element of the vect@r, and v(t),
respectively; andf(t)is referred as the lumped uncertainty. For prakcsdaation, the actuator

input is subjected to some constraints, called me&turation limits. This occurs usually between
output of the controller and the PWM module [6+¢r the development in this paper, we assume
that the relation between the actual actuator iM§t)t and control signal produced by the controller

u(t)is given by

v(t)=sat(uf )) (5)

Wheresat(u¢ ))J O is the saturation function. According to [8-9]ethard saturation function can be
divided into a linear functioru(t) and a dead-zone functiom(u€ )u,,., )- Thus, the control input
applied to the system through the actuator is esgae as follows:

sat(u))=u( )= dzn(U( Mpax (6)
Now, substituting (5) into (4), and using (6),atlbws that
g=u(t)-dzn(uf )b f ) (7)

Remark 1. The control input given by equation (5) indicatiest the motor voltage is bounded, that
is

V()] < Uy (8)

Whereu,,,, IS @ positive constant representing the maximummipeed voltage of the motor. As a
result, the variableg, I, , andgare upper bounded. Proof is the same as [9] isdhkr form.
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3. Revisiting [1] Considering Actuator Voltage I nput Constraint
Following the same notation as [1], using functapproximation technique, we propose a control

law in the form of

u)=PTg(t)+v, 9)
WhereP is the estimation of weighting vectdr used into a function approxima®@rg(t) which
approximates the following function based on theensal approximation theorem

PTA(t) + &, = Gy + ket kpe— f(t) (10)
Where ¢(t) 00N denotes basis functions' vector fixed by the desigihe numbe represents the
number of basis functions useg], is reconstruction errory, is the desired joint positiork,, and

k, are positive scalar gains which are selected asgralodesign parameters, amd is the joint
position tracking error expressed by

€=qy —¢ (11)

In order to obtain the adaptive control law, waridhe tracking system from (7), (9), and (10) as

E+ke+ke=PTg(t) + &, —V, +dzn(Ut)tyay ) (12)

WhereP =P -P. IntroducingA, B, andE as
{ b } {0} ﬂ )
A= , B=| |, E=|.

The error equation (12) can then be written infdtlewing state space form

E=AE+B(P g(t) + £, -V, +dzn(ut )l ) (14)

3.1 Sability analysis

Before stating the stability analysis, the follogrilemma is given. First, we present the following
two assumptions, which are requiring in determinthg sufficient conditions on the control
parameters.

Assumption 1: The desired trajectory and its time derivativeiare, space,(qq,6y UL,) -
Assumption2: The reconstruction erreyis bounded, i.€lg, | <& with knowne .

Now, we are ready to present the following lemma.
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Lemma 1. |dzn(u¢ )} satisfies the following inequality:

OUax (15)

|dzn(u( YWrax }sm

Whered is a constant which always has a value smaller tha

Proof: Suppose thati(t) exists withiff—max{u(t)}, max{u(t)}] , andd is max{l—%—ax}. Then,

u(t)
|dZn(U) tmax < 3] ut) (16)
Is satisfied by Figure 1. This result, together (2D) and (12) gives
|02 (U g < O = F € )+ 0] Az (U( N (17)

Now, according to (4), (5), and (8), we have:
OUy oy
1-9)

This completes the proof

|dZzn (U ) Uppan ) <

To carry out the stability analysis of the closedd system formed by dynamic Equation (14), the
following positive definite function is proposed:

V(E,I5):£ETPOE+—1I5TI5 (18)
2 2y
Wherey is a positive gain related to the adaption laws, and Q are the unique symmetric,
positive definite matrices satisfying the matrixajpginov equation

ATPO + POA:—Q (19)

It must be noted that, (18) is not a Lyapunov fiorcsince it does not include all the system states
Now, differentiating (18) along the trajectory dietuncertain system (14), rearranging with some
manipulation, this leads to

V(E,P)= —% ETQE +E" RyBe,,, + ET PyBdzNn (U )Uymay )+ PT ¢ € BT PE ~ET PRV, - BTp (20)

< Ik

dzn(u (1), u.)

max{u ()} -u - — — — — — — —

max{u ()} =u,,,
= <1

I

i where =

: max{u (1)}
I

¥ U, max{u (1)} u(r)

Figurel. The linear bound of dead-zone function
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If the update law is given by
P=p(t)B RE &)

Thus, we have

V(E,P)< —%A(Q)IIEllz ~ETRyBY; +[ET PoB (| +[d2n (U6 i ) @2
Now, according to Lemma 1 and assumption 2 we have

s 1 OUrnax (23)

V(E )= -2 AQEf - R + [T R+ S|

In order to make/ (E, P) < 0, the robust control term, should be determined so that the inequality

24
‘ET%B‘[£+%J—ETPOBVCSO (24)
1-9)
Is satisfied. Toward this end, is selected as
v, = psign(E" P,B) (25)
Where
£+ Olmax <p (26)
1-9)
As a result, (23) can be reduced to
(27)

V(E,P)< —%A(Q)IIEIIZ

So far, we have proved that and P are uniformly bounded, i.e&s,POL,, . Since, it is easy to have

o o 28
lj E"QEdt < —[Vdt =V, -V, <o (28)
2O 0

We may concludeEL,. Therefore, boundedness af can be obtained by observing (14), since

the right hand side of Equation (14) is boundeds Will further give convergence ot to zero
asymptotically. Since=q, -q andé=g, - thus boundedness ef andé follows boundedness of

g, and g according to assumption 1. Extending this resukilt joints implies the boundedness of
system stateg, and ¢ . This result, together with remark 1 implies ttia¢ robotic system has the
Bounded Input-Bounded Output (BIBO) stability, ®radl of system’s states are bounded.
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4. Conclusions
This paper improves stability results of the robaaptive controller proposed by [1] considering

actuator voltage input constraint. It is shown tthat joint position and velocity tracking errorg ar
asymptotically stable in agreements with Lyapunoeal method, while the other signals in the
system remain bounded.
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