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ABSTRACT

The paper proposes an approach of directly adaptive control for manipulators, which is
applicable to control the robotics perturbed by time varying uncertain parameters. This
approach is established based on combining the well known conventional feedback linearization
method and the here in this article proposed model based on online observation of uncertainties.
The tracking control performance of this proposed directly adaptive controller has been verified
theoretical peer method and numerical simulation.
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1. INTRODUCTION

Robotic manipulators are known as the most important equipment, which are widely used in
industry to perform operating tasks involving their desired speeds and positions [1, 2].
Consequently, many control methods were available for them to ensure that they will achieve the
required accuracy. In [1-4] are some of them are presented. And there all existing model based
control methods are classified in different types depending on how exact is the available
mathematical model of robotic.

In the case that the mathematical model of robotic is sufficiently exact, then the feedback
linearization method is useful [1-6]. In the presence of a vector of 8 of uncertain constants in the
model, then the methods of inverse dynamic [1, 2, 4] or Li-Slotine [5, 6] are applicable, which
can be considered as indirect adaptive control approaches. It means that among these approaches
the uncertain constant model parameters would not be identified. The main disadvantage of
indirect adaptive methods is that they might not be applicable when 4(t) is time varying [7, 8].

In the scenario of time depending uncertainties &(t) the robust or intelligent control methods

seem to be favourite [7, 9]. However, they often require a high capacity of digital device to
implement them [2, 9].

This article presents an approach for directly adaptive control of manipulators, which is
applicable for manipulators with time varying uncertainties and could be implemented on digital
devices with low capacity. This approach is created based on combining the online identification
of time varying uncertainties and feedback linearization method. The numerical simulation has
been authenticated with its excellent tracking performance.

2. MAIN RESULTS

2.1. Problem formulation and notation

In this article, the identity matrix of dimension nxn is denoted by I, the nxn matrix with
all zero entries is indicated by 0, and the column vector of zeros is symbolized with 0. A
column vector of real numbers a, ... ,a, is denoted by a. Any p-norm, 1< p<oo, of a is
indicated with ||a]. An induced norm of a matrix A is denoted with ||A| . The set of real number
is indicated by R .
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Consider an industrial robot manipulator of n degree described mathematically by:
M(q,0)d+ f(q,6,0)=u, oy

where g e R" is the vector of n joint variables of the robot, M (9,0) is the symmetric positive
definite inertia matrix, O(t) is the vector of all undetermined system parameters, which may be
additionally time varying, ueR" is the vector of control inputs, f(q,q,#) is the lumped vector
of coriolis, centrifugal terms and gravitational components [3, 5]. o

The aim of model based output tracking control for manipulator (1) is a q,q feedback controller
u to design, so that its joint variables g tends asymptotically to a desired vector of references
r(t) and this tracking control performance must be free from time varying uncertain system
parameters 4(t).

For solving the aforementioned control problem it is needed here the main assumtion of
uncertain robotics (1) that the vector of undetermined system parameters @(t) is linearly

dependent on this model itself. It means that a matrix F(g,g,g‘) exists to satisfy:
u=M(q,9)4+ f(aq,49,0)=F(q,9,4)4. )
As claimed in [1, 5, 6, 8], this assumption is always fulfilled in practice.

Example: The model of a two-link polar arm robot exhibited in Fig.1 with unknown mass & in
the format of Eq. (1) is as below [8]:

0q9; 0 - 260,¢,4, + 690, cos(a,)
0 o) —quqf+agsin(q1)

where q=(p,1)" and u=(z, f)". This model possesses

F(0.4,6) - (qidlf 20,0,0; + 99, COS(ql)J |
qz +d Sln(ql) - qqu
2.2. Adaptive controller design
Denote the number of uncertain time varying system parameters 6(t) with p, then if p<n
and the matrix F(q,d,d) defined in (2) is full rank, the vector 6(t) will be obtained directly

Figure 1. Two-link polar arm robot.

from the notation (2) by using the pseudo invert matrix of F(q,d,¢) as below:

00 =[F(@.9.9"F@.q9] F@4q.9u. 3)

Note that for being identified of &(t) it is unavoidable that the collected data have to capture
all important dynamics of systems. The condition of full rank of F(g,g,g) above ensures this.

In the formula above, if only g,q are measurable, then the second order derivate ¢ needed
for determining F(q,q,4) will be approximated by using a low pass filter:

1
G(s)=——, 0<T x1 4
®) 1+Ts )
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with the input ¢ and the output z and an arbitrary small chosen T , peer differential equation,

as follows:
4=z+TZ = g~z since T <«1. (5)
Hence
G~2 =(4-2)/T =v. (6)
which implies from (3)
o0 =[F@av F@av] F@aw'y, ™

where F(q,4,v) ~ F(q.6,6) and @(t) is considered as the approximated value of (t). This

observed &(t) will be used hereafter for creating the adaptive controller.

First we put Q(t) obtained from (6) and (7) in the robotic model (1):

M(q.0)d+ f(9,9.0)=u, (8
and then by using the following feedback linearization controller:
u=M(a.9)[f+Ae+Ag]+£(a.4.0), )

with the tracking error e=r—q and A, A, are two arbitrarily chosen matrices, the closed loop
system as illustrated in Fig.2 becomes:

X = Ax+ B3, (10)

where ¢,(t) indicates the approximation error of (9), i.e. of If(g,g',\_/) ~F(q,9.4) and

G R
x=|"|, A= ,B=| "|. (11)
é A A I

Furthermore, the approximation (5) shows that if Z bounded, then the smaller 0<T <1 is
chosen, the smaller &, will be.

Finally, it is clearly realizable from (10) that if A is Hurwitz, what is definitely fulfilled
through choosing suitably both matrices A,A,, and 8, =0, then x — 0. For choosing simply
A, A, itis possible to apply the well known pole assignment method of theory of linear control
systems [10]. The lower negative poles are assigned, the better convergence rate to zero of x
will be.

2.3. Analysis of control performance

r |—> Feedback u

> linearization |5y UNCertain robotic —
controller (9) manipulator (1)
0 [ observer (7) le

for unknown
parameters [~

Figure 2. Directly adaptive control system.
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Fig.2 depicts the structure of closed-loop control system by using proposed directly adaptive
controller, of which the tracking performance is confirmed below.

Theorem: The directly adaptive controller (7),(9), as illustrated in Fig.2, with appropriately
chosen matrices A =diag(a,;), A =diag(a,), &, >a, >0, will drive the joint variables g and

their velocity g of the uncertain robotic manipulator (1), to an arbitrarily small neighbourhood
O of desired references r,f , determined by:

A 1
amyg@Am} (12)

O:{)_(ERZ”

lim|x(t)| <

t—w
where x=col(e,€), e=r—g, a,, =min(a;,a; —ay), a., =max(a;,a).

Proof: All matrices

AZ(On In],Q:[ZAf 0, ],P:[ZAIAZ /ﬂ]
-A A 0, 2(A’-A) A A

satisfy the Lyapunov equation A'P +PA=-Q, where both P,Q are positive definite. Hence A
is Hurwitz [11]. Using positive definite function V (x) = (x P)_()/2 we have

V=-x"Qx+5) (A, A)X

n
2,2 2 2
:_Zalixi - (a2i _ali)xi +(a11X11 oo @, X A Xy - ’aZnXZn)éa

n
i=1 i=1

< _amin |)_(|2 + a'max |)_(| : |é9| = _(amin |)_(| - amax |é‘9|)|)_(|

which implies that V <0 as long as a,;, [X| —a,.|J,| >0. Hence, the vector of tracking errors

min |

x(t) will decrease until the condition a,;, |X| <a,,|J,| is reached, which coincides with (12). ¢

3. NUMERICAL SIMULATION

To verify the control performance of the proposed adaptive controller we will apply this to
tracking control of the uncertain 3-link cylindrical arm robot as exhibited physically in Fig.3,
which possesses the following mathematical model [1, 5, 12]:

J+m,q, 0 0 2m, 0,06,
0 m+m, 0 |g+ (m +m,)g [=u
0 0 m, —m, g, &7

where both arm masses m;,m, and the inertia of

the base link J are additionally assumed to be
unknown. Denote all of them as system
uncertainties with 6, =m;, 6,=m, and 6,=1J,

respectively, we obtain with u = (u,,u,,u,)’ ~s

Figure 3. Three-link cylindrical arm robot.
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0, (ZQ3Q1 + ql)% +6,0, =y,
(01 + ‘92)(q2 + g) =U,
0, (qs - qulz) =Us
which implies
0 (20,6, +6,)0; G
F(g,g,g): qz+g q2+g 0
0 qs - q3q12 0
what has full rank as long as ¢,(¢, +9)(G; —0,67) #0. This requirement is obligatory for the
vector of uncertainties €=(6,,6,,6,) being identified from collected system data of the robot.

In the simulation three desired references [(t)=(r1(t),r2(t),r3(t))T are assigned with the
following different periodic function
I, (t) = cos(0.2xt) + 0.5sin(0.6zt)
r,(t) = 0.5sin(0.27t) + 0.75sin(0.6t) (13)
r,(t) = 0.2cos(0.27t) —0.2sin(0.6t).

@—bl 4 r I r
fcn L—po{ du/dt P 1_dot

1
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Figure 4. Simulation program.
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Figure 5. Tracking performance of the first joint variable q,.
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Figure 6. Tracking performance of the second joint variable g, .
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Figure 7. Tracking performance of the third joint variable q,.
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The simulation program is created in MatLab-Simulink with a chosen time constant
T =0.01s for low-pass filter (4), as well as for derivation approximating. This program is given
particularity in Fig.4 with all function blocks in it written in m-file.

All with this program obtained simulation results are depicted in Fig.5 — Fig.7, where each
figure demonstrates separately a pair q,,r,, i =1,2,3. They illustrate that all robot joint variables

g have tracked quickly to their references r (just after 2s from the beginning) as expected, in
spite of the presence of uncertain robotic parameters 6 .

4. CONCLUSIONS

The main novelty of this paper is here a simple approach of the directly adaptive control method
for robotic manipulators with time varying uncertain parameters had been proposed, in comparison
with other existing adaptive control methods for uncertain, non-autonomous systems. In this
method, first the time varying uncertain parameters of robotics are identified online from collected
data of the plant and then they are used as control parameters for the feedback linearization
controller. Based on this, the proposed controller could be seen as a data-driven one. It means that
in such systems the identification of the process model and/or the design of the controller are based
entirely on experimental data collected from the plant [13, 14]. The smaller data collecting time T
is chosen, the precise approximation of signal derivation will be.

The numerical simulation affirmed the tracking performance of the proposed adaptive control
method as desired. In consequence, this adaptive controller could now be applicable in practice.
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TOM TAT
Diéu khién thich nghi trwe tiép cho tay may robot ¢é nhiéu bat dinh theo thoi gian
Bai bao dé xudt mot cach tiép cdn diéu khién thich nghi truc tiép cho tay may robot, no
co thé ung dung dé diéu khién cho tay may robot c6 cac tham so nhiéu bat dinh theo theo
thoi gian. Cdch tzep cdn nay dya trén viéc két hop phwong phdp phdn hoi tuyen tinh hoa
kinh dién va d@é xudt quan st truc tuyen dyra trén mo hinh cho cdc nhleu bdt dinh. Chit

leong diéu khién bam cia bé diéu khién thich nghi truc tiép d@é xudt nay da dwoc kiém
ching bang phwong phép 1y thuyét va mé phong sé.

khoéa: Didu khién thich nghi; Didu khién tay may Robot; Quan sat bit dinh theo thoi gian.
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