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23 SUMMARY

24 In this work, a generalized adaptive scheme for the global motion control of robot manipulators with

25 constrained inputs is proposed. It gives rise to various families of bounded adaptive controllers defined

26 through a general class of saturation functions. Compared with adaptive tracking control algorithms

27 previously developed in a bounded-input context, the proposed adaptive approach guarantees the motion

28 control objective for any initial condition, avoiding discontinuities throughout the scheme, preventing the

29 inputs to reach their natural saturation bounds, and permitting innovation on the saturating structure through
its generalized form, giving a wide range of possibilities for performance improvement. Experimental results

30 corroborate the efficiency of the proposed scheme. Copyright (©) 2013 John Wiley & Sons, Ltd.

31
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gg 1. INTRODUCTION

40 Tracking control of robot manipulators with bounded inputs has proven to be a challenging task.

j; In addition to the nonautonomous nature of the closed-loop dynamics, the designer has to deal

43 with the analytical complications and practical limitations entailed by the input constraints. For

44 instance, since the desired motion implies a specific form (time variation) of each of the reaction

45 and inherent (generalized) forces involved in the system dynamics, shaped through the external

46 driving devices, only trajectories guaranteeing that the combined effect of such forces remain within

47 the input physical ranges are tractable. Any attempt to track a trajectory that does not satisfy

48 such a characteristic would not only fail to achieve the control objective but would also force the

49 actuators to go beyond their natural capabilities giving rise to unexpected or undesirable closed-

50 loop behaviors. Other risks due to the input saturation phenomenon are pointed out for instance in

1,2,3,4].

51 1,23, I o ‘ . .

52 In order to avoid such input-saturation-induced inconveniences, several bounded tracking control

53 approaches have been proposed in the literature under various analytical frameworks [5, 6, 7, 8,

54 9, 10, 11]. For instance, assuming that the exact value of the system parameters and accurate
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position measurements are available, an output-feedback scheme has been proposed in [5]. This
approach involves a reproduction of the various (reaction and inherent) forces that are present in
the system dynamics, calculated involving the current values of the actual position variables but
the desired velocity and acceleration time-variations. An adequate desired trajectory ¢4(t) keeps
such shaping/compensation terms suitably bounded and these in turn render ¢4(t) a solution of
the closed-loop dynamics. In order to achieve the asymptotic tracking objective, correction terms
on the position error and on an auxiliary vector state variable that approximates the velocity
error —calculated through an auxiliary dynamics— are included in the control expression. Their
associated control gains are applied to sigmoidal functions —specifically, the hyperbolic tangent—
of the referred (position and approximated velocity) error variables, giving rise to saturating
nonlinear P and D type terms. In a frictionless setting, such a control scheme was proven to
semi-globally stabilize the closed-loop system. An extended version of the algorithm of [5] was
further presented in [6] by additionally including desired viscous friction forces. Through such an
additional consideration, global tracking is achieved for suitable desired trajectories. An alternative
output-feedback tracking approach that keeps a Computed-Torque-like structure was developed
in [7]. It considers the same form of the gravity, viscous friction, and Coriolis and centrifugal
calculated force vectors used of [6], but a special form of inertial (complemented) force vector where
saturating nonlinear P and D terms analog to those of [5] (but involving an approximated velocity
error vector variable calculated through a different auxiliary dynamics) are included. Semi-global
tracking is achieved through such an output-feedback controller of [7]. Further, revisited versions
of the controller in [6] have been developed in [8] and [9]. In [8], gains scaling the argument of
the hyperbolic tangents are incorporated, while in [9] the hyperbolic tangents are replaced by a
more general class of saturating functions. In both works, exponential stability was proven through
singular perturbation theory. After the previously mentioned output-feedback schemes, two state-
feedback approaches were recently proposed in [10]. While the first of these keeps an SP-SD+
structure, with separated saturating proportional (SP) and saturating derivative (SD) error correction
terms, the second one has an SPD+ form where both the P and D error correction terms are included
within a single saturation function (at every link). Shaping/compensation terms analog to those of
[6] are included, and a generalized type of saturation functions is involved. Both algorithms are
proven to achieve global tracking for suitable desired trajectories. Furthermore, an output-feedback
extension of the SP-SD+ approach of [10], that may be seen as an improved generalization of the
controller of [6], was recently developed in [11]. Keeping analog analytical features of the SP-SD+
approach of [10], but avoiding velocity measurements, such an output-feedback scheme of [11] is
proven to achieve global tracking.

Because of the considered shaping/compensation terms, which involve the expressions of the
system dynamics, the implementation of the above mentioned saturating schemes becomes difficult
when the system parameters are uncertain. In view of such an additional constraint, state-feedback
bounded adaptive tracking controllers were alternatively presented in [7] and [12].

The adaptive approach in [7] considers SP and SD type correction terms similarly structured
than those defined in [5] and [6] but involving online measurements of both the positions and
the velocities. In addition, adaptive desired compensation terms of the system dynamics involving
parameter estimators are included. The adaptation algorithm is defined in terms of a discontinuous
auxiliary dynamics by means of which the parameter estimators are prevented to take values beyond
some pre-specified limits, which consequently keeps the adaptive compensation terms bounded.
The tracking objective was proven to be achieved for suitable desired trajectories, with a region of
attraction that can be enlarged through the control gain values.

In [12], an algorithm similar to that of [7] was presented involving identical SP and SD correction
terms but only adaptive on-line gravity compensation (no other term of the system dynamics is
compensated). A discontinuous adaptation algorithm analog to that involved in [7] is considered.
Unfortunately, it is not clear through such an approach how the desired trajectory can be guaranteed
to be a solution of the closed-loop system.

It is worth pointing out that the algorithms in [7] and [12] are the only adaptive tracking controllers
with predefined bound that the authors are aware of. Other adaptive motion control schemes recently

Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. (2013)
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proposed in the literature have been developed in an unconstrained input framework [13, 14, 15, 16].
Let us further note that by the way the SP and SD terms are defined in the above mentioned
adaptive schemes, the bound of the control signal at every link turns out to be defined in terms
of the sum of the P and D control gains (and of an additional term involving the bounds of the
parameter estimators). This limits the choice of such gains if the natural actuator bounds (or arbitrary
input bounds) are aimed to be avoided. This, in turn, restricts the closed-loop region of attraction.
Moreover, as far as the authors are aware, a bounded adaptive motion control scheme guaranteeing
the tracking objective globally, preventing input saturation, and avoiding discontinuities throughout
the scheme, is still missing in the literature. Even though such achievements have been recently
succeeded in a regulation context [17, 18], the development of a tracking controller with analog
characteristics remains an open problem requiring a more general and complex formulation within
a more elaborated analytical framework. These arguments have motivated the present work which
aims at filling in the mentioned gaps.

In this work, we propose a generalized scheme for the global adaptive tracking control of
robot manipulators with saturating inputs. It gives rise to various families of bounded adaptive
controllers, including adaptive versions of the SP-SD+ and SPD+ algorithms in [10] as well as
an adaptive tracking extension of the SPDgc-like algorithm in [19] as particular cases. With respect
to the bounded adaptive tracking control algorithms previously developed, the proposed adaptive
approach guarantees the motion control objective for any initial condition (globally), avoiding
discontinuities throughout the scheme, preventing the inputs to attain their natural saturation bounds,
and permitting innovation on the saturating structure through its generalized form, giving a wide
range of possibilities for performance improvement. In addition, the approach proposed in this work
is not restricted to the use of a specific saturation function to achieve the required boundedness, but
can rather involve any one within a set of bounded passive functions that include the hyperbolic
tangent as a particular case. The efficiency of the proposed adaptive scheme is corroborated through
experimental results.

Let us further add that previous works with adaptive control schemes where the parameter
estimates are aimed to remain bounded within pre-specified values generally involve discontinuous
adaptation dynamics of the kind of those used in [7] and [12]. This is seen even in recent studies
[13, 14, 20, 21]. The discontinuous character of such type of adaptation auxiliary dynamics is not
necessarily a disadvantage, but a bounded adaptive scheme that avoids discontinuities constitutes
a convenient alternative developed within a simpler analytical context and through simpler and/or
more natural ways to cope with the need to bound the parameter estimates. This is achieved through
the approach proposed in this work by considering the parameter estimators to be the output
variables —and not the auxiliary states— of the adaptation subsystem. The auxiliary (adaptation
subsystem) states are in turn released from having to be initiated and evolve within a constrained
subset rendering the proposed approach global in an authentic sense. Indeed, all the closed-loop
system states, including those involved in the auxiliary adaptation dynamics, can be initiated
anywhere. Thus, through its authentic global and continuous characters, the proposed approach
overcomes limitations of previous bounded adaptive approaches. Furthermore, as far as the authors
are aware, the approach developed in this paper is the first bounded adaptive motion control scheme
that achieves the tracking task for any initial condition, avoiding input saturation, and free of
discontinuities.

The work is organized as follows: Section 2 presents the general n-degree-of-freedom (n-DOF)
serial rigid robot manipulator open-loop dynamics and some of its main properties, as well as
considerations, assumptions, notations, and definitions that are involved throughout the study. In
Section 3, a generalized approach for the design of global tracking controllers involving exact
system parameter values is shown. This proves to furnish a useful structure for the design of the
proposed adaptive scheme, which is presented in Section 4. The closed-loop analysis is developed
in Section 5, where global adaptive tracking is proved to be achieved avoiding input saturation.
Experimental results are presented in Section 6. Finally, conclusions are given in Section 7.

Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. (2013)
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2. PRELIMINARIES

Let X € R™*™ and y € R™. Throughout this work, X;; denotes the element of X at its i row and
j‘h column, X; represents the i row of X, and y; stands for the ih element of y. 0,, represents
the origin of R", I, the n x n identity matrix, and R the set of nonnegative real numbers,
ie. Ry =[0,00). || - | denotes the standard Euclidean norm for vectors, i.e. ||yl = /> ;o ¥,
and induced norm for matrices, i.e. || X| = \/Amax(XTX), where Apax (X7 X) represents the
maximum eigenvalue of X7 X. We denote B, C R™ an origin-centered ball of radius r > 0, i.e.
B, ={x € R™: ||z|| < r}.Let D and £ be subsets (with non-empty interior) of some vector spaces
D and E respectively. We denote C™(D; £) the set of m-times continuously differentiable functions
from D to £ (with differentiability at any point on the boundary of D, when included in the set,
meant as the limit from the interior of D). For a dynamic/time variable v, © and © respectively
denote its first- and second-order evolution/change rate. For a continuous scalar function ¢ : R — R,
¢’ denotes its derivative, when differentiable; DT ¢ its upper right-hand (Dini) derivative, i.e.
DF(s) = limsupy, o LEF=E) " with D¢ = ¢' at points of differentiability [22, App. C.2];
and ¢~ its inverse, when invertible.

Let us consider the general n-DOF serial rigid robot manipulator dynamics with viscous friction
[23, §2.1], [24, §6.2], [25, §7.2]:

H(q)i+C(q,4)i+Fq+g(q) =7 (1)

where ¢, ¢, ¢ € R™ are, respectively, the position (generalized coordinates), velocity, and
acceleration vectors, H(q) € R"*™ is the inertia matrix, and C(q,q)q, Fq, g(q), 7 € R™ are,
respectively, the vectors of Coriolis and centrifugal, viscous friction, gravity, and external input
generalized forces, with F' € R"*" being a positive definite constant diagonal matrix whose
entries f; >0, i =1,...,n, are the viscous friction coefficients. Some well-known properties
characterizing the terms of such a dynamical model are recalled here [23, §2.1], [25, §3.3], [26,
Chaps. 4 & 14]. Subsequently, we denote H the change rate of H, i.e. H : R" x R" — R"*"

(0.9) ~ (%2 (@)a)-
Property 1

The inertia matrix H(q) is a positive definite symmetric bounded matrix, i.e. I, < H(q) <
warln, Vg € R™, for some positive constants i, < fipy-

Property 2
The Coriolis matrix C(q, §) satisfies:

2.2. H(q,q) = C(q,4) +C"(q,4), (g, 4) € R* x R™;

23. Clw,z +y)z = Clw,z)z + C(w,y)z, Yw,z,y, z € R™;

24. C(z,y)z = C(x, 2)y, Vx,y,z € R™;

25 1IC(z,y)z|l < kellyllllzll, V(z,y, z) € R™ x R™ x R™, for some constant ko > 0.

Property 3
The viscous friction coefficient matrix satisfies f,,||z||> < 27 Fa < farl|z||?, Vo € R™, where 0 <

f’m £ mlnt{f&} S maxi{fi} £ fM

Property 4
The gravity vector g(q) is bounded, or equivalently, every element of the gravity vector, g;(q),
i=1,...,n, satisfies |g;(q)| < By, Vg € R", for some positive constants By, i = 1,...,n.!

TProperty 4 is not satisfied by all types of robot manipulators but it is for instance by those having only revolute joints
[26, §4.3]. This work is addressed to manipulators satisfying Property 4.

Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. (2013)
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Property 5
The left-hand side of the robot dynamic model in Eq. (1) can be rewritten as

H(q,0)G + C(q,4,0)q + F(0)d + g(q,0) = Y(q,4,4)0

where 6 € RP? is a constant vector whose elements depend exclusively on the system parameters,
and Y (q,q, §) € R™"*P —the regression matrix— is a continuous matrix function whose elements
depend exclusively on the configuration, velocity, and acceleration variables and do not involve
any of the system parameters. As a matter of fact, every term of the left-hand side of (1) can
be analogously rewritten as H(q,6)d = Yu(q,4)0, C(q,4,0)¢ = Yo (q, )0, F(0)¢d = Yr(¢)0, and
9(4,6) = Y, (q)6, and actually ¥ (g, 4. &) = Y (q. d) + Yo (g 4) + Ye(d) + Y, (q).

Property 6
Consider the manipulator dynamics Y (q,q,§)0 = H(q,0)4 + C(q,q,0)¢+ F(0)q+ g(q,0) = 7.
Let O, > 0 represent an upper bound of |6,|, such that |6;] < 8y, Vj € {1,...,p}, and let

Onr = (91\/[1,...,91\4P)T and © = [—9M1,9M1] X oo X [—GMp,GMp].

a. By Properties 4 and 5, there exist positive constants Bg, i=1,...,n, such that |g;(w, )| =

|Ygi(w)z| < Bg, i=1,...,n,V(w,z) € R" x O. Furthermore, there exist positive constants
Bg,,;» Ba,, and Bg such that |Yy;;(w)| < Bg,,, [|[Ygi(w)| < Bg,, and ||Yy(w)| < Bg, Yw €
R i=1,...,n,j=1,...,p.

b. Let X and ) be any compact subsets of R™. By Properties 1, 2.5, 5, and 6a, there exist positive
constants BS,, i =1,...,n, such that |Y;(w,z,y)z| < BS,, i=1,...,n, Y(w,2,y,2) €
R™ x & x Y x O. Furthermore, there exist positive constants Byij, By,, and By such that
|Yij(w7x,y)| < BYi]" Hwaaxay)” < By,, and HY(w,x,y)H < By, V(w,x,y) ER™ x X x
Yoi=1,....,n,5=1,...,p.

Remark 1
Let us note that under the considerations of Property 6, by Properties 1, 2.5, 3, 5, and 6a, there exist

positive constants 15, kg, and fy), such that |Y;(w, 2, v)z| < ufllyll + kSllz|* + firllzl| + By,
i=1,...,n, V(w,z,y,z) € R x R" x R™ x ©. Observe from this expression that for any 7; >
Bg, there always exist sufficiently small positive values a and b (for instance, such that u$,b +
k&a? + fija < T; — B)) that guarantee |Y; (w, z,y)z| < Tj,i=1,...,n,0onR™ X B, x By x ©. 4

i |

Let us suppose that the absolute value of each input 7; (i element of the input vector 7) is

constrained to be smaller than a given saturation bound T; > 0, i.e. |1;| <T;, i=1,...,n. In
other words, letting u; represent the control variable (controller output) relative to the i degree
of freedom, we have that
Uj
7; = Tisat | — 2
() >
i =1,...,n, where sat(-) is the standard saturation function, i.e. sat(¢) = sign(s) min{|s|, 1}.

The control scheme proposed in this work involves special (saturation) functions fitting the
following definition.

Definition 1
Given a positive constant M, a nondecreasing Lipschitz-continuous function ¢ : R — R is said to
be a generalized saturation with bound M if

(a) so(s) > 0forall ¢ # 0;
(b) |o(s)] < M forall¢ € R.

If in addition
(c¢) o(s) = ¢ when [¢] < L,
for some positive constant L. < M, o is said to be a linear saturation for (L, M) [27].
Any function satisfying Definition | has the following properties.
Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. (2013)
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Lemma 1
Let o0 : R — R be a generalized saturation function with bound M, and let k be a positive constant.
Thus,

1. lim DYo(c) =0;

|| =00

2. Do () is nonnegative and bounded by a (strictly) positive bound, i.e. 30, € (0, c0) such
that 0 < Dt o(s) < o)y, Vs € R;

3. lo(ks +n) —a(n)| < oy kls|, Y6, € R;

4. |o(ks)| < aprklc], Vo € R;

2 k S k / 2
5. k) / o(kr)dr < FTMS e e R
2koy, 0 2

S
6. / o(kr)dr >0, Vs #0;
0

S
7. / o(kr)dr — oo as || — oo;
0

8. if o is strictly increasing, then
@ c[o(c+n) —o(n)] >0,V #0,Vn € R;

(b) for any constant a € R, 7(¢) = o(s +a) —o(a) is a strictly increasing generalized
saturation function with bound M = M + |o(a)|;

9. if ¢ is a linear saturation for (L, M) then, for any continuous function v : R — R such that
lv(n)] < L,¥n € R, we have that < [o (¢ + v(n)) — o(v(n))] > 0, Vs #0,Vn € R.

Proof

Points 3 and 4 are a direct consequence of the Lipschitz-continuity of o and item 2 of the statement
(as analogously stated for instance in [22, Lemma 3.3] under continuous differentiability). The rest
of the points are proved in [17]. O

The following assumptions are crucial within the analytical setting considered in this work.

Assumption 1
T > Bgi,Vi S {1,...,n}.

Assumption 2

The desired trajectory gq(t) (to be tracked) belongs to Qg = {qa € C](R4;R™) : [|qa(t)]| <
Bay, |1Ga(t)|| < Bga , Vt > O} for some positive constants By, and By, < f/kc (see Properties
2.5 and 3).

Remark 2

Assumption 1 implies that the actuators and mechanical (power) transmission systems of the robot
are capable to hold its physical structure at any point in the configuration space which is reasonably
expectable in practice. On the other hand, observe that Assumption 2 does not restrict the location of
the target trajectory g4 but rather its first- and second-order change rates. Hence, under Assumption
2, desired trajectories defined anywhere in the configuration space may be tracked as long as they
give rise to sufficiently slow motions. Let us further point out that the need to restrict the target
trajectories is a direct consequence of the bounded nature of the inputs. Indeed observe, from
Egs. (1) and (2) under the consideration of accurate tracking, i.e. ¢(f) = ¢q(t), that only desired
trajectories giving rise to left-hand sides of (1) with elements having absolute values lower than
the input bounds 7; can be tracked through a control vector u subject to (2). This leads to the need

Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. (2013)
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of additional adjustments on the desired trajectory first- and second-order rate bounds, By, and
By,. Specifications are given in Section 4 in the context of the approach formulated in this work.
Furthermore, the closed-loop stability analysis gives rise to the additional restriction on By, stated
through Assumption 2, namely By, < fmn/kc.t This additional condition adopts coherence through
the consideration of the viscous friction terms in the manipulator open-loop dynamics. Certainly,
an approach independent of the consideration of friction may be seen as a theoretically stronger
result. Nevertheless, it is important to keep in mind that even in such a scenario the desired motion
ought to be restricted in order to cope with the input constraints (as previously described). On the
other hand, the consideration of viscous friction is meaningful in practice since it is an ever-present
phenomenon in mechanical systems [28]. Notwithstanding the dependence on the friction terms,
the result developed in this work overcomes limitations of previous bounded adaptive approaches
as pointed out in Section 1. <

3. GLOBAL TRACKING INVOLVING EXACT SYSTEM PARAMETERS: A GENERALIZED
APPROACH

Under the satisfaction of Assumptions 1 and 2, let us consider the following generalized expression
defining saturating global-tracking controllers for system (1)-(2):

u(ta q, q.a 0) = _Sd(tv (7, d? 0) - SP(KP(Y) + Y(q7 C]d(t)v qd(t))a (3)

where ¢ = ¢ — qq4(t) is the position error vector variable. The third term in the right-hand side of (3)
is a hybrid compensation term (since it involves online position measurements but desired velocities
and accelerations), with § being the system parameter vector and Y'(-,-,-) the regression matrix
characterizing the system open-loop structure, according to Property 5, i.e. such that

Y (q,4a(t), Ga(t))0 = H(q,0)Ga(t) + C(q,4a(t), 0)da(t) + F(0)da(t) + g(q, 0) 4)

The second term in the right-hand side of (3) is a (bounded non-linear) position error correction
term where Kp € R"*"™ is a positive definite diagonal matrix, i.e. Kp = diag[kp1,...,kp,] with
kp; >0foralli=1,...,n, and, for any € R", sp(z) = (Upl(xl), . ,Upn(xn))T, with op;(+),
i1 =1,...,n, being (suitable) continuously differentiable generalized saturation functions with
bounds Mp;. The first term in the right-hand side of (3) is a damping term —whose role is to
furnish a velocity-error opposing force through which the corresponding kinetic energy (in the
error variable space) be dissipated— where s4 : Ry x R™ x R™ x RP — R™ is a continuous vector
function satisfying

Sd(t7x70n7z) = On (5)

Ve e R",Vz € RP,Vt >0,
[sa(t,z,y,2)| < kllyll (6)

V(t,z,y,2z) € Ry x R x R™ x RP, for some positive constant x, and given ¢4 € Q4 (see
Assumption 2) and z € R? such that |Y;(q, 4a(t), Ga(t))z| < Ti,i=1,...,n, Vg € R", ¥t > 0:
yTSd(t7£L',y,Z) >0 (7)
Yy #£ 0,, Vo € R", ¥t > 0, and
|ui(t, z,y,2)| < T (8)
i=1,...,n, Ve e R, Yy € R", Vi > 0, for suitable bounds Mp; of op;(+).

Notice that f,, could be small but the quotient f,,, /kc may be several times greater, as is actually the experimental case
under consideration in Section 6.

Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. (2013)
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Proposition 1

Consider system (1)-(2) taking v = u(t, q,q,0) as defined in Eq. (3), under the satisfaction of
Assumptions 1 and 2 and the conditions on the vector function s, stated through the expressions
in (5)—(8). Thus, for any positive definite diagonal matrix K p, global uniform asymptotic stability
of the closed loop trivial solution g(t) = 0,, is guaranteed with |7;(¢)| = |u;(t)| < T;, i =1,...,n
Vvt > 0.

Proof

Observe that the satisfaction of (8), under the consideration of (2), shows that T; > |uZ (t,q,4, 9)} =
lui| = ||, i =1,...,n, Vg € R", V¢ € R™, ¥Vt > 0. From this expression, one sees that, along the
system trajectories, |7;(t)| = |u;(t)| < T, i = 1,...,n, V¢t > 0. This proves that under the proposed
scheme, the input saturation values, T}, are never reached. Thus, the closed-loop dynamics takes the
form

H(q)q+ [C(q,4) + C(q,qa(t)) |4+ FG = —sa(t,3,G,0) — sp(Kpq) 9)

where® Property 2.4 has been used. Let us define the scalar function

) 1. . ) d
Vo(t,q,q) = QciTH(q)ti+sszTa(Kpr)H(q)q‘+/ sp(Kpr)dr (10)

n

with fo L(Kpr)ydr =", foq'i opi(kpir;)dr; and € being a positive constant satisfying

€ < ey 2 min{ey, &5} (11)
where
€1 L Hm and g9 A fm - kCde
13 Bp Bum + (7”1;” + kchv)Q

(note that the satisfaction of Assumption 2 ensures positivity of €3) with

ﬂpém?X{O'/PiMkPi} . Bum=keBp+uuBp , Bp=

o'p; s being the positive bound of o/, (+) in accordance to item 2 of Lemma 1, x as defined through
(6), and pip,, pars kos fim, and fiy as defined through Properties 1-3. Observe that from Property 1
and items 4 and 5 of Lemma 1 we have that

WOl(‘j7 (j) S Vb(ta (ja (Y) S WOQ(‘?; Q)

where

q
Wou(,4) = W@@qw+u—ay/s£M@nw (12)
with
Woo(d.) = S 1417 = enasllse (K p ]+ 55 llsp (Kp) |

and o being a positive constant satisfying

S ca<1 (13)
€1

80bserve that, in the error variable space, ¢ = g+ qq(t) and G=q+dq(t), and consequently H(q) = H (q+
(). Cla,") =C(a+aa®).-). CC.d)=C(q+da(t)). H(q,d) = H(q+qa(t),q+da(t)) and Y(g,-)=
Y (q+ qa(t),, ). However, for the sake of simplicity, H(q), C(g, "), C(-,4), H(q, ¢) and Y (g, -, ) will be used instead
of H(G+ qa(t)), C(7+ qa(t),-), C(-d+ da(t)), H(G+ qa(t),§+ da(t)) and Y (7 + qa(t), -, ).
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(see (11)), and
_ = /L]V[ - _ - ﬁP _
Woa(,9) = - [1dll* + epne B il + = llall*

Moreover, Woo(q, ¢) and Wy2(7, §) may be rewritten as

U sp(Epd 5 (llsp(Kpa)]
WO()(CLQ)—2< P”Cﬂf ) POl( PH(ﬂf )

e =+ (1) (12)

Poy :< Br —€NM) and  Poy :< Bp €MM5P>

—€UM  Pm epmpBp M

Note that, by (11), Woo(q,q) and Woz(q, q) are positive definite (since, with ¢ < ey < &1, any «
satisfying (13) renders Py; positive definite, while the referred condition on ¢ renders Pys positive
definite as well), and observe that Wy (0,,, 7) — oc as ||¢|| — oc. From this, inequality (13) (whence
1 —a > 0), and points 6 and 7 of Lemma | (through which one sees that the integral term in
the right-hand side of (12) is a radially unbounded positive definite function of ), Vo(t,q, q) is
concluded to be positive definite, radially unbounded, and decrescent. Its derivative along the system

trajectories is given by

with

. . 1..¢\.. ) . L
Vo(t,q,q) = ¢"H(q)q + §@TH(q7 Q)q + esh(Kpq)H(q)G + esp(Kpq)H(q,4)q

+eq" Kpsp(Kpq)H(q)i + sp(Kpd)q

2
+ €S£(KPQ) C(Q? q)q - O(Qa Qd(t))q - F(j - Sd(ta q éa 0) - SP(KP(?)}
+esp(Kp@)H(q.9)q +¢q" Kpsp(Kpq)H(q)q + sp(Kpa)g

— [~ Cla.0)d — C(0.4a(0))d — Fi — 5u(t.3.3.0) — sp(Kpd)] + 20" H(q.0)i
[f

- qTO(qv Qd(t))q_ - q_TFq - (?Tsd(ta qv (?a 0) — E‘SE(KPq—)C((L qd(t))q
—esp(Kpq)Fq—esp(Kpq)sa(t,q,q,0) — esp(Kpq)sp(Kpq)
+2¢" [C(q,9) + C(q,4a(t)) | sp(Kpq) + €4 Kpsp(Kpq)H(q)q

where H (q)q has been replaced by its equivalent expression from the closed-loop dynamics in (9),
Properties 2.1-2.3 have been used, and

sp(Kpq) £ diaglop, (kp11), -, 0py (kpndn)) (14)

Observe that from Assumption 2, Properties 1-3, the satisfaction of (6) and (7), items (b) of
Definition 1 and 2 of Lemma 1 (recall that for continuously differentiable functions op;, DT op; =
o'p;), and the properties of K p, we have that

Vo(t,q,q) < —Wi(q,q)

with
W1(q,4) = —keBal|ql1* + fmlldll* = ekcBaollsp(Kpd)|lldll — e fallsp (Kpa)|l |4
—ek|lsp(Ep)|llldll + ellsp(Kpd)||* — ekeBpl|gl|? — ekeBawllsp (Kpd)|l|d]
— epnBpllql®

_ (nsP(qu)n)T( ( e —e (WJ”MCB@)) (nsP(qu)n)

4]l DS 4 keBay)  fm — ke Baw — €Bu llall
(15)
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Note further that, from the satisfaction of (11), W1 (g, ¢) is positive definite (since any & < epy < &9
renders the matrix at the right-hand side of (15) positive definite). Thus, by Lyapunov’s stability
theory (applied to non-autonomous systems, see for instance [22, Theorem 4.9]), the trivial
solution g(t) = 0 is concluded to be globally uniformly asymptotically stable, which completes
the proof. O

The generalized formulation presented here gives rise to particular control structures from
previous references. Details in this direction are given in Appendix A.

4. THE PROPOSED ADAPTIVE SCHEME

The result of the precedent section cannot be guaranteed as stated in Proposition 1 if the exact
knowledge of the system parameters is not available. However, in such a situation, global tracking
avoiding input saturation can still be accomplished through auxiliary dynamics in an adaptive
control context. This is achieved by means of suitable strict bounds on the elements of ¢, as described
next.

Let M, 2 (Myy,..., My)", and O, 2 [~ My, My] X -+ X [~ My, Myy], with M,;, j =
1,...,p, being positive constants such that

|9J| < Maj (163)
Vje{l,...,p} and

BS < T, (16b)
Vi € {1,...,n}, where, in accordance to Property 6a, Bg“, i1 =1,...,n, are positive constants such

that |g;(w, 2)| = |Yyi(w)z| < B?i“, i=1,...,n, Y(w,z) € R" x ©,, and consider (small enough)
desired-trajectory-related bound values By, and By, (in accordance to Assumption 2) such that

Yi(q,da(t), Ga(t))9] < BS: < T, (16¢)

i=1,...,n, Vg € R", Vi € O,, Vt > 0, where, in accordance to Property 6b, Bg‘;, i=1,...,n,
are positive constants such that |Y;(w,z,y)z| < B@‘;, i=1,...,n, Y(w,z,y,2) € R" x Bp, X
Bp,, % ©4. Let us note that Assumption 1 ensures the existence of such positive values M,;,
j=1,...,p, satisfying inequalities (16a) and (16b) while, under Assumption 2, through the
fulfillment of (16b), inequalities (16c) can always be satisfied through sufficiently small values of
By, and By, (see Remark 1). Notice further that inequalities (16b) are satisfied if Z§:1 Bg,;Ma; <
T;, Ba,||M.|| < T;, or Bg||M,|| <T;, i =1,...,n (see Property 6a); actually, Z;’:l Ba,; Maj,
Bg,||Mal|, or Bg||M,||, may be taken as the value of B¢ as long as inequality (16b) is fulfilled.
Similarly, inequalities (16c) are satisfied if 2521 By,;M,j <T;, By, |M,| < T;, or By || M,|| < T,
i=1,...,n, where, in accordance to Property 6b and Assumption 2, By,,;, By,, and By are
positive constants such that |Y;;(w,z,y)| < By,,, [|Yi(w,z,y)|| < By,, and [|Y (w,z,y)|| < By,
respectively, V(w, z,y) € R" x Bg,, x Bg,,;in fact, Zé’:l By,; My, By, ||M,||, or By || M, ||, may
be taken as the value of Bg; as long as inequality (16c¢) is fulfilled.

Based on the generalized algorithm in Eq. (3), the proposed adaptive control scheme is defined as

u(t,q,4,0) = —sa(t, 3.4,0) — sp(Kpq) + Y (¢,da(t), Ga(t))0 (17)

with sp(-), Kp, and s4(-,-,-,) as previously defined, Y(q,qd(t),dd(t)) as described in the

precedent section (see Eq. (4)), and 0 (the parameter estimator) being the output variable of an
auxiliary (adaptation) dynamic subsystem defined as

¢ =-TY"(q,44(t),Ga(t))[q + esp(Kpq)] (18a)
0= s4(0) (18b)
Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. (2013)
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CONTROLLER
ACTUATOR
q,(1) o n u T
g,(1) 5, (6:3.3.0) -5, (K,3)+Y(4,4,(0),4,(1)0 e ROBOT
4. (1)
/ Y
Auxiliary dynamic subsystem q
¢=-TY" (44,4, ]G +&s,(K,7) ]
0=5,9)

Parameter estimator

Figure 1. Block diagram of the proposed adaptive control scheme

where ¢ is the (internal) state of the auxiliary dynamics in Eq. (18a); for any = € RP, s,(z) =
(0a1(x1) e aap(xp)) ,045(+), 7 =1,..., p, being strictly increasing generalized saturation
functions with bounds M,; as defined above, i.e. such that inequalities (16) are satisfied; I' € RP*P
is a positive definite diagonal constant matrix, i.e. I' = diag[vy; ..., ~,] with 7; > 0 for all j =
1,...,p; and € is a positive constant satisfying inequality (11). A block diagram of the proposed
adaptive scheme is shown in Fig. 1.

Remark 3

Observe that the control scheme in (17)-(18) does not involve the exact values of the elements of 6.
It only requires the satisfaction of inequalities (16). In other words, only strict bounds M,; of |6;],
j=1,...,p, (satisfying inequalities (16b)-(16c)) are involved. Notice further that a suitable choice
of € does not require the exact knowledge of the system parameters either. Indeed observe, on the
one hand, that an estimation of the right-hand side of inequality (11) may be obtained by means of
upper and lower bounds of the system parameters and viscous friction coefficients (more precisely,
nonzero lower bounds of p,, and f,,, and upper bounds of u;, ko, and fas; see Properties 1, 2.5,
and 3). On the other hand, the satisfaction of inequality (11) is not necessary but only sufficient for
the closed-loop analysis to hold, as shown in the following section, which permits the consideration
of values of ¢ higher than €, (up to certain limit) without destabilizing the closed loop. Note further
that, by previous arguments, the satisfaction of the restriction on By, stated through Assumption 2
does not require the exact knowledge of the system parameters either. <

Remark 4

Observe that inequalities (16b) concern exclusively the parameters related to the gravity force vector.
For these parameters, it is important to count on suitable bound values (satisfying inequality (16b))
for a proper implementation of the proposed algorithm with analytical certainty of the expected
result (under the stated assumptions). For the rest of the system parameters, the restriction on
their bounds, stated through inequality (16c), is not as stringent since the fulfillment of such a
condition may be accomplished through suitable desired-trajectory-related bound values By, and
By, (recall Remark 1). Thus (under the fulfillment of (16b)), given any g4 € Qy, it suffices to adjust
its first- and second-order change rates (wherever g, goes through in the configuration space) to
satisfy inequality (16¢). For system parameter bounds that do not satisfy (16b), local tracking is still
possible for desired trajectories restricted to vary on some configuration space subset {2 C R™ where
lgi(z, )| < Bgi- <Ty,i=1,...,n,V(z,y) € Q x O,. Given ¢4 € Qg such that g4(t) € Q, ¥Vt > 0,
(under the satisfaction of (16¢)) initial conditions sufficiently close to the target values give rise to a
closed-loop position trajectory that is kept evolving in € —in view of its proximity to g4(¢) implied
by the uniform stability property proven in Section 5— thus retrieving the conditions required to

ensure a correct functioning of the proposed scheme. <
Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. (2013)
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5. CLOSED-LOOP ANALYSIS

Consider system (1)-(2) taking u = u(t,q, q, é) as defined through Egs. (17)-(18). Observe that
(under Assumptions 1 and 2, the satisfaction of inequalities (16), and the consideration of (2)) the
fulfilment of (8) shows that

T > |ui(t,q, 4, 5a(0))| = lwil = |m| i=1,...,n V(t,q.4,¢) €RL xR* x R* x R (19)

Thus, under the consideration of Property 5, the closed-loop system takes the form

H(q)i+ [C(q,4) + C(q,qa(t)) ]G+ Fg
= —54(t,4,q,54(0)) — sp(Kpq) + Y (¢, 4a(t), Ga(t))3a(¢) (20a)

¢ = ~TY"(q,4at), Ga(t)) [§ + esp(Kpq)] (20b)
where ¢ = ¢ — ¢* and ) )
5a(¢) = 8a(P+ ¢") — 54(0") (21)

with ¢* = (¢T,...,¢;)T such that s,(¢*) = 0, or equivalently, ¢* =o,.1(6;), j=1,...,p.%

Observe that, by item 8b of Lemma 1, the elements of 5,(¢) in (21), i.e.
Taj(05) = 0aj(dj + ¢F) — 0as(0])
j=1,...,p, turn out to be strictly increasing generalized saturation functions.

Proposition 2

Consider the closed-loop system in Egs. (20), under the satisfaction of Assumptions 1 and 2
and the conditions on the vector function s, stated through the expressions in (5)—(8). Thus, for
any positive definite diagonal matrices Kp and I', and any ¢ satisfying (11), the trivial solution
(¢, 9)(t) = (0,,0,) is uniformly stable and, for any initial condition (to,q(to),q(to), ¢(to)) €

R; x R™ x R™ x RP, the closed-loop system solution (g, ¢)(¢) is bounded and such that g(¢) — 0,,
as t — oo with |7 (t)| = |u;(t)| < T3, i = 1,...,n, Vt > to.

Proof

By (19), we see that, along the system trajectories, |7;(¢)| = |u;(t)| < T3, Vt > 0. This proves that,
under the proposed adaptive scheme, input saturation is avoided. Now, in order to develop the
stability/convergence analysis, let us define the scalar function

_ ) ¢
Vi(t,0,6.8) = Vot 0,9) + / ST dr 22)
0

where fj B ()T~ tdr =370, ffj Gaj(rj)y; 'drj, and Vo(t, , q) is as defined in Eq. (10).| Note
that, from the analytical properties of Vy(t, G, ¢), shown in the proof of Proposition 1, and items 8b, 6,
and 7 of Lemma 1 (through which the integral term in the right-hand side of Eq. (22) is concluded
to be a radially unbounded positive definite decrescent function of ¢), Vi (t,q,q, ¢) proves to be

positive definite, radially unbounded, and decrescent. Its derivative along the system trajectories is

9Notice that their strictly increasing character renders the generalized saturation functions Oaj>Jj =1,...,p, (involved
in the definition of s, ) invertible.
'The complete expression is given as

Lo 1. . e ¢ -
Vilt,4.G,¢) = 54" H(9)d + ssE(qu)H(q)ﬁ/ sp(Kpr)dr +/ Sa (NP~ tdr
n OP
Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. (2013)
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given by

Y < 7 . L 1 . o o\ — o X . . _
Vi (ta q, 9, (b) = qTH(Q)q + iqTH(qa q)q + €S£(KPQ)H(Q)(] + quH(qa Q)SP (qu)

+ 24" H(q)sp(Kp@)Kpi + sp(Kpg)g+ 52 (H)T ¢

= |~ Cla. )i — Cla:4a®))d — Fi = sa(t,0.d,54(9)) — sp(Kpa)

FY (4 0a0), 4a(0))3a(8)] + 50" Ha,d)i + 5B (Kpa) [ - Clard)d

—C(¢:4a(t)) G — FG— 5a(t, .G, a(9)) — sp(Kpq) + Y (¢, da(t), q.d(t))ga(é)}
+e¢"H(q,d)sp(Kpq) + 4" H(q)sp(Kpd)Kpd + sp(Kp@)q
— 50 (D)Y " (g, Ga(t), a(t)) [q + esp(Kpq)]

= —¢"C(¢.4a(t))d — ¢"Fq—q"sa(t, 7, G 5a(9)) — esp(Kpq)C (g, da(t))d
—esp(Kpq)Fq— esp(Kpq)sa(t, 4,4, 5q(0)) — esp(Kpq)sp(Kpq)
+eG" [Clq,9) + C(q,4a(t)) | sp(Kpq) + €4 H(q)sp(Kpg) Kpq

where H(q)q and ¢ have been replaced by their equivalent expression from the closed-loop
manipulator dynamics in Eqs. (20), Properties 2.1-2.3 have been used, and s (K pg) was defined
in (14). Observe that from Assumption 2, Properties 1-3, the satisfaction of (6) and (7), items (b) of
Definition 1 and 2 of Lemma 1, and the properties of K p, we have that

Vl (t7 q, qL7 (,Z_S) < 7qLTS(i (ta q Cja 5(1(¢)) - Wl(@a q) <-W ((17 q_)

where W1(q,q) was defined in (15) and shown to be a positive definite function in the proof
of Proposition 1. Hence, we have that Vi(t,q,q4,¢) <0, Y(t,q,q,¢) € Ry x R" x R" x R?,
with V; (t,q,4,¢) =0 <= (q,q) = (0,,,0,). Therefore, by Lyapunov stability theory (applied to
nonautonomous systems, see for instance [22, Theorem 4.8]), the trivial solution (g, #)(t) = (0,,,0,)
is concluded to be uniformly stable. Finally, by Theorem 8.4 of [22],"* we conclude that for any
initial condition (to,q(t0),q(to), #(to)) € Ry x R™ x R™ x RP, the closed-loop system solution

(@, ¢)(t) is bounded and such that G(¢t) — 0,, as t — oco. O

Remark 5
LetYy(t) 2 Y (qa(t), da(t), Ga(t)). Under the considerations of Proposition 2, if there exist positive
constants v and ¢ such that

t+46
/ Y ()Ya(s)ds > vI,  Vt>0 (23)
t

then the trivial solution (g, ¢)(¢) = (0., 0,) is globally uniformly asymptotically stable. This follows
from the application to the closed-loop system in Egs. (20) of an analysis analog to that developed
in [15] in the unconstrained input context, in turn supported by the more general result presented
in [29]. When (23) is fulfilled, it is said that YdT(t) is persistently exciting. This is a necessary and

sufficient condition for uniform d-persistent excitation of Yy(t)3,(¢) with respect to 5,(¢) [29], in
turn a necessary and sufficient condition for the referred global uniform asymptotic stability property

**Theorem 8.4 of [22] states that for state equations with vector field being uniformly bounded at the origin, the existence
of a continuously differentiable positive definite decrescent radially unbounded scalar function whose derivative along
the system trajectories is upper-bounded by a negative semidefinite continuous function W, guarantees boundedness of
all the system trajectories (i.e. for any initial condition) as well as their convergence to the state-space subset where
W vanishes (the statement in [22, Theorem 8.4] includes also a local version of the result). In the analytical context of
the present work, the closed loop internal variables (g, §, ¢) are the (natural) system states and the vector field of the
consequent state-space representation vanishes at the origin.

Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. (2013)
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in the context of the closed-loop system in Eqs. (20) [15]. Note however that exact parameter
convergence (i.e. to the real values) is not necessary to achieve the global tracking objective. Further,
the former task implies the need to look for a suitable g4(¢) through which (23) be fulfilled while
the latter assumes that a target trajectory is given. Hence, the fulfillment of (23) is in general left
only for parameter estimation purposes [15]. <

Remark 6

One of the main features of the proposed scheme, compared to previous approaches, is the particular
design of the adaptation subsystem. This gives rise to parameter estimations that remain bounded
within pre-specified limits without involving discontinuities. This is achieved by detaching the
parameter estimator role from the adaptation variable ¢ which is there to counteract tracking
errors due to the inherent inaccuracies of the hybrid compensation term (i.e. due to the fact that
Y (q(t), da(t), ijd(t))é(t) %Y (q(t),qa(t), Ga(t))6; by so acting, the hybrid compensation term in
turn approaches the accurate one). The parameter estimator role is transferred to a variable coming
out from the adaptation subsystem, namely 0, defined in terms of ¢ through a suitable (one-to-one)
continuous function s, stating a (strictly) passive relation among them (such that ¢”'5,(¢) > 0,
V¢ # 0,,). This permits the inclusion of a suitable storage term in the Lyapunov function, that
accounts for the controller-induced-potential energy due to the parameter estimation error 5,(¢)
(see (21)), namely the last term in the right-hand side of V; in Eq. (22). V; is thus guaranteed to be
a correct Lyapunov function candidate for the closed-loop system. In turn, through the derivative of
the compound Lyapunov function along the system trajectories, V7, the dynamics of ¢ is determined
s0 as to have the required stability/convergence properties (by eliminating though ¢ the cross terms
in V; where 54(¢) appears since, in the absence of the exact knowledge of 6, there is no way to get
a negative definite ¢-term) as corroborated through the proof of Proposition 2. Such a continuous
dynamics carries out the described corrective role of ¢. The adequate continuous bounded form of
6is given through s, by means of suitable generalized saturation functions. The designed algorithm
is thus free of discontinuities, permitting the auxiliary adaptive variable ¢ to take initial values and
evolve anywhere in RP while keeping 6 suitably bounded. <

Remark 7

Adaptive versions of the SP-SD+, SPD+ and SPDhc+-like controllers described in Appendix A
are obtained by considering in the proposed design method the expressions in (31), (33), and (35),
respectively, with suitable adjustments on the saturation function parameter conditions. Thus, the
adaptive SP-SD+ controller is obtained from (17) by taking

sa(t,4,4,0) = sp(Kpq) (24)

with sp(-) and Kp as defined in Appendix A and the involved bound values, Mp; and Mp;,
satisfying

Mp; + Mp; < T; — B¢ (25)
(recall inequality (16¢)) @ = 1, ..., n, the adaptive SPD+ scheme is gotten by taking
sa(t,q,4,0) = sp(Kpq+ Kpg) — sp(Kpq) (26)

with sp(-) as defined for this case in Appendix A and bound values fulfilling
Mp; <T; — BS: (27)
i =1,...,n, and the adaptive SPDhc+-like algorithm is obtained by taking
sa(t,d,4,0) = so (Y (g, 4a(t), iid(t))é — sp(Kpq))
—50(Y(a,4a(t), 4a(1))0 — sp(Kpq) — Kpd) (28)

with so(+) as defined in Appendix A and the involved saturation function parameters satisfying

BS: + Mp; < Loi < My; < T; (29)
i =1,...,n. For these cases, x in (11) remains as specified in Eqgs. (37). N
Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. (2013)
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Figure 2. Experimental setup

6. EXPERIMENTAL RESULTS

In order to experimentally corroborate the efficiency of the developed adaptive approach, real-time
control implementations were carried out on a 2-DOF direct-drive manipulator. The experimental
setup, shown in Fig. 2, is a prototype of the 2-revolute-joint robot arm used in [30, 31], located at
the Instituto Tecnologico de la Laguna. The actuators are direct-drive brushless motors operated in
torque mode, so they act as torque source and accept an analog voltage as a reference of torque
signal. The control algorithm is executed at a 2.5 ms sampling period in a control board (based on a
DSP 32-bit floating point microprocessor from Texas Instrument) mounted on a PC-host computer.
The robot software is in open architecture, whose platform is based in C language to run the control
algorithm in real time.
For the considered experimental manipulator, Properties 1-5 are satisfied with'"

G1 0
(241 + Ga2) cos g2 — ¢2(2¢1 + G2) singz G cos g2 + 7 sin gy
Go g1 + G
Y(q,4.4) = @ 0
0 D)
sin qq 0

sin(q1 + ¢2) sin(q1 + ¢2)

0" = (2.351 0.084 0.102 2.288 0.175 38.465 1.825)

U = 0.088 kgm?, up = 2.533 kgm?, ko = 0.1455 kgm?, f,, = 0.175 kgm?/s, fy; = 2.288
kg m?/s, Bg1 =40.29 Nm, and B,y = 1.825 Nm. The maximum allowed torques (input saturation
bounds) are 77 = 150 Nm and 75 = 15 Nm for the first and second links respectively. From these
data, one easily corroborates that Assumption 1 is fulfilled.

The proposed adaptive scheme in Egs. (17)-(18) was tested in its SP-SD+, SPD+, and SPDhc+-
like forms, under the respective consideration of expressions (24)-(25), (26)-(27), and (28)-(29).
The involved saturation functions were defined as

© S Vls| < Lpi
opi\§) = . —sign i
Pi sggn(g)Lpi + (MPi — Lpi) tanh (%) V|§| > Lpi

1 For the sake of simplicity, the units of the elements of 6, their estimation variables and related bounds and saturation
function parameters, the auxiliary states, and the control and adaptation gains are omitted. The angles are expressed and
measured in radians.
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with 0 < Lp; < Mp;, i = 1,2, in all the three cases;
opi(s) = Mp;sat(s/Mp,)
1 = 1,2, in the SP-SD+ case;
00i(s) = My, sat(s/Moy,)
i = 1,2, in the SPDhc+-like case; and

¢ V|§| < Laj
04;(<) = sign(s)Laj + (Maj — Lqj) tanh (%) V|| > L,

with 0 < L,; < Mg, 5 =1,...,7, in all the three cases. Let us note that with these saturation
functions we have o', ,; = 0 = 0hias = 1. Vi € {1,2}, and that in consequence, for the three
controllers, inequality (6) is satisfied with xk = max;{kp;} (see Egs. (37)).

For comparison purposes, additional tests were implemented considering the adaptive controller
proposed by [7] —referred to as D.99— (choice made in terms of the analog nature of the compared
algorithms: bounded adaptive), i.e.

Yd(t)é — KpTh(Ap(D — KDTh(ADT’)
6 = P(Q(t,r),0)

u

where  Yu(t) = Y (qa(t), da(t), da(t)): Ty(x) = (tanh(zy),.. ., tanh(z,))"; Ap =
diag[Ap1,...,Apn] and Ap = diag[Ap1,...,Apn] with Ap; =1 [rad]™! and Ap; =1 s/rad,
Vie{l,...,n}

r=q+eTh(q)

with € being a positive constant;
Qt,r)=-TY] (t)r

Kp, Kp € R"*™ and T" € RP*P are positive definite diagonal matrices; the elements of P are
defined as

.(@.6) Qj if 0 <0; <0 or (6; <0, and Q; > 0) or (§; > ;1 and Q; < 0)
P00 i (65 < 600 and Q5 < 0) or (6 > 050 and Q; > 0)

j=1,...,p, with 6, and 6;; being known lower and upper bounds of 6; respec-
tively; and the initial auxiliary state values are taken such that 6;(0) € [fjm,0inr), J =
1,...,p. The parameter bounds were fixed at (f1m 02m O3m Osm Osm Oom  Orm) =
(0.588 0.021 0.025 0.572 0.044 9.616 0.456) (see footnote 1), and O;p = Myj, j =
1,...,7, (these values are specified below).

At every experimental test, the initial link positions and velocities were taken
as  ¢i(0)=¢;(0)=0, i=1,2. The auxiliary states were initiated at ¢ (0)=
(2.88 0.103 0.125 2.803 0.214 47.119 2.235) (see footnote 1) in the SP-SD+, SPD+,
and SPDhc+-like cases and §7'(0) = (2.88 0.103 0.125 2.803 0.214 47.119 2.235) in the
case of the D.99 algorithm. The desired trajectory for all the implemented controllers was defined

as
qa1(t) Z + sin(wt)
qa(t) = =2 [rad] (30)
qa2(t) cos(wt)
Let us note that with this desired trajectory, Assumption 2 is satisfied with By, = w < 1.2027 rad/s
(= fm/kc) and By, = w?.
For the adaptive SP-SD+, SPD+, and SPDhc+-like algorithms, a sufficiently small value of ¢

(satisfying inequality (11)) was taken and the saturation-function parameters as well as w in (30)
were fixed such that inequalities (25), (27), (29), and (16) were satisfied. Within the consequent
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Table 1. Control parameter and RMS values

| prmir. | SP-SD+ | SPDhc+-like |  SPD+ | D99 |
€ 1.0167x1077 [ 1.0165x10~" | 4.15x10°° 3
Kp diag[20, 5] diag[150,20] | diag[10,3.8]
Kp diag 1500, 300] diag[70,7.9]
T diag[20,0.5,0.1,1.5,0.1, 10, 0.25]
Ap diag|[20, 10]
Ap diag|[3, 3]
[RMS | 00138 | 00106 | 00172 [ 00314 |

‘—SPD-}— - --SPDhc+-like == SP-SD+ Degg\
T T

— Il Il Il Il Il Il Il Il Il
1'20 1 2 3 4 5 6 7 8 9 10

Time [s]

Figure 3. Position errors

limits, the saturation function bounds related to the SP and SD actions and the control and adaptation
gains in Kp, Kp and I" were fixed after several trial-and-error simulation tests so as to have the best
possible closed-loop performance —in terms mainly of stabilization time (as short as possible) and
transient response (avoiding or lowering down overshoot and oscillations as much as possible)—
and then refined experimentally. This was basically done following the guidelines given in Appendix
B. As for the D.99 controller, a similar procedure was followed taking small enough control gains
to avoid input saturation (recall that in this approach, the control gains in Kp and K p respectively
bound the P and D terms) but, with the aim to speed up the closed-loop responses, gains Ap; and
Api, © = 1,2, (inside the hyperbolic tangent functions involved in the SP and SD actions) greater
than unity were fixed. The resulting control parameter values for all the implemented schemes are
presented in Table I. As for the saturation function parameters involved in the SP-SD+, SPD+,
and SPDhc+-like algorithms, the selected values were (see footnote 11): Mpy = 40, Mpy, = 40,
Mpo =4, and Mps =4 in the SP-SD+ case; Mp; =85 and Mpy; = 8.5 in the SPD+ case;
My, = 130, Mpy; = 45, Moo = 13, and Mpy = 4.5 in the SPDhc+-like case; and Lp; = 0.9Mp;,
i=1,2, M = (2939 0.105 0.127 2.86 0.219 48.081 2.281), and L,; = 0.9M,;, j =
1,...,7,in all the three cases. With these values, inequalities (25), (27), (29), (16) and Assumption
2 were corroborated to be satisfied with w = 1.2 rad/s, taking Bga = 237:1 Bg,;Myj,1=1,2, ie.
By = My + My7 = 50.362 Nm and By = M7 = 2.281 Nm, and B¢ = 2]7.:1 By, My;, i =
1,2, ie. BS? = (Ma1 + VI0Mauz 4+ Myz)w? + Masw + Mys + M7 = 58.6872 Nm and Bg =
(Maz + V2M3)w? + Mysw + M7 = 2.9536 Nm.

Figures 3 and 4 show the position error evolution and control signals obtained at every
experimental test. Note that all the implemented controllers achieved the trajectory tracking
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Figure 4. Control signals

objective —avoiding input saturation— in less than 2 seconds, with the SPD+ scheme being the
one that gave rise to the fastest responses. This could be achieved preventing overshoot on the
position error responses through the SPD+ and SPDhc+-like algorithms, while the SP-SD+ and
D99 controllers could not avoid it. Let us further note that post-transient effects due to unmodelled
phenomena, such as Coulomb friction, were present at all the closed-loop responses. They are
observed in the position error graphs as small oscillations. In order to evaluate and compare the
performance of the implemented controllers in relation to such a post-transient effect, the root
_1
=
s to to = 10 s. The values obtained from such a calculation are shown in Table I. Note that
under such a criterion, the best performance was obtained through the SPDhc+-like algorithm,
while the highest post-transient error was generated by the D.99 controller. As for the parameter
estimators, a considerably slow evolution was observed. This is due to the considerably small
value of €. Moreover, parameter estimations with considerable bias were observed since g4(t) was
not defined so as to fulfill the excitation persistence condition (23). However, accuracy on the
parameter estimation is not part of the motion control goal (recall Remark 5). Moreover, neither
the slow evolution nor the biased post-transient values of the parameter estimators prevented the
trajectory tracking objective to be accomplished —avoiding input saturation— or to be achieved in
a considerably short time.

mean square (RMS) of the position errors, i.e. \/ tt12 llg(¢)]|2dt, was calculated from t; = 2

7. CONCLUSIONS

In this work, a generalized adaptive scheme for the global tracking control of robot manipulators
with bounded inputs was proposed. Its generalized structure was proven to give rise to adaptive
versions/extensions of several PD-type tracking saturating controllers previously developed under
the consideration of the exact knowledge of the system parameters. Compared to previous bounded
adaptive tracking control algorithms, the proposed adaptive approach guarantees the motion control
objective for any initial condition (globally), avoiding discontinuities throughout the scheme,
preventing the inputs to reach their natural saturation bounds, permitting the use of any saturation
function within a well-specified set to achieve the required boundedness, and permitting innovation
on the saturating structure through its generalized form, giving a wide range of possibilities for
performance improvement. The efficiency of the proposed adaptive scheme was corroborated
through real-time implementations on an actual 2-DOF manipulator. The experimental results
showed the coherence of the problem and solution formulations. From a theoretical viewpoint it
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would still be convenient to relax the result from its dependence on the explicit consideration of the
viscous friction forces.

A. SOME PARTICULAR CONTROL STRUCTURES

Let Kp € R™ "™ be a positive definite diagonal matrix. The control schemes of [10] are retrieved
from (3) by respectively defining

Sd(taqv qu 0) = SD(KD(D (31)
which gives rise to the SP-SD+ controller

u=—sp(Kpq) — sp(Kpd) + Y (q,da(t), da(t))0

where, for any z € R", sp(z) = (op1(21),..., aDn(xn))T, with op;(-), i=1,...,n, being
generalized saturation functions with bounds M p;, and the involved bound values, Mp; and M p;,
satisfying

Mp; + Mp; <T; — Bp; (32)
i=1,...,n, with Bp; = paBaa + ke B2, + fy Baw + Bgi, and
sa(t,4,q,0) = sp(Kpq+ Kpq) — sp(Kpq) (33)

which results in the SPD+ control law
u=—sp(Kpq+ Kpq) + Y (q.4a(t), Ga(t))0

with the generalized saturations op;(-), i = 1,...,n, being strictly increasing, and bound values
fulfilling
Mp; <T; — Bp; (34)

i =1,...,n, both (SP-SD+ and SPD+) cases under the consideration of sufficiently small desired-
trajectory-related bound values By, and By, (see Assumption 2) as stated in [10]. Furthermore,
a tracking version of the SPDgc-like controller proposed in [19], that (in addition to SP and D
actions) includes the hybrid compensation terms within a single saturation function (at every link),
is obtained from (3) by defining

sa(t,q,4,0) = so(Y (¢, da(t), Ga(t))0 — sp(Kpq))
—50(Y (q,4a(t), 4a(t))0 — sp(Kpq) — Kpg) (35)

where, for any = € R", so(z) = (001(3:1), . ,UOn(xn))T, with o¢;(), i = 1,...,n, being linear
saturation functions for (Lg;, My;), and the involved linear/generalized saturation function
parameters satisfying

Bp; + Mp; < Lo; < Mo; < T; (36)
i=1,...,n, with sufficiently small desired-trajectory-related bound values By, and By, as
stated in [10]. Observe from (36) that, by virtue of item (c) of Definition 1, we have that

So (Y(q7 qa(t), dd(t))O - sP(Kpcj)) = Y(q, Ga(t), (jd(t))e — sp(Kpq), giving rise to an SPDhc+-
like controller of the form

u=50(Y(q,4a(t),Ga(t))0 — sp(Kpq) — Kpq)

One can verify that, in the three cases, the expressions in (5)—(8) are satisfied. In particular, from
points 3 and 4 of Lemma 1, one sees that s4(t, 7, 7, ) in every one of the above cases in (31), (33),
and (35) satisfies inequality (6) with

k= max{o;kpi} (37a)

K3
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where

0y 10 the SP-SD+ case
Ol =S 0%y in the SPD+ case (37b)
o4;ip  in the SPDhc+-like case

pines Opings and of;,, respectively being the positive bounds of Do p;(-), o', (+), and D* oo, (-),
in accordance to item 2 of Lemma 1.

B. A SKETCH OF THE TUNING PROCEDURE

The tuning procedure followed to get the implementation results shown in this work can be sketched
as follows:

1.

SN

Set the saturation function bounds in accordance to inequalities (25) / (27) / (29) and (16).

. Run simulations/experiments with low proportional, derivative and adaptation gains.
According to the post-transient variation, increase the proportional gains in order to reduce
the tracking errors.

Increase the derivative gains in order to get a transient response with the shortest possible rise
time simultaneously keeping the overshoot as low as possible.

Increase ¢ trying to adhere to (11) if possible or as far as the closed-loop stability permits it.
Increase the update gains in I in order to improve the parameter estimator responses.

Repeat the procedure until the best possible response is obtained.

ACKNOWLEGEMENTS

The first and third authors were supported by CONACY'T, Mexico (3rd author: Project No. 134534).
One of the authors, V. Santibanez, would like to thank M.S. José A. Yarza for his invaluable help
during the experimental essays.

REFERENCES

. Kirikelis NJ, Barkas SK. Design of tracking systems subject to actuator saturation and integrator wind-up.

International Journal of Control 1984; 39(4):667—682.

. Chen BS, Wang SS. The stability of feedback control with nonlinear saturating actuator: time domain approach.

IEEE Transactions on Automatic Control 1988; 33(5):483-487.

. Kapasouris P, Athans M. Control systems with rate and magnitude saturation for neutrally stable open loop systems.

29th IEEE Conference on Decision and Control, Honolulu, HI, 1990; 3404-3409.

. Kosut RL. Design of linear systems with saturating linear control and bounded states. IEEE Transactions on

Automatic Control 1983; 28(1):121-124.

. Loria A, Nijmeijer H. Bounded output feedback tracking control of fully-actuated Euler-Lagrange systems. System

Control Letters 1998; 33(3):151-161.

. Santibdfiez V, Kelly R. Global asymptotic stability of bounded output feedback tracking control for robot

manipulator. 40th IEEE Conference on Decision and Control, Orlando, FL, 2001; 1378-1379.

. Dixon WE, de Queiroz MS, Zhang F, Dawson DM. Tracking control of robot manipulators with bounded torque

inputs. Robotica 1999; 17(2):121-129.

. Moreno-Valenzuela J, Santibanez V, Campa R. A class of OFT controllers for torque-saturated robot manipulators:

Lyapunov stability and experimental evaluation. Journal of Intelligent and Robotic Systems 2008; 51(1):65-88.

. Moreno-Valenzuela J, Santibdfiez V, Campa R. On output feedback tracking control for robot manipulators with

10.

11.

bounded torque input. International Journal of Control, Automation, and Systems 2008; 6(1):76-85.
Aguifiaga-Ruiz E, Zavala-Rio A, Santibafiez V, Reyes F. Global trajectory tracking through static feedback for robot
manipulators with bounded inputs. IEEE Transactions on Control Systems Technology 2009; 17(4):934-944.
Zavala-Rio A, Aguifaga-Ruiz E, Santibifiez V. Gobal trajectory tracking through output feedback for robot
manipulators with bounded inputs. Asian Journal of Control 2011; 13(3):430-438.

. Xiao JZ, Wang HR, Zhang W, Wei HR. Adaptive robotic control based on a filter function under the saturation of

13.

14.

Copyright © 2013 John Wiley & Sons, Ltd.

actuators. Fifth International Conference on Machine Learning and Cybernetics, Dalian, China, 2006; 283-287.
Driessen BJ. Adaptive global tracking for robots with unknown link and actuator dynamics. International Journal
of Adaptive Control and Signal Processing 2006; 20(3):123-138.

Liuzzo S, Tomei P. Global adaptive learning control of robotic manipulators by output error feedback. International
Journal of Adaptive Control and Signal Processing 2009; 23(1):97-109.

Int. J. Adapt. Control Signal Process. (2013)

Prepared using acsauth.cls DOI: 10.1002/acs

http://mc.manuscriptcentral.com/acsp-wiley

Page 24 of 29



Page 25 of 29

P OO~NOUILAWNPE

16.

17.
18.
19.
20.
21.

22.
23.

24.
25.

26.
27.

28.
29.

30.
31

International Journal of Adaptive Control and Signal Processing

GLOBAL ADAPTIVE TRACKING CONTROL FOR MANIPULATORS WITH BOUNDED INPUTS 21

. Lorfa A, Kelly R, Teel AR. Uniform parametric convergence in the adaptive control of mechanical systems.

European Journal of Control 2005; 11(2):87-111.

Yarza A, Santibafiez V, Moreno-Valenzuela J. An adaptive output feedback motion tracking controller for
robot manipulators: Uniform global asymptotic stability and experimentation. International Journal of Applied
Mathematics and Computer Science 2013; 23(3):599-611.

Lépez-Araujo DJ, Zavala-Rio A, Santibafiez V, Reyes F. A generalized scheme for the global adaptive regulation
of robot manipulators with bounded inputs. Robotica 2013; 31(7):1103-1117.

Lépez-Araujo DJ, Zavala-Rio A, Santibafiez V, Reyes F. Output-feedback adaptive control for the global regulation
of robot manipulators with bounded inputs. Int. Journal of Control, Automation and Systems 2013; 11(1):105-115.
Zavala-Rio A, Santibanez V. Simple extensions of the PD-With-Gravity-Compensation control law for robot
manipulators with bounded inputs. IEEE Transactions on Control Systems Technology 2006; 14(5):958-965.
Hong Y, Yao B. A globally stable saturated desired compensation adaptive robust control for linear motor systems
with comparative experiments. Automatica 2007; 43(10):1840-1848.

Hu C, Yao B, Chen Z, Wang Q. Adaptive robust repetitive control of an industrial biaxial precision gantry for
contouring tasks. IEEE Transactions on Control Systems Technology 2011; 19(6):1559-1568.

Khalil HK. Nonlinear Systems. Prentice-Hall: Upper Saddle River, 2002.

Arimoto S. Control Theory of Non-Linear Mechanical Systems: A Passivity-Based and Circuit-Theoretic Approach.
Oxford University Press: London, 1996.

Sciavicco L, Siciliano B. Modelling and Control of Robot Manipulators. Springer: London, 2000.

Lewis FL, Dawson DM, Abdallah CT. Robot Manipulator Control: Theory and Practice. Marcel Dekker, Inc.: New
York, 2004.

Kelly R, Santibafiez V, Loria A. Control of Robot Manipulators in Joint Space. Springer: London, 2005.

Teel AR. Global stabilization and restricted tracking for multiple integrators with bounded controls. Systems and
Control Letters 1992; 18(1):165-171.

Armstrong-Hélouvry B. Control of Machines with Friction. Kluwer Academic Publishers: Boston, 1991.

Loria A, Panteley E, Popovi¢ D, Teel AR. d-Persistency of excitatoin: a necessary and sufficient condition for
uniform attractivity. 41st IEEE Conference on Decision and Control, Las Vegas, NV, 2002; 3506-3511.

Reyes F, Kelly R. Experimental evaluation of identification schemes on a direct drive robot. Robotica 1997;
15(5):563-571.

Reyes F, Kelly R. Experimental evaluation of model-based controllers on a direct-drive robot arm. Mechatronics
2001; 11(3):267-282.

Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. (2013)
Prepared using acsauth.cls DOI: 10.1002/acs

http://mc.manuscriptcentral.com/acsp-wiley





