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Abstract—The motivation of this work relies on the
fact that, until now, the tuning conditions presented in
the literature for assuring global asymptotic stability are
conservative in the sense that controller gains for joints with a
little or nothing of gravitational torques are tuned in the same
form that the joints which support large gravitational torques.
In this paper we extend the more recent tuning conditions
presented in the literature for a class of nonlinear PID global
regulators of robot manipulators. Such an extension has
permitted to carry out by the first time experimental essays
for a class of nonlinear PID global regulators, which are
presented in this paper using a two degrees of freedom robot
manipulator.

Keywords: robot manipulators, nonlinear PID, global sta-
bility, tuning conditions.

I. INTRODUCTION

The study of PID controllers in robot manipulators has
been subject of extensive researches in many years over the
past. Several works have been presented proving that PID
controllers guarantee semiglobal asymptotically stability
of the closed-loop equilibrium point in the case of set-
point control (Arimoto, 1984), (Arimoto and Suzuki, 1990),
(Kelly, 1995), (Ortega et al., 1995), (Alvarez-Ramirez et
al., 2000), (Meza et al., 2007), (Hernandez et al., 2008).
Due to the classical linear PID controllers has only been
proved to be semiglobally asymptotically stable, several
nonlinear PID global controllers have been proposed in
some works (Arimoto, 1995), (Kelly, 1998), (Santibafiez
and Kelly, 1998). These nonlinear PID controllers, unlike
the linear PID controller, yield global asymptotical stability
of the closed-loop equilibrium point. In (Santibafiez and
Kelly, 1998) it was proposed a class of nonlinear PID global
regulators for robot manipulators, which encompasses the
particular cases of (Arimoto, 1995) and (Kelly, 1998).

However, an important drawback exists: the tuning con-
ditions for assuring global asymptotic stability for the afore-
mentioned nonlinear PID controllers are far from being ac-
ceptable in practical applications. The latter in the sense that
the tuning conditions previously reported are conservative
and overestimated because such conditions are established
as expressions of norms of gain parameter vectors and
matrices. This make that all the joint gains be restricted
by the same rule, in such a way that the conditions for
larger and smaller joints is the same. This paper, inspired in
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(Hernandez-Guzman et al., 2008) and (Hernandez-Guzman
and Silva-Ortigoza, 2011), addresses a tuning procedure
which allows to obtain conditions less restrictive for joints
in order to get better performances. Such tuning procedure
has permitted to carry out experimental essays which are
reported in this work using a two degrees of freedom robot
manipulator.

Finally, some remarks on notation. Given some vector
x € R™ and some matrix A(x) € R™*™, the Euclidean
norm of x is defined as ||z| = v/ and the spectral norm
of A(x) is defined as ||A(x)| = /Amax(ATA) where
Amax (AT A) is the largest eigenvalue of the symmetric ma-
trix AT A. In the case where A(x) € R™*" is a symmetric
matrix, then |A| = max; |\;(A)|, where A;(A) and | - |
are eigenvalues of A(x) and the absolute value function,
respectively. Anin stands for the smallest eigenvalue of A
for all * € R™. We use symbol y; to represent the i—th
component if y is a vector or the i—th diagonal entry if Y
is a diagonal matrix.

II. PRELIMINARIES

A. Robot Dynamics

Consider the dynamic model for a serial n-link rigid
robot, given by

M(q)g+Clq,9)qg+g(q) + F,g=7 (1)

where @,q,q € R" are the vectors of joint accelerations,
joint velocities and joint positions, respectively, 7 € R" is
the vector of applied torques, M (q) € R™*" is the symmet-
ric positive definite manipulator inertia matrix, C(q, q) €
R™*™ is the matrix of centripetal and Coriolis torques, g(q)
is the vector of gravitational torques obtained as the gradient
of the robot potential energy, i. e. g(q) = 6%21), and
F, € R™*™ is a constant diagonal definite positive matrix
which represent the viscous friction coefficient at each joint.
We assume that all joints of the robot are of the revolute

type.

B. Properties of the robot dynamics

In the following two properties of the dynamics (1) are
presented.
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Property 1. Matrices M (q) and C(q, q) satisfy:

q" (%M(q) - Clq, iz)) q=0 @
M(q) = C(q,q) +C" (g, ). 3)

Furthermore, there exists a positive constant k., such that,
for all x,y,z € R™:

1C(, y) 2| < ke ylll=]]- @

Property 2. The gravitational torque vector g(q) is
bounded for all g € R™. This means that there exist finite
constants k; > 0 such that:

sup |gi(q)| < k; i=1,n, ©)
gceRrn

where ¢;(q) stands for the elements of g(q). Equiva-
lently, there exists a constant k' such that ||g(q)| <

k' for all g€ R". N
Furthermore there exists a positive constant kg, such that

S )
E max‘ ‘ < kg,
= 9 9q;

forallg e R" and i =1,2,...,n.

Finally, we present some useful results.

Theorem 1: (Kelly et al., 2005) Let f : R — R be a
continuously differentiable function with continuous partial
derivatives up to at least second order. Assume that:

f(0)=0€eR 6)
97 (o) =0 ern )
ox

If the Hessian matrix 9/0x[0f(x)/0x] is positive definite
for all x € R™, then f(«) is a globally positive definite and

radially unbounded function.

Theorem 2: (Kelly et al., 2005) (Mean value theorem
for vectorial functions). Consider the continuous vectorial
function f : R™ — R™.If f,(21, 22, ..., 2,) has continuous
partial derivatives for ¢ = 1,...,m, then for each pair of
vectors &,y € R™ and each w € R™ there exists ép e R
such that:

0
(@)~ fw)Tw =" TE @y ®)
B(Z) z=£
where £ is a vector on the line segment that joins the vector

x and y.

Definition I: Let A be a n X n matrix with a;; repre-
senting its element at row ¢ and column j. The matrix A is
said to be strictly diagonally dominant if:

n

lail > > lagl, i=1,.m. ©)

j=1,j#1%

Definition 2: If A ]is 5]71 x n symetric and strictly diag-
onally dominant matrix and if a;; > 0 for all : = 1,...,n,
then A is positive definite.

Definition 3: F(kq,e,x) with 1 > k, > 0, € > 0, and
x € R” denotes the set of all continuous differentiable in-
creasing functions sat(x) = [sat(z1) sat(zz)...sat(x,)]"
such that

o sat(—x) = —sat(x)

o sgn(x) = sgn(sat(x))

o |z| > Jsat(x)| > kolz|, VzeR:|zl<e
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o &> |sat(z)| > kee,
e 1> (d/dx)sat(z) >0
Eolell. if =] <<

* llsat(z)l| = { kue, | if [ >

Definition 4: Given positive constants [ and m, with [ <
m, a function Sat(z;l,m) : R — R : z — Sat(x;l,m)
is said to be a strictly increasing linear saturation function
for (I,m) if it is locally Lipschitz, strictly increasing, C?
differentiable and satisfies:

1) Sat(z;l,m)=a when |z| <1

2) |Sat(z;1,m)| <m for all z € R.

Lemma 1: Let A € R" be a matrix with a;; representing

the element in row ¢ and column j, y @, sat(x) two vectors
such that:

VeeR:|z|>e

x1 sat(ml)
X2 sat(a:g)

T = , sat(x) = . (10)
Tn sat(.a:n)

where sat(+) is a function like that described in Definition 3.
If A is symmetric and strictly diagonally dominant, namely

n

lal > > agl, i=1,2,..n,
=15

1D

and a;; > 0 for all = 1,2, ..., n, then
sat(x)T Az >0, V xcR", with  #0¢cR™;

i.e., sat(x)? Az is a positive definite continuous function.
Outline of the proof: The proof is based in the Sylvester
Theorem proof by using the following nice property of the
saturation function sat(x) € F(kq, e, x):

(zi + ;) (sat(z;) + sat(z;)) > 0,
(xz- — xj)(sat(x,-) — sat(xj)) >0, V Ti, Tj € R

III. MAIN RESULT

A. A class of nonlinear PID controllers

Consider a class of nonlinear PID controllers like that
presented in (Santibafiez and Kelly, 1998), which can be
written as:

T =

Vgla (@) — Kog + Kiw

t
wi) = [ losu(@(e) — oo +w(®) (2
where K, and K; are diagonal positive definite n x n

matrices, ¢ = g, — q denotes the position error vector,
a > 0 is a constant scalar, U, (q) is a kind of C"* artificial
potential energy induced by a part of the proportional
term of the controller whose properties were established
in (Santibafiez and Kelly, 1998).

Two examples of this kind of nonlinear PID regulators
are:

« Controller presented in (Kelly, 1998)

T =

Kpq— Kyq+ K;yw (13)

w(t) = /O t[ozsat(?](a)) — g(o))do + w(0)
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This controller has associated an artificial potential
energy U,(q) given by

Ua (@) = %z]Tqu (14)
o Controller presented in (Santibafiez and Kelly, 1998)
T = Kpsat(q) - Kvg+ Kjw (15)
w) = [ losata(o) - a(o)ldo + w(0)

This controller has associated an artificial potential
energy U,(q) given by

q nord
Ua(@) = /O Kpsat(r)dr =3 /O kpssat(r)drs (16)
i=1

A particular case of this control law was presented in
(Arimoto, 1995), with

sin(z) for |z| < %
sat(z) = Sin(z) = ¢ 1 for = > T
-1 for x < —3.

The stability conditions for the latter nonlinear PID con-
trollers presented in (Santibafiez and Kelly, 1998), as well
as in (Kelly, 1998) for the first nonlinear PID controller
and (Arimoto, 1995) for the second one, are very con-
servative in the sense that are far from being acceptable
in practical applications, specially when they are used
in robot manipulators with many degrees of freedom. In
the following a new tuning procedure which allows to
obtain stability conditions less restrictive to assure global
asymptotic stability is proposed.

B. Stability analysis (New tuning conditions)

Inspired in (Hernandez-Guzman et al., 2008) and
(Hernandez-Guzman and Silva-Ortigoza, 2011), in this sec-
tion we present new tuning conditions for the stability
analysis of the class of nonlinear PID controllers introduced
in (Santibafiez and Kelly, 1998).

B.1. Consider the control law (13):

T = Kpqg—Kyg+ K;w

/O lasat(@(o)) — a(o)]do + wl(0),

w =

which was proposed in (Kelly, 1998) and reanalyzed in
(Hernandez-Guzman and Silva-Ortigoza, 2011). This con-
trol law has been rewritten to express it like the equation
(12). K,, K, and K; are n x n diagonal positive definite
matrices, ¢ = g, — q denotes the position error vector and

a > 0 is a small constant suitably selected.
By using the control law (13) into the dynamics (1), we
obtain the following closed-loop system

q —-q
i q — M(q)_l[KP{]_ KU‘?"’KZ'Z (]7)
dt -C(q,9)q — Fug —g(q) + g(ay)]

z asat(q) — q

where z is defined as

t
2= [ losat(a(e) - a(o)ldo + w(0) ~ K 'glan) ()
0 N————

2(0)
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so that (17) is an autonomous differential equation whose
unique equilibrium is:

[f]T qT ZT]T =0c¢ R3n. (]9)

Proposition 1. There always exist a positive scalar constant
o and positive definite matrices K,, K,, K; € R"*"
such that the equilibrium point (19) from (17) is globally

asymptotically stable.
Proof. Based on the Lyapunov theory, we propose the
following Lyapunov function candidate

V(@ a2 = Vi(q,4q,2)+V2(q) +V3(q) (20)
where
1 ) ~\1T . ~ 1 T
Vio= la—oasat(@)]” M(q)lq - asat(g)] + o= Kiz
n q; n q;
+Z/ ocquysat(ri)dri—I—Z/ aky,sat(ry)dr;
i=170 i=170
1 _p—o. o? T .
Va = 0@ Kpg— —-sat(q)” M(q)sat(q)
_ 1 7 . _
Vs = Ulgg—q) —U(gy) + quKpII-F g(ay)"a,

where K, = K, + K. Thus, (20) will be a radially
unbounded positive definite function provided that V5 and
V3 be also a radially unbounded positive definite function.
To this end, we provide lower bounds on the following
terms:

7'Kpq =

1 1~
B 52’%% @n
i=1

2 n O62
~Ssa @M(@sat@ >~ 37 T Amax{M(@)}sat ()
i=1

n o2 }
> —ngmax{M(Q)}H(Qi)
=1
(22)
@) @, @l <e
H(q:) =
e, @l >e

From (21) and (22) we can conclude that there always exist
large enough positive constants k,,, i = 1,...,n, such that:

1— 2 B ~
SFed? > TAna{M(Q}H(@@) Va#0eR"  (23)
and hence

1 - 2
Vo= 5a"Kya - %sat(f])TM(q)sat(?]) >0 Vg#£0cR"

On the other hand, according to Theorem 1, and Definition
1 and 2, V3 is definite positive if (Hernandez-Guzman et
al., 2008)

ky, > kg, (24)

Finally, we can conclude that (20) is definite positive and

radially unbounded if (23) and (24) are satisfied.

It is possible to verify that, using Property 1, the time
derivative of (20) along the trajectories of the closed-loop
system (17) is given by:

V = —4q"F,q—- asat(@)M(q)q — asat(q)TC(q,q4)" g
—asat(q)” [Kpd + 9(da) — 9(9)] — 4" Kvq.  (25)
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Negative semidefiniteness may be proved by upper bound-
ing each element of (25):

-4"Fog < “Amin{Fo}al?

—-q"Kog < “Amin{Ko}dl?
—asat(q)"C(q,@)"q < oack|q|?

—asat(@) " M(q)q < admax{M}|ql?

and using Theorem 2, we have

)T 8g(z)
0z

a 6
-

for some £ belonging to the line that joins g, and q.
Finally the time derivative V' can be upper bounded by:

—asat(@) " [g(qq) — g(q)] = —asat(g

Vo< —Pain{Fo} + Amin{ Ko} — a(eke + Amax{M})] 4l
—asat(g)” {Kp + 99(=) } q @7
0z |z_¢

By using Definition 2, Definition 3 and Lemma 1, we can

conclude that asat(q)” [Kp + 22 ] q is definite
z

=£
e . 29 (2)
positive if the matrix [Kp + —58% z:ﬁ] fulfills

kp, > kg;s (28)
and by choosing a small enough value for o > 0 such that
[>\min{Fv} + Amin{KU} - Oé(fkc + kmax{M})] >0, (29)

we have that (25) is negative semidefinite. Therefore,
we can use the LaSalle invariance principle to assure
global asymptotic stability provided that (23), (24) and
(29) are satisfied. This completes the proof of Proposition 1.

B.2. Consider a control law similar to that presented
in (Arimoto, 1995) and (Santibafiez and Kelly, 1998):

K,Sat(Bg;l,m) — Ko + Kiw (30)

t
/O [0Sat(Ba(o); 1, m) — a()]do + w(0),

T =

w =

where now, Sat(-) is defined in Definition 4 and we have
used a new gain B = diag{f, 52, ..., On} multiplying
q inside the saturation function. B, K,, K, and K; are
n X n diagonal positive definite matrices, ! and m are the
saturation limits and o > 0 is a small constant suitably

selected.
By using the control law (30) into the dynamics (1), we
obtain the following closed-loop system

q —q
41 g | | M@ U KpSat(Bglm) — Kug+ Kiz |5
dt -C(q,4)q— Fvg—g(q) +g(q,)]

z aSat(Bg;l,m) — q

where z is defined as
t
2= [ laSat(Ba(o)it,m) — a(o)ldo + w(O) ~ K glas) ()
0 —
2(0)

so that (31) is an autonomous differential equation whose
unique equilibrium is:

[qT qT ZT]T =0c¢ RSn. (33)
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From here, the saturation limits [ and m are omitted for
reasons of space.

Proposition 2. There always exist a positive scalar constant
a and positive definite matrices B, K, K,, K; € R**"
such that the equilibrium point (33) from (31) is globally

asymptotically stable.
Proof. In base to Lyapunov theory, we propose the follow-
ing Lyapunov function candidate

V(g 4q2 = Vi(q,q,2)+V2(q) +V3(q) (34)
where
V= %[q — aSat(Bg)|T M(q)[q — aSat(Bg)] + %zTKiz
—+ Z /% osz%Sat(ﬂiri)dri + Z /% akU%Sat(ﬂiri)dri
i=170 i=170
[1— 042 ~\T ~
Vo= / KpSat(Br)dr — 7Sat(Bq) M (q)Sat(Bq)
0
q
Vim [ Cleglas - )+ KiSat(Britm) + g(an)Tdr, GS)
0

and K, = K,+K. Thus, (34) will be a radially unbounded
positive definite function provided that V5 and V3 be also a

radially unbounded positive definite function.
Consider first V5. Note that according to definition 4 and
by direct integration we find that:

(1 n
/ Sat” (Br;l, m)Kydr =Y Gi(di),
o i=1

—SLBid:, |Bigi| <1
Ep, 12
Pl Bigi > 1 (36)

Gi(q:) = “_2,(__ + kp%l(q% - [3l_7)7

Also note that:

052
— = Sat" (Ba) M (q)Sat(Bq)

\Y

n 2
=3 S Aman{ M (@)}Sa (Bids 1, m)
i=1

\Y

n 2
=3 G Aman M (@)} H (@)

H(q:) (37)

B2GZ, |Bidil <m
2 ~
g7, |B7VQ7V| >m

From (36) and (37) we can conclude that there always exist
large enough positive constants k,,, ¢ = 1,...,n, such that:

2
Gi(d) > %Amax{M(q)}H(qi), Vi #0€R, i=1,..,n (38)
and hence:

/q SatT(Br)K_pdr—%SatT(Bf])M(q)Sat(BZ]) >0 Vg#£0€eR"
° ] (39)
Now, we show that [J[-g(q, — ) + K;Sat(Br;l,m) +

g(q,)])Tdr is a positive definite function. First assume that
|G:| <'1/B;, for i = 1,...,n. Hence, according to Definition

4 we can write: f(?[—g(qd —r) + K;Sat(Br;l;, m;) +

g(a)|"dr = [I~g(q, —r) + K;Br + g(q,)]" dr. This
mean that:

oo ra T

g — — K*B dr| =
a {aq/o[ g(aq — ) + K;Br+ g(q,)|"dr
_ai]?(:)_‘f'](;B, V@l <18, i=1,.m (40)
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which, according to (Hernandez-Guzman and Silva-
Ortigoza, 2011) and (Hernandez-Guzman et al., 2008), is
a positive definite if:

n
* 99i(a)
kp,Bi > kg; > ;mgx‘al—qj , i=1,..,m. 1
and, in base to Theorem 1, this proves that fo g(gq, —

)+ K} Br+g(q,)]" dr is positive definite as long as |q1| <
l/ Bis for i =1,...,n. Now suppose that k£ and j represent all
integers from 1 to n such that G; <1/B; and g, < —1/fk.
According to (Zavala-Rio and Santibafiez, 2007), Definition
4 and Property 2, we can write:

/ Y g(au— ) + KSat(Brilm) + g(qu)"dr

n q;
=5 [T + gila) + kg Sax(Birsi ),
i=170

= Pl + P2 (42)
where
1(r1) = 91(qa1 —7T1,qdys - qdy)
ga(r2) = 92(q1,49dy — T2,4dg> > qd,, )
In(rn) = gn(q1,92, - qn—1,9d,, —Tn)
and

Pl 3 / (=54 (ri) + gi(ay) + K5, Birildrs
i=1 z#]#k

+Z/O [=9;(rj) + 9i(qa) + Ky, Bjrjldr;

j

/B

+Z/ k[—ﬁk(ﬁc) + 9x(qq) + kp, Brrildry

k 0

aj

P2 = Z/ V[—gj(T’j) +95(ay) + k;jSat(ﬂjrj;l,m)]dr]-
+Z/
>Z/ [y, 1 — 2k]dr]+2/

- zj: (k;jl —2k}) (cij - g_]-) +§k: (k;kl - %é) ( e — ﬂl_k)

(43)

=9k (rk) + gr(ga) + Ky, Sat(Br; 1, m)]dry,

— 2k} )dry,

Note that P, is always positive if:

ke 1> 2k, (44)

because ¢; > | and ¢ < —I. Finally, since we have
proven that Py is positive we conclude that [J[—g(q, —
r) + K Sat(Br;l,m) + g(q,)|"dr is a positive definite
and radially unbounded function of q.
The latter prove that (34) is positive definite and radially

unbounded.

It is possible to verify that, using Property 1, the time
derivative of (34) along the trajectories of the closed-loop
system (31) is given by:

V =—4"F,q — oSat(Bg) M (q)q — aSat(Bg)"C(q, )" q
—aSat(Bg)"[g(q) — 9(q)] — aSat(Bg)” K,Sat(Bg) — 4" K,q(45)
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Negative semidefiniteness may be proved by upper bound-
ing each element of (45):

-4"Fog < “Dmn{Fo}al?
-4"Kvg < —Amin{Ku}4l?
—aSat(Bg)"C(q,)Tq < ake,my/n| gl
—aSat(Bg)"M(q)g < odmax{B}Amax{M}||q|>
—aSat(Bg)"KySat(Bg) < —a ) ky,|Sat(Bid)|?
i=1
—aSat(Bg)"[g(q,) —9(9)) < oh”(Bg)Eh(Bqg) (46)
where 5, > 1, ¢« = 1,2,.,n, h(Bq) =
[ISat(81G1)|...|Sat(Bnd,)]7, and E is a symmetric

matrix with all of its entries bounded (Hernandez-Guzman

and Silva-Ortigoza, 2011). Finally the time derivative V
can be upper bounded by:

~Pmin {Fo} + Amin{ Ko} — a(mvnke + Amax{ B} Amax {M })]lla]l?

—a > Pmin {Kp — B} [Sa(Ba:) )

i=1

V<

By choosing K, such that

Amin(Kp — E) >0 (48)
and a small enough value for o« > 0 such that
[>\min{Fv} + Amin{KU}
—a(m\/ﬁkcl + Amax{B}kmax{M})] > Oa (49)

we have that (45) is negative semidefinite. Therefore, we

can use the LaSalle invariance principle to ensure global
asymptotic stability provided that (41), (44), (48) and (49)
are satisfied. This complete the proof of Proposition 2.

IV. EXPERIMENTAL RESULTS

In this section is presented a experimental essays on
the CICESE robot, using the controllers (13) and (30).
The CICESE is a 2-dof robot manipulator with revolute
joints whose dynamic model is presented in (Kelly and
Santibafiez, 2003). The numerical values of the parameters
for the CICESE robot are shown in Table I. Apax{M} and
k., were calculated following the procedure proposed in
(Kelly and Santibafiez, 2003).

TABLE 1
NUMERICAL VALUES OF THE PARAMETERS FOR THE CICESE ROBOT.

Puuncier || dom 1 | dom2 | vaw ]
kg 421198 | 36540 | [N m/rad]
kS 40.2928 1.8270 [N m]
Tmax 150 15 [N m]
Amax {M} 2533 [kg m2]
kel 0336 kg m2]

In the following, the experimental results for each control
law presented above are shown. The responses obtained
in the experimental results is the best obtained for their
respective controllers.

1. Consider the control law (13)
T = Kpq-—Kyqg+ K;w

/ 'lasat(@(o)) — a(o)]do + w(0)

w
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which we have used to perform a real-time experimental

essay on the CICESE robot. The controller gains used are
presented in Table II. The joint errors and torques obtained
in the experiment essay are shown in Fig. 1.

TABLE 11
CONTROLLER GAINS.

[oum [ o1 [ soms | vms
Kp 95 9.5 [N m/rad]
Koy 20 16 [N m s/rad]
K; 50 0.13 [N m / rad]

a 5 [1/s]
L, M 11, 12 [rad]

100 150

60 71
_ a _ /
20 El
¥ w Ve R
= 2 /T,_,

Figura 1. Position errors and torque obtained using control law (13).

2. Consider the control law (30)
KpSat(Bg;l,m) — Kvg+ K;w

t
/O [0Sat(Ba(o); 1, m) — a()]do + w(0),

T =
w =
which we have used to perform a real-time experimental
essay on the CICESE robot. The controller gains used are

presented in Table III. The joint errors and torques obtained
in the experiment essay are shown in Fig. 2.

TABLE III
CONTROLLER GAINS.

[ gains [[ soimt1 [ soim2 | units
Kp 125 125 N m/rad]
Ko 50 4 N m s/rad]
K; | | [N m / rad]
B 30 2 (N m / rad]
o 0.000001 (]
L, M L 12 {rad]
- "
& 100
60 m
o gl /
il 0 v
2
Tz/
o f 50
q2
o T T ° 4 5 1% T 2 tfscg) ° 4 5

Figura 2. Position errors and torque obtained using control law (30).

The controller parameters for both controllers were se-
lected in such a way that the torque of each actuator remains
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under the maximum permitted torque (|7;| < Tmax;). Due
to the control law (30) has a saturation function in the
proportional part, it is possible choose larger proportional
gains than those of the control law (13). This fact allows
to achieve the desired position faster for the controller (30)
than the controller (13) (see Fig. 1 and 2). It is easy to prove
that controller parameters fulfill the tuning conditions for
assuring global asymptotic stability.

V. CONCLUSIONS

In this paper new tuning conditions for a class of nonlin-
ear PID global regulators were found. By using Lyapunov’s
stability theory new tuning conditions were established,
which are less restrictive than those shown in (Santibafez
and Kelly, 1998), (Arimoto, 1995) and (Kelly, 1998). For
validation purposes, experimental results were reported us-
ing the CICESE robot manipulator.
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