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A Simple Nonlinear PID Control for Global
Finite-Time Regulation of Robot Manipulators
Without Velocity Measurements

Yuxin Su and Chunhong Zheng

Abstract—A simple nonlinear proportional-integral-derivative
(PID) controller is proposed for global finite-time regulation of
robot manipulators without velocity measurements. A
Lyapunov-based stability argument is employ to prove global
finite-time stabilization. The proposed control algorithm does not
involve the model parameters in the control law formulation and
the control gains can be explicitly determined based on some
well-known bounds extracted from the robot dynamics, and thus
permits easy implementation. Simulations are included to
demonstrate the expected properties of the proposed approach.

1. INTRODUCTION

In the past several years, robot manipulators have served as
an interesting benchmark for the design and test of novel
nonlinear control strategies. Regulation of robots maybe
recognized as the simplest aim in robot control and at the same
time finds its main application in the robotic field. Despite the
success of modern control theory, robot manipulator controllers
still commonly use classic proportional-derivative (PD) or
proportional-integral-derivative (PID) algorithms [1], [2], [5],
[17], [18], due mostly to their conceptual simplicity and explicit
tuning procedures. Arimoto [3] first showed that a local and
independent PID-type servo-loop replacing the linear position
error term by a saturated position error, gives rise to global
asymptotic stability of regulation control for nonlinear
mechanical systems. Motivated by this seminal work, some
nonlinear PID control schemes incorporating favorable
saturation functions for global asymptotic regulation of robot
manipulators were proposed [7], [8], [13], [14], [20], [21].
Other control schemes for global asymptotic regulation of robot
manipulators with adaptive control technique can be found in
[9], [25], and the references therein.

Most of the existing results so far on regulation of robot
manipulators are achieved asymptotically [1]-[3], [7]-[9],
[13]-[15], [17]-[21], [25]. Asymptotic stability implies that the
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system trajectories converge to the equilibrium as time goes to
infinity. It is now known that finite-time stabilization of
dynamical systems may give rise to a high-precision
performance besides finite-time convergence to the equilibrium
(6], [10]-[12].

To the best of our knowledge, the only previous work which
targets at the finite-time regulation of robot manipulators is
given in [12], [22], [23]. Specially, Hong et al. [12] formulated
a PD plus gravity compensation scheme with a model-based
observer and achieved local finite-time result. This result was
later extended in Su et al. [22] by introducing the “dirty
derivative” technique and obtained global finite-time
stabilization. A drawback of both approaches is that the exact
knowledge of the gravity term which depends on some
parameters as mass of the payload, usually uncertain, has to be
known. To overcome parametric uncertainties on the
gravitational torque vector, Su et al. [23] proposed a simple
continuous model-independent nonlinear PID control for
finite-time regulation of robot manipulators. The control
algorithm does not refer to the model parameters, and thus
permits easy implementation in practice. The closed-loop
system is shown to be semiglobal finite-time stable. One minor
weakness for this scheme is that both position and velocity
measurements are required.

The control of robot manipulators without velocity
measurements is a topic that continuous to challenge control
theoreticians. From a theoretical point of view, the challenge
lies in the fact that, generally speaking, the separation principle
does not hold true for such nonlinear dynamical systems. This
topic is also of practical importance since many real-world
robot manipulators are not commonly equipped with velocity
sensors; hence, full access to the system states is impossible [4],
[17], [21], [24].

In this paper the problem of designing a model-independent
global finite-time controller for regulation of robot
manipulators without velocity measurements is studied. The
main contribution of this paper is twofold. A nonlinear filter is
proposed to eliminate velocity measurements. A simple
nonlinear PID control is developed for global finite-time
regulation of robot manipulators with position measurements
only. The closed-loop system formed by the nonlinear PID
controller, filter and the robot system is shown to be global
finite-time stable. The control algorithm does not utilize the
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model parameter in the controller formulation, and thus permits
easy implementation in practice. To the best of our knowledge,
the proposed approach yields the first model-independent,
output feedback, global finite-time regulation for robot
manipulators.

II. ROBOT MANIPULATOR MODEL AND PROPERTIES

In the absence of disturbances, the dynamics of an n -DOF
robot manipulator can be written as [2], [15]

M(q)qg+C(q.9)g+Dg+g(q) =7 (1
where ¢,q,§ € R" denote the link position, velocity, and
acceleration vectors, respectively, M (q) e R"*" represents the
symmetric C(q,q) e R™"

centrifugal-Coriolis matrix, D € R™" stands for the constant

inertia  matrix, denotes the
diagonal static friction matrix, g(g)=0U(q)/dgqeR" is a
gravitational force, U(q) is the potential energy due to
gravitational force, and 7 € R" denotes the torque input vector.
Recalling that robot manipulators are being considered, the
following properties can be established
Property 1 [2], [15]: The static friction matrix D is a
diagonal positive definite matrix, i.e.
dl<D<d,I 2)
where d; and d, are known positive constants, and / denotes
the approximate dimensional identity matrix.
Property 2 [2], [15]: The inertia matrix M (g) is symmetric
and positive definite and bounded by
0< A, (M) <|M(q)|< Ay (M) (3)
where 4,,(-) and A;,(-) denote the minimum and maximum
eigenvalues of a matrix, respectively.
Property 3 [2], [15]: The matrix M(q) -2C(q,q) is
skew-symmetric, i.e.
¢ (bg)-2C(g. D) =0, V¢ e 4)
where M (q) is the time derivative of the inertia matrix M (g).
Equivalently, we have
M(q)=C(q.9)+C"(¢.4) (5)
Property 4 [2], [15]: The matrix C(gq,q) is bounded by

0<Clil* <c@ vl < Culd . Ya.qeR” ()
where C,, and C,, are some known positive constants.

Property 5 [2]: There exists a constant positive definite
diagonal matrix A4 such that the following two inequalities,
with a specified constant a > 0, are satisfied simultaneously for
any fixed ¢, and any ¢

1
U)~Ula))~Ag" (g, + 500" ddg 2 alag” (1)

2

Aq"[g(9)~ g(qu))+Agq" Abg > dl|Aq| ®)
where Aq = ¢ —g, denotes the position error, and g and g,
denote the actual and desired coordinates, respectively.

III. PRELIMINARIES

Some concepts of finite-time stability and stabilization of
nonlinear systems, and the properties of homogeneous systems
are reviewed, following the treatment in [6], [11], [12].

Consider the system

=7, f0)=0, {(0)=¢), {eR” 9
with f: U, > R" continuous on an open neighborhood U,
of the origin. Suppose that system (9) possesses unique
solutions in forward time for all initial conditions. The
equilibrium & =0 of system (9) is (locally) finite-time stable if
it is Lyapunov stable and finite-time convergent in a
neighborhood U cU, of the origin. The finite-time
convergence means the existence of a function
T:U\{0}—> (0,00),such that, V £y € U < R ", the
solution of (9) denoted by s,({,) with ¢, as the initial
condition is defined and st(go)eU\{O} for t€[0,7(Sy)) »
and lim, 7y 8,({y) =0 with s,(J) for #>7(,) . When

U =R", we obtain the global finite-time stability.
A scalar function V' ({) is homogeneous of degree o € R

with (7, ...,
VEed,,...,e"l,)=eV(), V{eR" (10)

A continuous vector field f($)=[f(<),..., [, (c;)]T is
homogeneous of degree xk € R with r =(n, ..., r,,), if for any

r,),r,>0,i=1,...,n,if for any given ¢ >0,

given £ >0,
[, ") =T (), i=1,...,n, YV eR" (11)
System (9) is said to be homogeneous if f(¢) is

homogeneous. Some of results on finite-time stability of a
nonlinear system in [11] that will be used in this paper are
summarized by the following two lemmas.

Lemma 1: Consider the following system

$=fO+ ), f0)=0, f(0)=0, {eR" (12)
where f({) is a continuous homogeneous vector field of

degree x <0 withrespectto (7,...,7,). Assume that £ =0 is

an asymptotically stable equilibrium of the system ¢ = f(¢).
Then £ =0 is a locally finite-time stable equilibrium of the
system (12) if

S G ")

li
£—0 ekt

. i=lL...mYE£0  (13)

Lemma 2: Global asymptotic stability and local finite-time
stability of the closed-loop system imply global finite-time
stability.

IV. CONTROL DESIGN

A. Control Formulation
Given a desired constant position g, for nonlinear robot

manipulator (1), we consider the finite-time regulation control
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problem to design the input torque without velocity
measurements and without reference to model parameters, such
that Ag(#) > 0 and ¢(¢) > 0 in finite time for any initial state

(9(0), 4(0)) .
To aid the subsequent control design and analysis, we define
the vectors Tanh('), Sig()* € R" and the diagonal matrix

Sech() e R™" as follows:

Tanh(¢) =[tanh(&)), ---, tanh(&,)]" (14)

Sig(&)” ﬁeﬂl sgn(&), -, |£,|“sen(&, )]T (15)
Sech(&) = d1ag(sech(§1 ), -+, sech(&,)) (16)

where 5:[ s fn]T eR", 0<a<l, tanh(-) and sech(-)

being the standard hyperbolic tangent and secant functions,
respectively, sgn(-) the standard signum function, and diag(-)

denotes a diagonal matrix. Based on the definitions (14)-(16), it
can easily be shown that the following expressions hold:

ETSig(£)% > Tanh” (£)Sig(£)% > Tanh” (&)Tanh(&) (17)
& > tanh® (&) (18)
Ay (Sech?(§)) =1 (19)

The proposed output feedback nonlinear PID (ONPID)
controller is formulated as

=K ,Sig(Aq)” - K,z — K,;Sig(v)™ (20)
t
z =Aq + ¢[ Tanh(Ag(o))do (21)
0
q. =—ASig(q, + B9)* (22)
v=q.+Bq (23)

where K I K;,, K;, A and B are positive definite constant
diagonal control proportional, integral, and derivative matrices,
respectively, 0< e, <1, a, =2a,/(a; +1), and ¢ is a small

positive constant and will be subsequently defined in (27).
Introducing the following vector

$=2-K;'g(q,) (24)
Then substituting (20) and (24) into (1) and using (22) and (23),
the closed-loop dynamics is given by
M(q)q +C(q.9)q +Dq +g(q) - g(q,)

25
+KpSig(Aq)“‘ +K,Sig(v)*” +K,¢=0 @)

O =—ASig(L)™ + B (26)

whose origin [AqT gr o’ ¢T]T =0eR* is the unique
equilibrium.

B. Stability Analysis

Theorem 1: Given the robotic system (1), with the proposed
output feedback nonlinear PID controller (20)-(23), the
closed-loop system (25) and (26) is globally finite-time stable,
provided the control gains are chosen as follows:

d,

<9 27
8<JZCM+/1M(M) @7

ki > 2(cy +1)&> Ay, (M)

U(q)-U(g,)-Aq" g(q,)

(28)

g @+ (29)
+m£km| z| > a"Tanh(Aq)"2
Tanh” (Aq)(g(q) - g(g,))+ Tanh” (Aq)K ,Sig(Ag)™
1 , (30)
> [a + 7 Ay (K )j"Tanh(Aq)"
/Im(KdABfl)>%€/1M(Kd) (31)

where k,; denotes the ith diagonal elements of matrix K ,, a

is a small positive constant.

Remark 1: Condition (27) in Theorem 1 is not excessively
restrictive and limitative, due to the fact that there always exists
friction in practical robot and the friction coefficient matrix D
is diagonal positive definite [2], [15], which guarantees that &
always exists and can be selected as so small [21], [23].

Remark 2: Note that inequalities (29) and (30) correspond to
inequalities (7) and (8) of Property 5, respectively, and the
existence of such a matrix K, is confirmed by the same

argument given in proposing (7), (8), (17), and (18) [2], [23].

Proof: The proof proceeds in the following two steps. First,
the semiglobal asymptotic stability is proved with Lyapunov’s
direct method and LaSalle’s invariance principle. Second the
finite-time stability is shown using Lemma 1. Finally Lemma 2
is involved to guarantee the semiglobal finite-time stability.

1)  Semiglobal asymptotic stability: To this end, we propose
the following Lyapunov-like function candidate

- %QTM(q)é + eTanh” (Aq)M ()g +U(q) - U(q,)

- Ag g(qd)+ ka,lAq,l '+ &3 d In(cosh(Ag,))
i=1

kb o+ L 47K,
0(2+1E: di”i | | 2¢ z¢

(32)
where d;, k; , and b, denote the ith diagonal elements of
matrices D, K,, and B, respectively. It should be noted that

the seventh term of (32) is motivated by the work given in [16].
We first consider the following

2 M@+ Skl "+ eTanh (Aq)M (9)q

= %(q + ZSTanh(Aq))T M(q)(q +2£Tanh(Aq))

K Iag | B3
( l)zzi P’| |

1Aq |““+ —&2Tanh” (Ag)M (¢)Tanh(Aq)

—&2Tanh” (Ag)M (¢)Tanh(Aq) +

1
2(a +1), =] ki

SelFr 2o tanh?(Aq,)
Sl 2(ey +1) M !

where (2) of Property 2 and (18) have been used.
Substituting (33) into (32), we have
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1.7 ;
V> M —r
4q (c1)q+12l 2( @D

+U(q)-U(q,)—Aq" g(q,) +

-2y, (M)}tanhz(Aql-)

1
( l)l_ p,|A |m+1

| |az +1

Z kdib;1 Y;
+1iz1

+& Z d;In(cosh(Ag;)) +
i=1

l 7
+—¢ K,

3 ¢ Kip

(34)
From (34), (28), and (29), we get
V> %qTM(q)q + a||Tanh(Aq)||2 +ey d;In(cosh(Ag,))
i=1

(35)

| |az +1

S kb ol 45 4T Kip >0

a2 +1
for [AqTq'T ) }Tio.
Hence, we can conclude that V' is a positive definite
Lyapunov function with respect to Aq, ¢, v, @.

Differentiating 7 with respect to time, it follows that

p o %QT M(q)q +q"M(q)i + £(Sech’(Ag)AD)” M (g)q

+&Tanh” (Aq)M (q) + §Tanh” (Aq)M (¢)ij

+4"2(9)- 24" g(q,) + A¢" K ,Sig(Ag)™

+&Tanh” (Aq)Dg + 0" K ,Sig(v)* + 4" K¢
where we have utilized the fact that Ag = ¢ from (8) and the

(36)

regulation control.

Substituting from and

M(q)§ (25)
$ =2 = Ag(t) + Tanh(Aq) from (24), and (26) into (33), and
using Property 3, we have
v =-Sig" (v)* K, AB™'Sig(¢)* — sTanh” (Aq)K ;Sig(v)*>

~ 4" Dg+ e[Tanh (A)CT (9,)q + (Sech? (Aq)AQ) M (g)q]

~ o[Tanh” (Ag)(g(q) - g(g,)) + Tanh” (Ag)K ,Sig(Ag)*

(37

Using (3) of Property 2 and (6) of Property 4 and (19), the

fourth term of the right-hand side of (37) can be upper bounded
by

e[Tanh (Aq)C7 (.4)d + (Sech (Ag)AG)” M (g)d]
< e(nCy + Ay D)4l
Note that in the derivation of the first term of (38) we utilized
||Tanh(Aq)|| n according to (14) and |tanh(Aq)| <l1.
Substituting (30) and (38) into (37), we have
V<—4"Dg +ely, (Kd)||Tanh(Aq)||HSig(q')“2

38)

. o 2
~TKSig(@)" +eWnCy + 2 GO (39)
1 2
- g[a oy, (Kd)j”Tanh(Aq)"
Applying triangle inequality bc < %(b2 +c¢%)  with

b=|Tanh(Ag)| and  =[Sig(@)"

to (39), it follows that

— e(nCyy + Ay (M)[d]} - eafTanh(ag)|f
sig(o)|

From (27), (31), and the fact that a is a small positive

constant, we conclude that V<0 . Since V=0 means
Tanh(Ag)=0, ¢=0 and v=0. From the definition of
hyperbolic tangent function, we have Ag =0. Therefore, by

v<-la,

- [um (K AB™") =4y, (K )

LaSalle’s invariance theorem [19], we have Agq(t) >0 ,
q(t) >0, v(t) >0, and ¢(t) >0, as t > oo for any initial
state (¢(0),4(0)). Hence, we have global asymptotic stability
about (Ag =0, =0,0=0,4=0).

2) Finite-time stability: Following the idea presented in
[12], the local finite-time stability is proved using Lemma 1. To
do so, let x=Aq , =q , and

. The state equation of the closed-loop

X, =X X3 =0 ,
x=(x,x,x5)
system (25) and (26) can be rewritten as
)'Cl = x2
X, = —Mﬁl(xl -i—qa,)[C(xl +qy4,%y)%y +Dxy +g(x; +9,)
— g(q,)+ K, Sig(x)" +K,Sig(xy)® +K,2()]

X3 =—ASig(x;)* + Bx,

41)

Clearly, x =0 is the equilibrium of (41). It can be seen that
the closed-loop system (41) is not homogeneous. To use Lemma
1, we rewrite (41) as follows:

X =X,
iy = =M (g )K ,Sig(x)™ + f5(x)
iy = —ASig(x;)™ + f3(x)

(42)

with
fr=-M"(x +61d)[c(x1 +qy, X)Xy +Dxy + g(x1 +q4)—8(q,)
+ K,z(x)] - M(x,, 4K ,Sigl)™ =M™ (x; +q,)K Sig(x,) ™

(43)
fs =By, (44)
and
M(xi.qq) =M (x +q,) =M (q,) (45)
It can be easily verified that the following system
X| =X,
iy = =M (q,)K ,Sig(x)” (46)

Xy =—ASig(x;)*

is homogeneous of degree x=a, -1<0 with respect to

(15 Tizseeos Fips Tats Pazoeees Pas 1315 P35 s 1) with
ri=n=2/(a;+1), r,,=r,=1, and r;; =r, =1. Note that
f(0)=0 and f(O):O from (46), and (43) and (44),
respectively.

Now we will use Lemma 1 to show the finite-time stability of
the closed-loop system (42). To this end, we should show x =0
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is the asymptotic equilibrium of (46). Consider the system (46)
and take a nonnegative Lyapunov function candidate as follows:

1 §k|
X
a1+1i:] piltli

1 7

+1 1
|06l +5x2M(Qd)x2 +5x3Tx3

V*:

(47)

where x;; denotes the ith component of vector x;.
After taking the time derivative of (47) along (46), we have

Vel =% K ,Sig(x)® +x3 M(qy)%, +x3 i3 (48)

(46)

where we have utilized the fact that M (g +) =0 for regulation

control.
Upon substituting (46) into (48), it follows that
7 _ T : a,
Vi g = K ;Sig(x3) (49)
From (17), we can conclude that Vi “6) <0 . Since
Vi 3 = 0 means x; = 0. By LaSalle’s invariant principle [19],

we have the conclusion that the equilibrium of the closed-loop
system (46) is asymptotically stable.
Next, from the definition of the hyperbolic tangent function
and (21), we have
z(e"x) =o(e") (50)
Together with the fact that M_l(xl +q,) and C(x; +q,,X,)
are smooth and x <0 [12], [23], we have

M™'("x +q,)

llm - gl(-H”z

[C(gr‘ X;+q,, 7%,)E%x, + De™x,
&0

+g(e"x +q,) - g(q4) +K1'Z(gr]x1)](51)
=-M"(q, )[(C(qd, 0)+ D)x, lime ™ + K, limo(s" ™" )}
-0 -0

=0
Applying the mean value theorem to each entry of
]\7I(x1, q4) » it follows that [12], [23]
M(e"x,q0) =M ("3 +q,)~M ' (q,) = o(e")
As a result, we have

M (" x,, q,)K ,Sig(e" x)™

K+1,

(52)

=limo(¢"*?)=0 (53)

-0

lim —
&0 &
Moreover, from the definition given in (15), we have

Sig(e"x3)% =o0(e™) (54)
Hence we obtain
=M 7'(&"x, +q,)K,Sig(e"x;)"
lim
&0 et (55)

=-M " (g)K, limo(s" ™) =-M"(q,)K; limo(e ™*)=0
&0 &0

Note that in the derivations of (51) and (53) we have utilized
the fact that n —(x +7,) =2(1-a;) >0 for O <, <1.

Thus, for any x = (x{ xJ x3)" € R, we get

j}z (&"x;, %%y, 65x3) 0
K+7y -

lim
>0 &

(56)

Similarly, for x = (x] x5 x1)" € R*", we have

5]
Bex,

K+r3

o 7 7.
lim f‘3(€ lxlﬂg 2x278 3X3) =1
>0 ekt

=Bx, lime “ =0

>0 & &0

(57)

Therefore, according to Lemma 1, we have the global
finite-time stability of the closed-loop system.

Finally, by invoking Lemma 2, we get the global finite-time

stability. This completes the proof. ]

V. AN ILLUSTRATIVE EXAMPLE

Comparisons with the output feedback PID (OPID) control
recently proposed by Su et al. [21] are conducted. The entries to
model the robot manipulator can be found in [4] and [21].

The output feedback PID (OPID) control is given by

t=-K,Aq-K;z-K,v (61)

U =—ASig(vL)** + Bg (62)

where z was defined by (21), and Kp, K., K;, A and B
were defined by (20) and (22).

The desired positions were g, =[z/4, 7/2]" (rad) . The

sampling period was 7' =1ms . A white noise with an amplitude

of 0.0lrad is added to the position signals to imitate the

measurement noise. The initial parameters were all set as zero.
The gains for the ONPID controller were chosen as £ =0.01,

o =05 , K,=diag(380,100) , K, =diag(300,5) |,

K, =diag(75, 15), 4=diag(150,80), and B = diag(120,60).
For a fair comparison, gains of the OPID controller were chosen
the same as the ones of the proposed ONPID controller.

Fig. 1 illustrates the position errors of the proposed approach
and the OPID control. For a clear comparison, the requested
input torques are shown in Figs 2 and 3. It can be seen that with
the proposed ONPID controller, the robot successfully
completed its movement at the desired final position, and after a
transient due to errors in initial condition, the position errors
tend to zero; while with the same gains, the OPID controller can
not regulate the first link error to zero. Obviously a fast response
of the ONPID controller is achieved over the OPID scheme
presented in [21]. Moreover, the fast response is not achieved
with expensive of much large torque.

Position errors of first link

0.2 T T T T T T T
_ I I I I I I I I I
g R ! ! | | ! ! !
g0 | = T T T T ¥ ] ]
2 I I I I I I I I
9'0'2777 P2 T A N B
@ i | | | | | | | |
[ iy Bttt it it il ettt it il it Bl
= T I I I | | |
8 06FF +-——1———F——dA-— = — o= OPID
o | | | | | | | — ONPID

0.8 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Position errors [rad]

Time [sec]

Fig. 1. Position errors.
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Input torque [Nm]

Input torque [Nm]

Time [sec]

Fig. 2. Input torques of the proposed ONPID.

Input torque [Nm]

Input torque [Nm]

Time [sec]

Fig. 3. Input torques of the OPID.

VI. CONCLUSION

We have resolved the global finite-time regulation of robot
manipulators with simple nonlinear PID control and without
velocity measurements. A nonlinear filter is developed to
eliminate velocity measurements and a very simple output
feedback nonlinear PID controller is proposed. The global
finite-time stability is shown with Lyapunov’s direct method
and finite-time stability theory. The algorithm does not refer to
model parameters and the control gains can be explicitly
determined based on some well-known bounds extracted from
the robot dynamics, and therefore, is easy to implement in
practice. The developed approach offers an alternative
approach for improving the design of the robot regulator, and
also solves the global finite-time stabilization control problem
for a large class of nonlinear systems without velocity
measurement. Simulations on a two-DOF robot manipulator
demonstrate the effectiveness of the proposed approach.

REFERENCES

[1] J. Alvarez-Ramirez, R. Kelly, and 1. Cervantes, “Semiglobal stability of
saturated linear PID control for robot manipulators,” Automatica, vol. 39,
no. 6, pp. 989-995, 2003.

[2] S. Arimoto, Control Theory of Non-linear Mechanical Systems: A
Passivity-Based and Circuit-theoretic Approach. Oxford: Clarendon
Press, 1996.

[3] S. Arimoto, T. Naniwa, V. Parra-Vega, and L. Whitcomb, “A
quasi-natural potential and its role in design of hyper-stable PID
servo-loop for robotic systems”, in Proc. CAI Pacific Symp. Control and
Industrial Automation Applications, Hong Kong, 1994, pp. 110-117.

[4] M. A. Arteaga and R. Kelly, “Robot control without velocity
measurements: new theory and experimental results,” IEEE Trans. Robot.
Autom., vol. 20, no. 2, pp. 297-308, Apr. 2004.

[5] L. Bascetta and P. Rocco, “Revising the robust control design for rigid
robot manipulators”, in /EEE Int. Conf. Robot. Autom., Rome, Italy, 2007
pp. 4478-4483.

[6] S.P.Bhatand D. S. Bernstein, “Continuous finite-time stabilization of
the translational and rotational double integrators, I[EEE Trans. Autom.
Control, vol. 43, no. 5, pp. 678—682, May 1998.

[7] C. C. Cheah, S. Kawamura, S. Arimoto, and K. Lee, “PID control for
robotic manipulator with uncertain Jacobian matrix,” in Proc. IEEE Int.
Conf. Robot. Autom., Detroit, Michigan, 1999, pp. 494-499.

[8] C. C. Cheah, M. Hirano, S. Kawamura, and S. Arimoto, “Approximate
Jacobian control for robots with uncertain kinematics and dynamics,”
IEEE Trans. Robot. Autom., vol. 19, no. 4, pp. 692—702, Jul. 2003.

[91 W. E. Dixon, “Adaptive regulation of amplitude limited robot
manipulators with uncertain kinematics and dynamics,” IEEE Trans.
Autom. Control, vol. 52, no. 3, pp. 488-493, Mar. 2007.

[10] V. T. Haimo, “Finite time controllers,” SIAM J. Control and
Optimization, vol. 24, no. 4, pp. 760-770, 1986.

[11] Y. Hong, J. Huang, and Y. Xu, “On an output feedback finite-time
stabilization problem,” I[EEE Trans. Autom. Control, vol. 46, no. 2, pp.
305-309, Feb. 2001.

[12] Y. Hong, Y. Xu, and J. Huang, “Finite-time control for robot
manipulators,” Syst. Control Lett., vol. 46, no. 4, pp. 243-253, 2002.

[13] J. Kasac, B. Novakovic, D. Majetic, and D. Brezak, “Global positioning
of robot manipulators with mixed revolute and prismatic joints,” /EEE
Trans. Autom. Control, vol. 51, no. 6, pp. 1035-1040, June 2006.

[14] R.Kelly, “Global positioning of robot manipulators via PD control plus a
class of nonlinear integral actions,” IEEE Trans. Autom. Control, vol. 43,
no. 7, pp. 934-938, Jul. 1998.

[15] F. L. Lewis, D. M. Dawson, and C. T. Abdallah, Robot Manipulator
Control: Theory and Practice. New York: Marcel Dekker, 2004.

[16] A. Loria, “Global tracking control of one degree of freedom
Euler-Lagrange systems without velocity measurements,” European J.
Control, vol. 2, pp. 144-151, June 1996.

[17] R.Ortega, A. Loria, and R. Kelly, “A semiglobaly stable output-feedback
PI?D regulator for robot manipulators,” JEEE Trans. Autom. Control, vol.
40, no. &, pp. 1432-1436, Aug. 1995.

[18] P.Rocco, “Stability of PID control for industrial robot arms,” [EEE Trans.
Robot. Autom., vol. 12, no. 4, pp. 606-614, Aug. 1996.

[19] J.J. E. Slotine and W. Li, Applied Nonlinear Control. Englewood Cliffs,
NJ: Prentice-Hall, 1991.

[20] Y. X. Su, D. Sun, L. Ren, and J. K. Mills, “Integration of saturated PI
synchronous control and PD feedback for control of parallel
manipulators,” [EEE Trans. Robot., vol. 22, no. 1, pp. 202-207, Feb.
2006.

[21] Y. X. Su, P. C. Miiller, and C. H. Zheng, “A global asymptotic stable
output feedback PID regulator for robot manipulators,” in Proc. IEEE Int.
Conf. Robot. Autom., Rome, Italy, 2007, pp. 4484-4489.

[22] Y. X. Su, C. H. Zheng, and P. C. Miiller, “Global continuous finite-time
output feedback regulation of robot manipulators,” in Proc. IEEE Int.
Conf. Robot. Autom., Pasadena, California, USA, 2008, pp. 3383-3388.

[23] Y.X. Suand C. H. Zheng, “A simple nonlinear PID control for finite-time
regulation of robot manipulators,” in Proc. IEEE Int. Conf. Robot.
Autom., Kobe, Japan, 2009, pp. 2569-2574.

[24] B. Xian, M. S. Queiroz, D. M. Dawson, and M. L. Mclntyre, “A
discontinuous output feedback controller and velocity observer for
nonlinear mechanical systems,” Automatica, vol. 40, no. 4, pp. 695-700,
2004.

[25] H. Yazarel, C. C. Cheah, and H. C. Liaw, “Adaptive SP-D control of a
robotic manipulator in the presence of modeling error in a gravity
regressor matrix: Theory and experiment,” /EEE Trans. Robot. Autom.,
vol. 18, no. 3, pp. 373-379, Jun. 2002.

>

4656



